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FOREWORD 
The ACS SYMPOSIU
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CHEMISTRY SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

Considerable advances have been made in recent years in the develop
ment of experimental techniques and in the refinement of theoretical 

models for the interaction of electromagnetic fields with biological systems. 
The primary objective of this volume is to focus on the current state of 
these methodologies, and to examine their consequences in elucidating the 
chemical physics and biophysics of such systems. Four sections trace the 
development of these topic
complexity: the ubiquitou  biologica , ,
macromolecular systems of biological interest; the bulk dielectric and 
spectroscopic properties of membrane and cellular systems; nonequilib-
rium properties of biological systems; and the best documented sensory-
system effect of nonionizing radiation, the microwave acoustic effect. A 
brief synopsis of each section is provided below. 

In the microwave and far-infrared regions, the dielectric properties of 
free water dominate the bulk response of biological tissue to electromag
netic fields. Recent accurate determinations of the millimeter-wave com
plex permittivity of water permit a definitive analysis of the dielectric 
absorption arising from its rotational diffusion, and provide a connection 
to its far-infrared absorption stemming from the translational and libra-
tional motion of molecular clusters of water. The structure of water in 
the vicinity of macromolecules is modified by its interaction with such 
molecular surfaces. Conversely, the structure of macromolecules in aque
ous solution is altered by the same interaction. The dielectric properties 
of water in solution with biopolymers, such as myoglobin, are beginning 
to be examined in detail, with a frequency resolution heretofore unattain
able. The electrical response of biopolymers in aqueous solution, from 
the regime of low frequencies to the microwave region, is determined by 
a complex set of interactions. They involve not only the overall rotational 
diffusion of the macromolecule and the internal rotational diffusion of its 
segments, but also the dynamically coupled response of its counter-ion 
atmosphere. New developments in experimental methods and more accu
rate theoretical models provide an avenue toward the analysis of these 
interactions. In the far-infrared region, and penetrating into the micro
wave region, the low-frequency vibrational dynamics of biological poly
mers arise. The aqueous environment constitutes a refractory experimental 
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system for dielectric spectroscopy and photon (Raman) and phonon 
(Brillouin) scattering. Nonetheless, recent refinements are beginning to 
address salient questions concerning the spectroscopic properties of bio
polymers in aqueous solution in the far-infrared and millimeter-wave 
regions. 

Molecular dynamics in aqueous solution embody one sector of the 
dielectric and spectroscopic properties of biological tissue, and serve as a 
partial guide toward the analysis of the more complex molecular aggre
gates and biophysical systems comprised by such structures. A consid
erable body of information has been amassed on the bulk dielectric prop
erties, into the millimeter-wave region in some cases, and the refinement 
of mechanisms of electromagnetic-field interaction has been substantial. 
In parallel, the phenomenology of the (dielectric) frequency response of 
both artificial and biological membranes has been well documented, 
particularly in the frequenc
dielectric properties of molecula
far-infrared region, are characterized by relaxation processes depending 
only on the nature of the solute molecule and its interaction with the 
solvent, with a resultant set of (molecular) relaxation times for the dy
namical processes involved. In the biological membrane, apart from the 
modification of the relaxation processes of macromolecules which are 
embedded in the membrane, additional (biophysical) processes, with 
characteristic response times, arise from the interactions and biochemical 
events occurring at this higher level of molecular organization. One set 
of such characteristic response times has a lower bound dictated by the 
velocity of ion transport across the membrane. Nonlinear dielectric prop
erties have been invoked for biological membranes in the low-frequency 
regime. In particular, the voltage-current properties of excitable cellular 
membranes have been examined in an electromagnetic-field perturbation 
model, employing the phenomenological Hodgkin-Huxley model as the 
unperturbed system. 

Section 1 in toto and aspects of Section 2 treat the equilibrium char
acteristics of biological tissue and its molecular subsystems. Although the 
bulk properties of even in vivo biological tissue are dictated by (high-
concentration) molecular systems near equilibrium, in order for the in 
vivo state to be maintained (low-concentration) molecular subsystems 
obeying steady-state nonequilibrium thermodynamics must exist. While 
such nonequilibrium systems are not confined to biological structures, they 
are requisite for biological processes. Section 3 focuses on the dielectric 
and spectroscopic behavior of nonequilibrium systems. Such biophysical 
constructs play a crucial role in developmental bioelectricity (the role of 
intrinsic electric fields in signal propagation and developmental patterns 
in living systems) over a wide span of morphological complexity, from 
cellular systems on upward. At the level of what appears to be the irre-
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ducible biophysical system exhibiting nonequilibrium dissipative proper
ties, the in vivo biological membrane, coherent processes, and their per
turbation by millimeter-wave and far-infrared electromagnetic fields have 
been studied in theoretical models in some detail. The boson (phonon 
and photon) distribution associated with chemically pumped, dissipative 
molecular subsystems is expected to show deviations from the Planckian 
(equilibrium) distribution, with attendant consequences for the phonon 
and photon spectroscopy of such systems in the far-infrared region. The 
same intransigence displayed by the aqueous environment toward the milli
meter-wave and far-infrared spectroscopy of biopolymers (Section 1), 
and the dominance of the bulk properties in the observables, have placed 
severe limitations on experimental work in this area. In addition to the 
alterations in the high-frequency spectroscopic properties predicted upon 
onset of (time-variant) nonequilibrium structures, the response of associ
ated coupled biochemica
stimuli has been examined
nonequilibrium properties in systems consisting of macromolecular poly-
electrolytes and ions, the effect of amplitude-modulated electromagnetic 
fields in the radiofrequency region on Ca + 2 efflux in biological tissue has 
been studied extensively. While the mosaic of properties assembled in 
Section 3 under the rubric of nonequilibrium systems forms, as yet, a far 
less rigorous structure than that of the more mature fields treated in 
Sections 1 and 2, even their tentative connection may prove to be sug
gestive for future development of this field. 

At the interface between the areas treated in Sections 1-3 and the 
virtually unlimited field of nonionizing radiation research involving levels 
of higher biological complexity, a well-documented effect exists that can 
be cast into well-defined biophysical models, discussed in Section 4. The 
microwave acoustic effect involves the auditory-system response to pulsed 
microwave radiation. The initial step, dielectric interaction with tissue 
components, can be modeled within the constructs of the previous treat
ment. However, a higher level of biological organization becomes engaged 
in subsequent steps of the interaction. The dielectric response is trans
formed into an (acoustic) compressional wave, and if the (temporal) pulse 
characteristics of the electromagnetic field are within certain boundaries, 
the pulses are perceived by the auditory sensory system. 

In the attempt to focus the volume on the fundamental chemical 
physics and biophysics of electromagnetic-field interactions, and to connect 
hitherto disparate areas of research, an artificial boundary had to be drawn 
to encompass well-defined aspects of such a focus and hence exclude a 
multitude of others. In order that the volume may not only depict the 
state of the art, within its stated objectives, but also stimulate its develop
ment, one may only hope that such exclusions will not have been pro-
crustean. 
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1 

Electromagnetic-Field Interaction with Biological 

S y s t e m s i n the Microwave and Far-Infrared Region 

Physical Basis 

Κ. H. ILLINGER 
Department of Chemistry, Tufts University, Medford, MA 02155 

The physical basis for the interaction between biological 
systems and electromagneti
separate dielectric an
constituents and aggregates that comprise the biological system. 
A fundamental question, to which the simplest answer has frequent
ly been tacitly assumed, is whether this physical basis, even at 
the cellular level, is completely given by those properties, or 
whether non-trivial extensions of such a model are necessary to 
predict a l l of the salient EM interactions. In spite of certain 
shortcomings, which continue to evade exact treatment (1), the 
interaction between EM radiation and ordinary molecular fluids is 
adequately represented by existing molecular models, and it would 
appear unlikely that wholly unexpected features will emerge for 
such systems. While similar considerations apply to the dominant 
contributions to the attenuation function for biological systems, 
evidence is gradually accumulating to suggest that the treatment 
of biological systems (even at the cellular level) exclusively in 
such terms may be inadequate. In particular, conclusions drawn 
from such a restrictive model concerning the behavior of biologi
cal response functions, as a function of the frequency and inten
sity of an external field, may, in certain respects, be not only 
quantitatively inaccurate but qualitatively misleading. Salient 
physical features, absent in ordinary molecular fluids, may be 
present in in vivo biological systems, and thus require modeling 
of additional, non-trivial biophysical processes. These consider
ations suggest a treatment along the lines presented in Sections 
2 and 3 below. 

Absorption and Emission of Radiation in Ordinary Molecular Fluids 
(Equilibrium Systems) 

General Theory of Collision Broadening. A molecular component in 
an ordinary fluid, in the presence of an electromagnetic field 
E(ω,t) and the collisional perturbation V°(ω,t), due to inter
actions with other molecules, will experience a total Hamiltonian: 

0097-6156/81/O157-0001$lO.75/O 
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2 BIOLOGICAL E F F E C T S OF NONIONIZING RADIATION 

H(u),t) = Η ϋ + yE(u),t) + V°(u),t) (1) 

where i s the Hamiltonian for the molecule i n the absence of the 
EM-field i n t e r a c t i o n and the intermolecular perturbations describ
ed by V°(a>,t) and μ i s the e l e c t r i c dipole moment. The EM f i e l d 
can be described by an angular frequency ω, a f i e l d strength E Q, 
and a d i s t r i b u t i o n over frequencies, ρ(ω), as follows: 

E(u),t) = E 0 ( e i a ) t + e" i a ) t) ρ (ω) (2) 

General methods e x i s t (_l-7) for determining the complex permit
t i v i t y κ* (ω) of a molecule i n the presence of c o l l i s i o n a l pertuba-
ti o n s . C r u c i a l to the form of κ*(ω), and the attenuation function 
οΓ(ω), d e s c r i p t i v e of i n t e r a c t i o n with an EM f i e l d of frequency ω, 
i s whether the c o l l i s i o n a l perturbation V^(u),t) occurs on a time 
scale which i s short, intermediate
of the f i e l d , (2π/ω). I
which are sudden (of very short duration) w i t h i n the time-frame of 
one period of the external f i e l d , every c o l l i s i o n i s e f f e c t i v e i n 
in t e r r u p t i n g the absorption-emission process (8), and, i n the 
l i m i t of a large number of c o l l i s i o n s per unit time, as i n a f l u i d , 
a t o t a l l y collision-broadened, relaxation-type spectrum r e s u l t s 
(1,9-12). Conversely, i n the l i m i t of c o l l i s i o n a l perturbations 
which are of very long duration compared to a period of the EM 
f i e l d , even i n the presence of the large number of c o l l i s i o n s , per 
unit time, operative i n a f l u i d , a resonant-type spectrum r e s u l t s . 
Since the duration of a t y p i c a l c o l l i s i o n i n a molecular f l u i d i s 
f i x e d , at a given temperature and pressure, the f i e l d frequency ω 
becomes the c r u c i a l v a r i a b l e i n determining the di a b a t i c regime 
(rel a x a t i o n spectrum) and the adiabatic regime (resonance spectrum). 
Whether i n t e r a c t i o n with a f i e l d at frequency leads to a r e 
sonant or a r e l a x a t i o n spectrum, i n the presence of the intermole
cular perturbations described by Eq. (1), can be decided by ex-
aming the status of the i n e q u a l i t y (13): 

f ( u i i ) = | / ^ ( h W i i ) - 1 (dH/dt) {exp(i/^ ω.. dt"}dt'| (3) 
J 0 J 0 J 

For ί(ω^)>1, a l i m i t attained as tends toward zero, a r e l a x 
a t i o n spectrum i s obtained; for ί(ω-^)<<1, a l i m i t attained as u^j 
tends toward 00, a resonance spectrum i s obtained. Although ignor
ance concerning the deta i l e d form of the time development of the 
c o l l i s i o n a l perturbation i n a molecular f l u i d prevents a sharp 
d e f i n i t i o n of t h i s c r i t e r i o n , Eq. (3) indicates that the regime 
of strongly adiabatic i n t e r a c t i o n s (resonant absorption) l i e s 
considerably above ^ 1 cm - 1 (̂  30 GHz) (14,15) . No compelling 
experimental evidence (16) e x i s t s f o r resonance absorption i n 
ordinary molecular f l u i d s below * 100 cm"l (̂  3000 GHz)(17-23), 
and experimental claims of resonant features i n the attenuation 
function, at mi l l i m e t e r wavelengths, of b i o l o g i c a l preparations 
(24-25) are made tenuous i n view of the d i f f i c u l t y of eliminating 
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1. ILLINGER EM-Field Interaction with Biological Systems 3 

experimental a r t i f a c t s i n the millimeter-wave spectroscopy of 
f l u i d s . 

As a r e s u l t of these very general considerations, one expects 
the d i e l e c t r i c response function, as expressed by the complex per
m i t t i v i t y , κ*(ω), or the attenuation function, α(ω), of ordinary 
molecular f l u i d s to be characterized, from zero frequency to the 
extreme f a r - i n f r a r e d region, by a re l a x a t i o n spectrum. To f i r s t 
order, κ*(ω) may be represented by a sum of terms for i n d i v i d u a l 
r e l a x a t i o n processes k, each given by a term of the form: 

( K k ( u ) " K°°k} = ( κ ο - κ Λ ( 1 + j w < V ) " 1 ( A ) 

K
n = li m κ*(ω); κ = li m κ*(ω) (5) 
u ω-*00 

Eq. (4) gives κ*(ω) for a re l a x a t i o n process  with a re l a x a t i o n 
time < τ ^ > a n d with zero-frequenc
κ* (ω) of KQ and κ , respec t i v e l y  complicating
der the Debye equation, Eq. (4), approximate, and require emenda
t i o n : (a) a given r e l a x a t i o n process may be associated with a 
d i s t r i b u t i o n of r e l a x a t i o n times (9-12), and (b), even for a non-
d i s t r i b u t e d r e l a x a t i o n time, Eq. (4) leads to a p h y s i c a l l y i n c o r 
rect high-frequency l i m i t f or κ*(ω) or α(ω). Empirical functions 
for a d i s t r i b u t i o n of r e l a x a t i o n times have been applied to a wide 
v a r i e t y of molecular (27) and b i o l o g i c a l (28) f l u i d s , with con
siderable success. With respect to (b), the Debye equation i s 
consistent with an exponential decay function for the e l e c t r i c 
dipole moment, thus p r e d i c t i n g an instantaneous response to the 
external f i e l d being turned o f f , a ph y s i c a l l y untenable assumption 
(29). Several modifications (1,29-32) have been discussed; the 
eff e c t of t h i s feature on the i n t e r p r e t a t i o n of the m i l l i m e t e r -
wave and f a r - i n f r a r e d spectrum of H20(£) w i l l be sketched i n Sec
t i o n 2.3. However, even for 20, the system with the smallest 
r e l a x a t i o n time expected i n a b i o l o g i c a l context, deviations from 
Debye behavior, i n the sense of (b) above, are not apparent at 
frequencies below - 100 GHz (15,30). As a r e s u l t , proper modifica
t i o n having been made i n those cases where a d i s t r i b u t i o n of re
la x a t i o n times obtains, the relaxation-type contributions to the 
bulk complex p e r m i t t i v i t y i n the microwave region are w e l l under
stood and have been analyzed i n some d e t a i l (28,33,34). 

The e n t i r e analysis presented here has assumed, i n t e r a l i a , 
thermal equilibrium among the components of the molecular f l u i d , 
and a Planck-type equilibrium f o r the photons absorbed or emitted 
i n the in t e r a c t i o n s among the molecules and the external EM f i e l d . 

The Attenuation Function. The complex p e r m i t t i v i t y κ*(ω) and 
the attenuation function α(ω) are rela t e d by basic electromagnetic 
theory, and independently of any molecular model, as follo w s : 

α(ω) = (u>/2)(L/2c) [ { κ'(ω)]2 + [κ" (ω) ] 2 } 1 / 2 - K f ( u ) ) ] 1 / 2 (6) 
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4 BIOLOGICAL E F F E C T S OF NONIONIZING RADIATION 

where c i s the v e l o c i t y of l i g h t In vacuo. A c l o s e l y r e l a t e d 
quantity i s the d i e l e c t r i c Conductivity, σ(ω): 

σ(ω) = εοωκ"(ω) (7) 

Here, GQ i s the p e r m i t t i v i t y of free space. For a simple Debye-
type r e l a x a t i o n process, Eq. ( 4 ) , and owing to the incorrect re
presentation of the high-frequency l i m i t inherent i n any expres
sion for κ* (ω) consistent with an exponential decay function for 
the e l e c t r i c moment, one obtains for the high-frequency l i m i t of 
α(ω) from Eqs. (4) and (6) (30): 

l l m «Debye,k(w) " ( 1 / 2 c ) [ κ
0 " " Λ * V " ' ^ Γ 1 7 2 (8) 

ω •> 0 0 

For fundamental physica
process must vanish as ω
i n f r a r e d measurements of α(ω) for a v a r i e t y of molecular systems 
e x h i b i t i n g a relaxation-type absorption i n the microwave and m i l l i 
meter-wave region (17-23). While H2O as a solute i n nonhydrogen-
bonding solvents also shows t h i s behavior (35) , the m i l l i m e t e r -
wave and f a r - i n f r a r e d spectrum of 20(8,) i s complicated by c o n t r i 
butions to α(ω) due to intermolecular v i b r a t i o n s involving a c l u s 
ter of H2O molecules ( l i b r a t i o n and t r a n s l a t i o n ) , i n addition to 
the high-frequency t a i l of the r e l a x a t i o n absorption. A h e u r i s t i c 
treatment of the general problem (30) makes the r e l a x a t i o n time, 
Eq. ( 4 ) , frequency-dependent, such that the l i m i t for α(ω) i n Eq. 
(8) becomes p h y s i c a l l y acceptable. Under conditions appropriate 
to the correct l i m i t , the normalized r e a l and imaginary parts of 
the complex p e r m i t t i v i t y and the normalized d i e l e c t r i c conducti
v i t y take on the form depicted i n F i g . (1). Here, <τk(0)> i s the 
r e l a x a t i o n time i n the l i m i t of zero frequency (diabatic l i m i t ) . 
I rrespective of the d e t a i l s of the model employed, both α(ω) and 
σ(ω) must tend toward zero as ω -> °°, i n contrast to Eq. (8), for 
any r e l a x a t i o n process. In the case of a resonant process, not 
expected below the extreme f a r - i n f r a r e d region, α(ω) i s given by 
an expression consistent with a resonant dispersion for κ*(ω) i n 
Eq. (6), not the r e l a x a t i o n dispersion for κ*(ω) i m p l i c i t i n Eq. 
( 4 ). Models for collision-broadened lineshapes have been treated 
i n d e t a i l (1-7), i n the adiabatic as w e l l as the d i a b a t i c l i m i t . 
As expected, the intermediate case, i . e . strongly damped resonant 
t r a n s i t i o n s , i s most d i f f i c u l t to treat accurately. 

In summary, i t i s expected that the bulk attenuation function 
for ordinary molecular f l u i d s i s reasonably w e l l represented by re
laxation-type processes i n the microwave region. At high frequen
c i e s , i n the region of the extreme f a r - i n f r a r e d , deviations from 
Eq. (4) w i l l occur, even for a process with a s i n g l e r e l a x a t i o n 
time. Phenomenologically, as ω-*», the e f f i c i e n c y with which a re
presentative c o l l i s i o n interrupts the absorption or emission of 
r a d i a t i o n i n a molecular f l u i d must decrease toward zero, and the 
r e l a x a t i o n time i n Eq. (4) must become frequency-dependent. 
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1. ILLINGER EM-Field Interaction with Biological Systems 5 

H2O: The Pure L i q u i d . Because of the large magnitude of the 
attenuation of H2O(£) and the ubiquitous presence of water i n b i o 
l o g i c a l systems, the bulk attenuation function of most b i o l o g i c a l 
f l u i d s i s dominated by the attenuation due to I2OCiO . U n t i l r e 
cently, wide gaps existed inthe experimental c h a r a c t e r i z a t i o n of 
α(ω) for H0 ( 0 i n the millimeter-wave and f a r - i n f r a r e d region 
(36-41). These lacunae are now inthe process of being f i l l e d . 
Measurements i n the extreme f a r - i n f r a r e d (6 - 450 cm"-1-) (42) and 
a measurement of high p r e c i s i o n at 70 GHz (43) on H 2 0(£) have r e 
cently been reported, to complement e x i s t i n g measurements at lower 
and higher frequencies. F i g . (2) summarizes the measurements of 
Grant, and Asfar and Hasted, c a r r i e d out by a high-loss, t r a v e l 
ling-wave technique at 70 GHz and r e f l e c t i o n - d i s p e r s i v e - F o u r i e r -
transform spectroscopy i n the f a r - i n f r a r e d , r e s p e c t i v e l y . Also 
represented i s the contri b u t i o n to α(ω) from the Debye-type re
l a x a t i o n process calculate
that deviations from th
at 70 GHz. At frequencies above vL50 GHz, the intermolecular 
v i b r a t i o n s begin to make t h e i r c o n t r i b u t i o n , before the asymptotic 
l i m i t predicted by the Debye model, Eq. (8), i s reached. Owing to 
the complexity of the intermolecular i n t e r a c t i o n s i n a strongly 
hydrogen-bonded l i q u i d , l i k e Η 0 ( & ), d e t a i l e d and unambiguous 
analysis of the attenuation function above -100 GHz i s d i f f i c u l t 
to achieve (41,42). 

Schematically, the t o t a l attenuation function f o r H0(0 i s 
given i n F i g . 3. The re l a x a t i o n c o n t r i b u t i o n goes as ω 2 i n the 
low-frequency l i m i t and dominates the attenuation c h a r a c t e r i s t i c s 
up to -100 GHz. The q u a s i - l a t t i c e v i b r a t i o n s i n v o l v i n g c l u s t e r s 
of strongly i n t e r a c t i n g molecules begin to contribute, i n a pre
ponderant fashion, above VL00 GHz. While the r e l a x a t i o n contribu
t i o n OIREL(w) , must begin to decrease at frequencies i n excess of 
-103 GHz, the q u a s i - l a t t i c e v i b r a t i o n s p e r s i s t i n a set of very 
broad bands into the f a r - i n f r a r e d , (42) , a t t a i n i n g extremely high 
values for α(ω). As a r e s u l t , Η2O(£), always present, to some de
gree, i n b i o l o g i c a l systems, provides very e f f i c i e n t attenuation 
to EM f i e l d s i n the millimeter-wave and f a r - i n f r a r e d regions. 
Although millimeter-wave measurements on l i q u i d s i n the category 
of highest accuracy are t y p i c a l l y single-frequency measurements, 
and while the f a r - i n f r a r e d Fourier-spectroscopic measurements 
have a f i n i t e r e s o l u t i o n , neither these nor recent swept-frequency 
measurements (44) provide any experimental evidence which would 
compel invoking physical mechanisms other than those sketched i n 
Section 2 . 1 and 2 . 2 . The broad attenuation due to H20(£) becomes 
the more e f f e c t i v e as the f a r - i n f r a r e d region i s reached from low
er frequencies. As a r e s u l t , other possible molecular absorption 
processes occurring i n the i n t e r i o r of a b i o l o g i c a l system are 
more strongly shielded by the Η 2 0 ( £ ) absorption at higher frequen
cies i n the millimeter-wave and f a r - i n f r a r e d range, as indicated 
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Figure 1. Normalized complex
for

Curve α: [κ (ω) - κχ][κ0 - κχ]-1; Curve b: κ"(ω)[κ0 - KJ" 1 ; Curve c: σ(ω) < rk(0) > 
[ε0(κ0 — KJY1; ω: the angular frequency; < rk(0) >: the relaxation time at zero fre
quency; κ0: the low-frequency limit of κ'(ω); κχ: the high-frequency limit of κ(ω); 

< 8k >: the average duration of a collision. 

Figure 2. Attenuation function for H20(l). αΚΕτΜ is the contribution to the total 
attenuation function due to the rotational relaxation, as calculated from the model 

in Ref. 30. The circles are the experimental points from Refs. 42 and 43. 
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α ( ω ) 

100 GHZ lOg ω 

BIOPOLYMER QUASI-LATTICE VIBRATIONS 
I 1 

ROTATIONAL RELAXATION OF H2O(STRUCTURAL) 

X-H...Y HYDROGEN-BRIDGE VIBRATIONS 
I 1 

Figure 3. Schematic of the total attenuation function αTOT(W), and its contribu
tions, for H20(l) at millimeter and far-infrared wavelengths. 

o m ( w ) is the contribution due to the rotational relaxation, and α0Ι/ω) is the contribution 
due to the quasi-lattice vibrations of H20(l) clusters, ω is the angular frequency. 
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8 BIOLOGICAL E F F E C T S OF NONIONIZING RADIATION 

schematically i n F i g . (3). In p a r t i c u l a r , q u a s i - l a t t i c e v i b r a 
tions of biopolymeric systems (Section 2.6) and the v i b r a t i o n s of 
the bridge-heads (X,Y) of hydrogen-bonded systems X-H...Y (14) 
f a l l i nto t h i s category. Thus, the unusually strong molecular 
i n t e r a c t i o n s present i n H 2 ( £ ) produce broad attenuation i n a 
frequency range (> 100 cm"-*-) where the onset of (damped) resonant-
type absorption occurs for non-hydrogen-bonded l i q u i d s (17) and 
for the q u a s i - l a t t i c e v i b r a t i o n s of polymeric systems. In con
t r a s t , i n the low-frequency (> 1GHz) regime, contributed to v i r 
t u a l l y e x c l u s i v e l y by the H20(£) r e l a x a t i o n spectrum, α(ω) f a l l s 
off as ω 2. Whereas resonant processes i n α(ω) are not expected 
as ω-Κ), Eq. (3), i n any system, there e x i s t s a (relaxation) ab
sorption process of p o t e n t i a l i n t e r e s t i n b i o l o g i c a l systems, i n 
a region where the Η2θ(&) absorption, per unit concentration, i s 
not wholly dominant, i . e  the r o t a t i o n a l r e l a x a t i o n of str u c 
t u r a l H2O, i n the regio
of that process w i l l b

In s p i t e of the complexity of the analysis of the m i l l i m e t e r -
wave and f a r - i n f r a r e d spectrum of H 2 0 ( £ ), the p r i n c i p a l contribu
tor to the bulk attenuation function of t y p i c a l b i o l o g i c a l sys
tems i n t h i s frequency range, no compelling experimental evidence 
or t h e o r e t i c a l constructs e x i s t to d i s q u a l i f y the assumption that 
t h i s system i s a complex, but t y p i c a l , collision-broadened sys
tem whose fundamental features (1) are w e l l understood. 

Free and S t r u c t u r a l Water i n B i o l o g i c a l Systems. The same 
s a l i e n t p h y s ical property that renders the millimeter-wave and 
f a r - i n f r a r e d spectrum of H20(&) complex, the hydrogen-bonded 
int e r a c t i o n s among H2O molecules i n the pure l i q u i d , generates an 
ad d i t i o n a l complexity when H2O i n t e r a c t s with other molecular 
systems also capable of hydrogen-bonded i n t e r a c t i o n . Although 
considerable controversy e x i s t s concerning the detai l e d proper
t i e s of s t r u c t u r a l H 2 0 , i t i s w e l l recognized that hydrogen-
bonded i n t e r a c t i o n s among H2O molecules, b i o l o g i c a l l y - i m p o r t a n t 
molecules, and the b i o l o g i c a l membrane play a c r u c i a l r o l e i n 
b i o l o g i c a l systems (45,46). The hydrogen-bond i n t e r a c t i o n ex
h i b i t s energetics intermediate between those c h a r a c t e r i s t i c of 
ordinary molecular i n t e r a c t i o n s and weak chemical i n t e r a c t i o n s 
and, importantly, possesses d i r e c t i o n a l properties not so f u l l y 
a r t i c u l a t e d i n the f i r s t . In a mixture of biopolymers, ions and 
H 2 0 , i n v i t r o , as w e l l as i n an actual b i o l o g i c a l context, the 
t o t a l number of H2O molecules w i l l be d i s t r i b u t e d i n a complicat
ed fashion over s i t e s which range from l o c i w i t h i n e s s e n t i a l l y 
pure c l u s t e r s of H 2 0 molecules (the " f r e e " water) and s i t e s d i 
r e c t l y i n t e r a c t i n g with other molecular e n t i t i e s (the " s t r u c t u r a l 1 

water). C l e a r l y , the instantaneous d i s t r i b u t i o n and the dynamics 
of the set of H2O molecules among such s i t e s , of which these are 
the extreme cases, are exceedingly complex. With respect to the 
contribution to the t o t a l attenuation function, α(ω), due to 
s t r u c t u r a l H2O, one requires knowledge of the concentration of 
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s t r u c t u r a l H2O for a given system, the average value of the 
r e l a x a t i o n time, and a measure of the d i s t r i b u t i o n of r e l a x a t i o n 
times. The fact that many e n e r g e t i c a l l y d i f f e r e n t binding s i t e s 
for an molecule e x i s t i n a system with a set of hydrogen-
bonded i n t e r a c t i o n s i n d i f f e r e n t molecular environments (at the 
surface of biopolymers or the membrane) would suggest a d i s t r i 
bution of r e l a x a t i o n times. 

The ab i n i t i o c a l c u l a t i o n of the r o t a t i o n a l r e l a x a t i o n time, 
even for a pure l i q u i d , i s a taxing problem, since i t requires 
reasonably accurate representation of the i n t e r a c t i o n s experienc
ed by the molecule from i t s neighbors, while i t responds to the 
external EM f i e l d . Such a c a l c u l a t i o n e x i s t s for Η2θ(β) (47), 
showing reasonable agreement with the observed complex permit
t i v i t y κ*(ω). S t r u c t u r a l water, because of the v a r i e t y of i n t e r 
actions present i n t h i s system, has not been examined i n t h i s 
fashion. Rather, the revers
bution to κ* (ω) due to
Since d i f f e r e n t t i s s u e types show d i f f e r e n t free water - s t r u c 
t u r a l water r a t i o s , r e s u l t s from one type of tissue to another 
may not be transferable. Both the i n t e r p r e t a t i o n of the d i e l e c 
t r i c response function (51) and the dynamics of the r o t a t i o n a l 
r e l a x a t i o n of bound water (52-58) are as yet subjects of l i v e l y 
controversy. The r e s u l t s of Grant e_t a l . , interpreted i n terms 
of a s t a t i c model of a pr o t e i n molecule, surrounded by bound water 
on i t s surface and free water at larger distance, (49,50) suggest 
the frequency region of the order of a few GHz to constitute the 
crossover point below which the s t r u c t u r a l water i s more absorp
t i v e , per unit volume, than the free water. 

As for a l l the systems relegated to Section 2_, the attenua
t i o n function for s t r u c t u r a l H2O i n the microwave and f a r - i n f r a r e d 
region, as w e l l as that for free H2O, can be understood i n terms 
of collision-broadened, equilibrium systems. While the average 
values of the r e l a x a t i o n times, d i s t r i b u t i o n parameters, and the 
features of the f a r - i n f r a r e d spectra for these systems c l e a r l y 
d i f f e r , the p h y s i c a l mechanisms d e s c r i p t i v e of these i n t e r a c t i o n s 
are consonant. The d i s t r i b u t i o n of free and s t r u c t u r a l H2O mole
cules over molecular environments i s d i f f e r e n t , and d i f f e r s f or 
the l a t t e r case with s p e c i f i c systems, as are the r o t a t i o n a l dyn
amics which govern the r e l a x a t i o n responses and the q u a s i - l a t t i c e 
v i b r a t i o n a l dynamics which determine the f a r - i n f r a r e d spectrum. 
Evidence for resonant features i n the attenuation function for 
s t r u c t u r a l H2O, which have sometimes been invoked (24-26,59) to 
play a r o l e i n the microwave and millimeter-wave region, i s 
tenuous and unconvincing. 

Nevertheless, i n view of the fact that the s t a b i l i t y of b i o 
polymers, i n respect of t h e i r secondary and t e r t i a r y (conforma
t i o n a l ) s tructure, i s strongly influenced by i n t e r a c t i o n s with 
s t r u c t u r a l H2O (45), i t i s of considerable i n t e r e s t to explore 
further the features discussed i n the penultimate paragraph. Even 
for a t o t a l l y collision-broadened (relaxation-type) i n i t i a l step 
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i n the uptake of energy from an external EM f i e l d by the s t r u c 
t u r a l H2O, one must inquire i n t o the possible subsequent steps 
and t h e i r e f f e c t , i f any, on the b i o l o g i c a l system. Energy i n 
put into the s t r u c t u r a l H2O molecules, e.g. i n the grooves of the 
DNA molecule, can be dissipated i n at l e a s t two ways: (a) i n t e r 
a c t i o n with nearest-neighbor molecules, ions, or any other 
molecular species not associated with the biopolymer, and (b) 
i n t e r a c t i o n , i n a more d i r e c t fashion, with the energetics of the 
biopolymer. Apart from e l e c t r o n i c e x c i t a t i o n , which occurs at 
much higher frequencies than those of i n t e r e s t here, v i b r a t i o n a l 
and r o t a t i o n a l e x c i t a t i o n of the s t r u c t u r a l H2O molecules may 
occur. V i b r a t i o n a l frequencies of the bridge-heads (X,Y) of a 
t y p i c a l hydrogen-bonded system X-H...Y are of the order of vLOO 
cm~l (>3000 GHz). At these frequencies, the attenuation function 
for H20(£) has already attained a value of >500 neper cm">, and, 
while no measurements e x i s
function i n the f a r - i n f r a r e d
unit volume. In consequence, free H2O i s expected to attenuate 
v i b r a t i o n a l e x c i t a t i o n of the hydrogen-bonded bridge-heads very 
e f f e c t i v e l y . In contrast, i n the region of r o t a t i o n a l r e l a x a t i o n 
of s t r u c t u r a l H 20, attenuation of external f i e l d s i n the i n t e r i o r 
of a b i o l o g i c a l system i s not nearly so complete (49,50). 

Irrespe c t i v e of the magnitude of the e f f e c t i v e EM f i e l d 
strength at the locus of a s t r u c t u r a l - > O molecule, i t i s now re
q u i s i t e to consider the dynamics of the events which may follow 
the i n i t i a l absorptive step by the s t r u c t u r a l - 2 O molecule. I f 
the system considered were a simple mixture of absorbing and 
mutually i n t e r a c t i n g molecules, no unusual features were to be 
expected. However, the r o l e of s t r u c t u r a l H2O i s c l o s e l y t i e d 
to the dynamics of the phase t r a n s i t i o n s of biopolymers, which 
are known to be cooperative (60,61), and may also be implicated 
i n the phase t r a n s i t i o n s of b i o l o g i c a l membranes. As the degree 
of cooperativity increases, the e f f e c t of a unit f i e l d perturba
t i o n on the s t r u c t u r a l H2O i s expected to increase, and the t o t a l 
randomization of i n i t i a l energy input i s expected to decrease. 
Schwarz (62,63) has shown that the s t a t i c f i e l d strength required 
to cause a phase t r a n s i t i o n i n a h e l i c a l polymer, with segmental 
dipole moment μ, i s E(0) = 4kT μ o c, where σ i s the coopera
t i v i t y parameter, k i s the Boltzmann constant and Τ i s the tem
perature. For a t o t a l l y non-cooperative t r a n s i t i o n , oc = 1; for 
PBLG, σ - 3*10~5. While t h i s ( s t a t i c - f i e l d ) model does not ap
ply i n any d i r e c t sense to the present problem, one may expect 
any p r e f e r e n t i a l input into the energetics of the secondary or 
t e r t i a r y structure of a biopolymer, a f t e r i n i t i a l absorption by 
the s t r u c t u r a l H2O, to be strongly dependent on the i n e q u a l i t y 
aQ<< 1. C l e a r l y , a dynamical model, F i g . (4), i s required to 
examine the e f f e c t of an external f i e l d E(u),t) on a system con
taining free H 20, s t r u c t u r a l H 20, and a cooperative system, such 
as a biopolymer or a membrane. Absorption of energy from the 
external EM f i e l d by the free H 20 e s s e n t i a l l y increases the random 
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c o l l i s i o n s with the surface of the cooperative system, while sim
i l a r absorption by the s t r u c t u r a l H2O i n p r i n c i p l e may cause more 
d i r e c t perturbation of the cooperative system. While i t i s clear 
that, as o c->l, any s e l e c t i v e e f f e c t s w i l l disappear, the magni
tude of any such e f f e c t s f o r highly cooperative systems i s not 
known. I f they e x i s t , they would lead to a (presumably broad) 
frequency-selective a l t e r a t i o n i n the secondary and t e r t i a r y 
structure of the cooperative system, i n the region suggested by 
Grant (49,50), with an attendant p o s s i b i l i t y of a l t e r a t i o n of 
b i o l o g i c a l endpoints, F i g . (4). In addition to the possible 
intervention into the secondary and t e r t i a r y structure of b i o 
polymers by processes i n v o l v i n g the i n i t i a l uptake of EM energy 
by s t r u c t u r a l H2O, an analogous p o s s i b i l i t y e x i s t s f or the i n t e r 
vention into the structure of membranes. Apart from the e f f e c t 
of the degree of cooperativity i n these phase t r a n s i t i o n s (bio
polymer or b i o l o g i c a l membrane)
EM-field e f f e c t s w i l l b
conditions close to the phase-transition point. A l t e r a t i o n s i n 
the ordering of the l i p i d chains i n bovine sphingomylen, moni
tored by Raman-spectroscopic t r a n s i t i o n s of the s c i s s o r i n g v i b 
r a t i o n of the hydrocarbon backbone of the l i p i d chain, have been 
reported (64), i n the region of -2 GHz. 

In competition with any s e l e c t i v e i n t e r a c t i o n s stemming from 
the i n i t i a l absorption by s t r u c t u r a l H2O, there e x i s t , of course, 
the i n t e r a c t i o n s a r i s i n g from absorption by free H2O, polar s i d e -
chain r o t a t i o n and amino acids, a l l having a f i n i t e α(ω) i n the 
frequency range implicated here. As a r e s u l t , conformational 
changes i n biopolymers and/or membranes induced by the s t r u c t u r a l -
H2O absorption w i l l have to be examined as a function of frequency 
i n the -1-10 GHz range, i n order to r u l e out t r i v i a l , o v e r a l l 
thermalized e f f e c t s . In the present context, s t r u c t u r a l t2O, 
although acting as a component of the collision-broadened, equi
l i b r i u m f l u i d , because of i t s s p e c i f i c r o l e i n the cooperative 
conformational changes of a biopolymer and/or a membrane, may 
constitute an i n t e r a c t i o n mechanism absent i n simple systems, 
containing no molecules or molecular aggregates which undergo 
cooperative phase t r a n s i t i o n s . I t i s of i n t e r e s t to note that 
such a possible i n t e r a c t i o n mechanism i s expected to occur i n 
aqueous d i e l e c t r i c s containing the biopolymer(s) and/or mem-
brane(s) i n v i t r o , although d e t a i l s may be modified by a l t e r a 
tions i n the conformational structures of the cooperative systems 
i n i n vivo b i o l o g i c a l systems. C e r t a i n l y , biochemically actuated 
conformational changes i n i n vivo systems w i l l a f f e c t the status 
of the (cooperative) phase t r a n s i t i o n s , and hence the suscepti
b i l i t y of the associated conformations to energy uptake by 
st r u c t u r a l H2O. However, appropriately chosen i n v i t r o systems, 
containing biopolymers and/or membranes, may display s i m i l a r 
i n t e r a c t i o n s . 
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EXTERNAL a(cu) STRUCTURAL 
EM HELD H 2 P S T R U C H jp 

FREE COOPERATIVE 
H2O SYSTEM 

VH2O-COOP.SYST. I 

t 
EQUILIBRIA AND 
DYNAMICS OF 
COOPERATIVE SYSTEM 

Figure 4. Interactions among the jree H20, the structural H2Of the cooperative 
system, and an external EM field. α(ω) denotes the various attenuation functions, 

and V the intermolecular potentials. 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



1. ILLINGER EM-Field Interaction with Biological Systems 13 

Aqueous D i e l e c t r i c s i n the B i o l o g i c a l Context. To t h i s 
point, the i n t e r a c t i o n s , due to molecular systems, that the com
ponents of aqueous d i e l e c t r i c s experience have been formally r e 
presented by the term ν0(ω,ί) i n Eq. (1), where vO(o),t) i s the 
intermolecular p o t e n t i a l i n a simple f l u i d . While the general 
considerations we have developed s t i l l apply i n the b i o l o g i c a l 
context, molecular i n t e r a c t i o n s i n s i t u of a b i o l o g i c a l environ
ment w i l l d i f f e r from V . Apart from the more subtle e f f e c t s on 
V due to conformational changes w i t h i n b i o l o g i c a l systems, i t 
i s r e q u i s i t e to add another e l e c t r i c f i e l d term to Eq. (1). The 
b i o l o g i c a l membrane i s the source of a large (vLO5 V cm"-'-) i n 
t r i n s i c e l e c t r i c f i e l d , E i n t r ( a ) , t ) = E-1(O) + E 2 ( u),t), with i t s 
p r i n c i p a l component, E-1(O), at zero frequency. Molecules and 
ions i n s i d e b i o l o g i c a l membranes w i l l experience t h i s i n t e r a c t i o n , 
and, i n a formal sense, Eq.(l) must be altered to: 

H(u),t) = H° + y[E

Even i f we model, for the moment, only the equilibrium aspects of 
the aqueous d i e l e c t r i c s i n a membrane environment, the large mag
nitude of E-£ntr(0) indicates that f o r molecules i n that l o c a l i t y 
( s t r u c t u r a l H2O, biopolymers, ions, i n or near the membrane) con
d i t i o n s of d i e l e c t r i c saturation e x i s t . The membrane i n t r i n s i c 
f i e l d plays a p i v o t a l r o l e i n the conformation of biopolymers im
bedded i n the membrane and i n membrane transport properties (65-
69), and imparts unusual d i e l e c t r i c properties to molecular sys
tems i n the membrane f i e l d (70-71). Although the l a t t e r are more 
farreaching, they i n d i c a t e , for the purposes of the present d i s 
cussion, that the complex p e r m i t t i v i t y , Eq. (4), w i l l d i f f e r for 
molecules i n the presence of the i n t r i n s i c membrane f i e l d . Pre
sumably, only a small f r a c t i o n of the components of aqueous d i 
e l e c t r i c s i n a b i o l o g i c a l context are i n the presence of a large 
i n t r i n s i c f i e l d , and the bulk complex p e r m i t t i v i t y i s not strong
l y affected by i t . However, properties of systems i n s i t u of the 
membrane i n t r i n s i c f i e l d can not be analyzed accurately without 
taking i t into account. 

In p a r t i c u l a r , the analysis of the contribution to κ*(ω) or 
α(ω) due to the s t r u c t u r a l H2O may require e x p l i c i t modeling of 
the membrane i n t r i n s i c f i e l d , f or systems which contain b i o l o g i c a l 
membranes, and an alte r e d κ*(ω) may obtain for such a case. A l 
though the theory for the s t a t i c complex p e r m i t t i v i t y , KQ i n Eq. 
(4), i s well-developed (72-74) for the case of d i e l e c t r i c satura
t i o n , a general treatment of r o t a t i o n a l r e l a x a t i o n , and hence 
κ*(ω), does not appear to e x i s t . The r e a l state of s t r u c t u r a l 
H2O i s , of course, further complicated, with respect to i t s r o t a 
t i o n a l r e l a x a t i o n , i n that, owing to i t s hydrogen-bonded i n t e r 
action(s) to a substrate, i t i s a hindered r o t o r , and Eq. (4) 
may have only an approximately correct form. The fact that s t r u c 
t u r a l Η 20 partakes of a complex environment i n the b i o l o g i c a l 
context makes exact modeling of i t s cont r i b u t i o n to α(ω) d i f f i c u l t . 
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At l e a s t two other species may require the a r t i c u l a t i o n of 
the membrane i n t r i n s i c f i e l d for the de s c r i p t i o n of t h e i r c o n t r i 
bution to κ*(ω): ions and biopolymers. The i o n i c contribution 
to the complex p e r m i t t i v i t y i s roughly constant i n the microwave 
and millimeter-wave region, being associated with large relaxa
t i o n times (28_, 33-34), and i s therefore more r e a d i l y dealt with, 
at l e a s t i n a phenomenological d e s c r i p t i o n , than the s t r u c t u r a l -
H 20 contribution. Rotational motion of biopolymers imbedded i n 
membranes i s highly r e s t r i c t e d (75-78), i n contrast to t h e i r 
l a t e r a l ( t r a n s l a t i o n a l ) d i f f u s i o n , and hence i s not expected to 
contribute to κ*(ω). The q u a s i - l a t t i c e v i b r a t i o n s of biopolymers 
may be presumed to i n t e r a c t with the membrane i n t r i n s i c f i e l d , 
and a s p l i t t i n g of degeneracies of the v i b r a t i o n a l modes (Stark 
e f f e c t ) may occur. However, these modes are already strongly 
overlapping i n the frequency regions of i n t e r e s t here (see 
Section 2.6) and the mai
r e d i s t r i b u t i o n of i n t e n s i t i e
changes i n t h e i r c ontribution to κ*(ω). 

Biopolymers: Rotational D i f f u s i o n and Quasi-Lattice Vibra
t i o n s . The o v e r a l l r o t a t i o n a l d i f f u s i o n of biopolymer molecules 
i n aqueous s o l u t i o n contributes to α(ω) i n a constant fashion i n 
the microwave and millimeter-wave region (28, 33-34), and the ro
t a t i o n a l d i f f u s i o n of biopolymers imbedded i n b i o l o g i c a l membranes 
i s highly r e s t r i c t e d , with an associated vanishing contribution 
to α(ω). Polar side chains of biopolymers, as w e l l as the very 
complex structures containing polar groups on the surface of mem
branes (78), however, are expected to show r o t a t i o n a l r e l a x a t i o n 
i n the -1-10 GHz region. Nonetheless, such r o t a t i o n a l - d i f f u s i o n 
events, strongly coupled to the free H2O, and not d i r e c t l y a s s o c i 
ated with cooperative phase t r a n s i t i o n s , should merely contribute 
a broad, featureless shoulder to α(ω) i n the microwave and m i l l i 
meter-wave region. 

Of greater p o t e n t i a l i n t e r e s t are the q u a s i - l a t t i c e v i b r a 
tions associated with the biopolymer molecules. Since a mole
cular system with Ν atoms e x h i b i t s (3N-6) normal modes of v i b r a 
t i o n , and Nr>lO4 for many biopolymers, a very large number of low-
l y i n g v i b r a t i o n a l modes (-1-100 cm"1) e x i s t s . The problem of the 
t o t a l v i b r a t i o n a l analysis of polymers i n the unpertubed state 
has been attacked (79-83,84-88), and the r o l e of s t r u c t u r a l H 20 
has been examined i n a semi-empirical quantum-mechanical c a l c u l a 
t i o n (89). A pervasive problem i n the c a l c u l a t i o n of the low-
frequency t a i l (terminating near -1 cm"1) of these v i b r a t i o n s i s 
the lack of accuracy with which the frequency d i s t r i b u t i o n i s 
calc u l a b l e i n t h i s l i m i t , compared to reasonably good f i t to 
experiment i n the region -100 cm"1. As a r e s u l t , the center f r e 
quencies and the width of such v i b r a t i o n s , the more strongly 
damped the lower t h e i r frequency, i s l e a s t accurately predictable 
i n the low-frequency (millimeter-wave) region, where the attenua
t i o n function of free H ?0 begins to decrease. Raman-spectroscopic 
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measurements, at frequencies below -100 cm"1, have been c a r r i e d 
out on α-chymotripsin (90-91) and lysozyme (92). An ingenious 
method (93) using phase f l u c t u a t i o n o p t i c a l heterodyne spectro
scopy, which evades the problem of d i r e c t spectroscopic measure
ment of a vanishingly small change i n attenuation i n a high-loss 
system, has resulted i n measurements, between 8-12 GHz, of the 
absorption of synthetic DNA i n aqueous s o l u t i o n ; a broad, feature
less absorption i n t h i s region i s found. C r u c i a l to the analysis 
of the low-frequency t a i l of these v i b r a t i o n s i s the molecular 
environment of the polymer. As expected from our general con
siderations of c o l l i s i o n broadening, the line-width of a t r a n s i 
t i o n , i n a given intermolecular environment, w i l l increase as 
the l i n e frequency decreases, and w i l l depend on V . The v i b r a 
t i o n a l t r a n s i t i o n s m-n, with frequencies and t r a n s i t i o n pro
b a b i l i t i e s |u p , w i l l show a damped  resonant-type behavior  f o r 
which κ* (ω) has the for

[κ*(ω)-1]= 

In Eq. (10), E i n t 3(ω) and Eg(u)) are the s=x,y,z components of the 
i n t e r n a l e l e c t r i c ' f i e l d and the f i e l d i n the d i e l e c t r i c , res
p e c t i v e l y , and ρ ( ' i s the Boltzmann density matrix for the set 
of i n i t i a l states m. The parameter x m n i s a measure of the l i n e -
width. While small molecules, N<<102, i n the pure s o l i d show 
well-defined l a t t i c e - v i b r a t i o n a l spectra, a r i s i n g from intermole
cular v i b r a t i o n s i n the c r y s t a l , overlap among the v a s t l y larger 
number of normal modes for la r g e , polymeric systems, produces 
broad bands, even i n the c r y s t a l l i n e s t ate. When the polymeric 
molecule experiences the molecular i n t e r a c t i o n s operative i n 
aqueous s o l u t i o n , a second feature further broadens the v i b r a 
t i o n a l bands, since the line-width parameters, x m n , Eq. (10), r e 
f l e c t the increased molecular c o l l i s i o n a l e f f e c t s i n s o l u t i o n , 
as compared to those i n the s o l i d . These general considerations 
are borne out by experiment. The low-frequency Raman spectrum of 
the amino acid cystine (94) shows a l i n e at 8.7 cm"1, i n the 
c r y s t a l l i n e s o l i d , with a half-width of several cm"1. In con
t r a s t , a c a r e f u l study of the low frequency Raman spectra of 
lysozyme (92) shows a broad band (half-width VL0 cm"1) at 25 cm"1, 
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even i n the c r y s t a l l i n e s t a t e ; lysozyme i n acetate buffer solu
t i o n and i n aqueous s o l u t i o n shows no s p e c t r a l features i n the 
Raman spectrum below a band at 75 cm - 1 (with half-width >10 cm~l) 
a t t r i b u t e d to the t o r s i o n a l v i b r a t i o n of the peptide chain. Thus, 
e x i s t i n g experimental evidence for biopolymers i s consistent with 
strongly damped v i b r a t i o n s , even i n the pure s o l i d . A measurement 
of the complex p e r m i t t i v i t y of PBLG i n the range 1-20 GHz implies 
a t o t a l l y damped (Debye-type) v i b r a t i o n for the lowest v i b r a t i o n 
a l mode (95), i n v o l v i n g the l o n g i t u d i n a l s t r e t c h of the α-helix 
that comprises the backbone of t h i s molecule. 

In the b i o l o g i c a l context, biopolymers experience molecular 
environments which range from that i n d i l u t e s o l u t i o n , i n the 
free-aqueous phase i n i n t e r c e l l u l a r space, to the fluid-mosaic 
environment when imbedded i n the b i o l o g i c a l membrane. Needless 
to say, s p e c i f i c a t i o n of the intermolecular p o t e n t i a l i n the 
b i o l o g i c a l context, wit
However, i t i s expecte
of the biopolymer v i b r a t i o n a l t r a n s i t i o n s encompasses the range 
mimicked by the experimental data c i t e d above. Except for the 
caveat that the status of the s t r u c t u r a l H 20 and the d e t a i l s of 
even the equilibrium features of the membrane environment are not 
those of the c r y s t a l l i n e s o l i d , one may thus extrapolate the con
t r i b u t i o n s to α(ω) from such experimental f i n d i n g s . They suggest 
that, at millimeter-wave and the extreme f a r - i n f r a r e d ranges, b i o 
polymers i n the b i o l o g i c a l context w i l l e x h i b i t broad, highly 
overlapping and strongly damped v i b r a t i o n s ; i n the region above 
VL00 cm"1, gradual approach to less severely damped v i b r a t i o n s 
i s expected, i n the same frequency d i r e c t i o n i n which the attenua
t i o n by free H 20 r a p i d l y increases the s h i e l d i n g , to external 
f i e l d s , i n the i n t e r i o r of b i o l o g i c a l structures. 

B i o l o g i c a l Tissues i n v i t r o . As has been discussed i n pre-
ceeding sections, although the general features of the contribu
tions to the bulk attenuation function of aqueous d i e l e c t r i c s 
below -1 GHz are w e l l understood, at higher frequencies, i n the 
mi l l i m e t e r and f a r - i n f r a r e d region, complications are expected to 
a r i s e , i n p r i n c i p l e , which l i m i t the accuracy of extrapolations 
from lower-frequency data. In p a r t i c u l a r , the modeling of the 
s t r u c t u r a l - H 2 0 contribution may be complex (Section 2.4). While 
α(ω) for various types of t i s s u e i s w e l l characterized to -1 GHz 
(96), there i s a paucity of measurements at higher frequencies 
(97-100), some of which tend to i n d i c a t e that straightforward 
extrapolation i n terms of simple contributions of the Debye-relax-
a t i o n type, Eq.(4), may not be accurate. The attempt to analyze 
the c o n t r i b u t i o n to κ*(ω) of tissue i n v i t r o due to s t r u c t u r a l H2O, 
even with extended-frequency data i n the region above 1 GHz, i s , of 
course, open to the c r i t i c i s m that i n vivo t i s s u e , even i n i t s 
equilibrium aspects, may d i f f e r from the former. Changes i n the 
nature of the s t r u c t u r a l H 20 are c e r t a i n l y p l a u s i b l e , but t h e i r 
magnitude i s d i f f i c u l t to assess. Techniques which permit measure-
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ment of κ*(ω) i n the region VLGHz In vivo are one avenue to the 
so l u t i o n of t h i s open question (101-102). Another way i n which 
i n v i t r o and i n vivo tissue w i l l , i n p r i n c i p l e , d i f f e r i s the 
d i s t r i b u t i o n of biopolymers among various possible conformational 
states, and hence one expects a l t e r a t i o n s i n the contribution to 
κ* (ω) due to the biopolymeric system, s t r u c t u r a l HO and ions, 
even i n the equilibrium sense. 

Chemically-Pumped Steady-State (Non-equilibrium) Systems. 

A fundamental assumption made i n most of d i e l e c t r i c and 
spectroscopic theory i s that the system i n t e r a c t i n g with the 
external EM f i e l d i s i n thermal equilibrium and, i n the presence 
of the external EM f i e l d , a t t a i n s a Planck-type d i s t r i b u t i o n for 
the photons being exchanged, by absorption and emission, with the 
f i e l d . Under these conditions
ing leads to expression
and, i n the l i m i t of d i a b a t i c i n t e r a c t i o n s , a r t i c u l a t e d i n Eq. (3), 
to that for r e l a x a t i o n t r a n s i t i o n s , Eq.(4). A Planck-type d i s 
t r i b u t i o n of the photons implies a Boltzmann d i s t r i b u t i o n of the 
molecular species over t h e i r energy l e v e l s . This generates the 
factor [l-exp(-'fia) m n/kT] i n the Van Vleck-Weisskopf Karplus-
Schwinger line-shape function, Eq.(10), of which Eq.(4) i s a 
s p e c i a l case. A more accurate analysis of the e f f e c t s of the 
Boltzmann d i s t r i b u t i o n on κ*(ω) has been made (103) , accounting 
for the fac t that i n collision-broadened l i n e s the line-frequency 
i s not a d e l t a function but has a d i s t r i b u t i o n . No major mod i f i 
cations of the form of the analysis i m p l i c i t i n Eqs. (3),(4) , and 
(10) a r i s e s . However, i f physicochemical processes occur i n a 
system which s i g n i f i c a n t l y a l t e r the Boltzmann d i s t r i b u t i o n of 
systems connected with that species, the ordinary equations of 
collision-broadening can no longer be expected to apply to that 
species. 

As implied i n Section 2- above, ordinary molecular f l u i d s , 
obeying the equilibrium thermodynamics of closed systems, and 
experiencing, apart from the EM f i e l d , the e f f e c t of non-reactive 
c o l l i s i o n s , V, are not expected to contain such processes. As a 
r e s u l t , the e n t i r e hierarchy of systems discussed i n Section _2, 
from H20(£) to b i o l o g i c a l tissues i n v i t r o , should be susceptible 
of at l e a s t phenomenological analysis i n terms of ordinary aqueous 
d i e l e c t r i c s . In f a c t , the experimental evidence for that assump
t i o n i s overwhelming and well-documented, and the hypothesis of a 
closed, equilibrium system for these cases i s reasonable not only 
for the d i e l e c t r i c response functions κ*(ω) or α(ω), but also 
other physicochemical parameters, such as heat t r a n s f e r , s p e c i f i c 
absorption r a t e , etc. A fundamental question that nevertheless 
arises i s whether any subsystems occur i n an i n vivo b i o l o g i c a l 
system which v i o l a t e these assumptions. Even for the simplest 
l e v e l of b i o l o g i c a l organization, the l i v i n g c e l l , to which these 
considerations s h a l l be l i m i t e d , the answer i s i n the a f f i r m a t i v e . 
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Biophysical constructs which have been adduced are sketched i n 
Sections 3.1 and 3.2, and an analysis of the coupling between 
external EM f i e l d s and those subsystems not tractable by the 
methods of Section 2-, i s presented i n Sections 3.3 and 3.4. 

Di s s i p a t i v e Structures i n B i o l o g i c a l Systems. Although not 
confined to b i o l o g i c a l e n t i t i e s (104,105), open, d i s s i p a t i v e sys
tems occur i n l i v i n g c e l l s , and the i r r e d u c i b l e biophysical, sys
tem, i n the i n vivo b i o l o g i c a l context, showing such features, ap
pears to be the b i o l o g i c a l membrane (106). While the c l a s s i c a l 
models for the e l e c t r i c a l properties of the b i o l o g i c a l membrane 
v e i l the i n t r i n s i c d i s s i p a t i v e c h a r a c t e r i s t i c , a recent a l t e r 
native formulation (107) brings i t more sharply into focus. Des
c r i p t i o n s of membrane properties i n terms of i r r e v e r s i b l e , non-
equilibrium thermodynamics have been given (106,108). For our 
purposes here, i t s u f f i c e
brane ( i t s components an
chemically pumped, open, steady-state system. Furthermore, the 
biochemical reactions which provide energy for the membrane sys
tem may, i n general, be associated with a sequence of feedback 
loops l i n k i n g the steady-state concentrations of o s c i l l a t o r y b i o 
chemical reactions(109-111). Under such conditions, the simple 
(equilibrium-type) perturbations due to non-reactive c o l l i s i o n s 
[V i n Eq. (9)] are replaced, f o r the membrane subsystem (including 
biopolymers, s t r u c t u r a l 1-0 and i o n s ) , by much more complicated 
i n t e r a c t i o n s , which may e x h i b i t novel features. In contrast to 
the f u l l y elaborated f a b r i c of the theory of (non-reactive) c o l 
l i s i o n broadening of ordinary molecular f l u i d s , models fo r EM-
f i e l d i n t e r a c t i o n s with d i s s i p a t i v e systems are s t i l l i n the 
developmental stage. Ross and coworkers (112-115) have discussed 
the e f f e c t of frequency-dependent perturbations on o s c i l l a t o r y 
chemical reactions i n a general fashion. A d i r e c t study of per
turbation by an e l e c t r i c f i e l d of the chemical-wave system of the 
( o s c i l l a t o r y ) Belousov-Zhabotinskii reaction has recently been 
ca r r i e d out (116). In a more general sense, an a p p l i c a t i o n has 
been made to the analysis of the E L F - f i e l d perturbation of l i m i t -
cycle systems (117-118). S i m i l a r l y to the status of current 
t h e o r e t i c a l models, confirmatory experimental data are as yet 
sparse for the EM-field i n t e r a c t i o n s with b i o l o g i c a l systems, and 
w i l l require f u l l e r corroboration and extension. In contrast to 
the EM-field i n t e r a c t i o n models, s t r u c t u r a l models for the b i o 
l o g i c a l membrane are now i n a f u l l state of development (78,77, 
119-124), the fluid-mosaic model of Singer and Nicolson (78), with 
some modification (77) , being generally accepted. These de t a i l e d 
s t r u c t u r a l models, describing the s p a t i a l and dynamical organiza
t i o n of the membrane components, w i l l no doubt play a r o l e i n more 
phy s i c a l extensions of the formal theory (Section 3.2) when those 
are developed. 

The foregoing considerations i n d i c a t e that i n vivo b i o l o g i c a l 
e n t i t i e s , even at the c e l l u l a r l e v e l , must be considered as a mix-
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ture of an equilibrium system and d i s s i p a t i v e subsystem ( s ) , F i g . 
(5). Thus, the t o t a l attenuation function has the components: 

α τ ο τ(ω) = α (ω) + α
Β Ι δ ( ω ) ( H ) 

where α(ω) i s the contribution by the equilibrium system, analys
able i n terms of the concepts i n Section 2, and α

Ό Ι δ ( ω ) l s t n e 

contribution by the d i s s i p a t i v e subsystem ( s ) , approaches to 
whose behavior w i l l be discussed i n Section 3 .4 below. In an 
analogous fashion, we may define a set of biological-response 
functions, of type i : 

β 1 > τ ο τ(ω) = β.(ω) + β 1 > Β Ι 8(ω) (12) 

Since the energy uptake by the equilibrium system i s related to 
α(ω), the con t r i b u t i o n
by EM-field i n t e r a c t i o n
to p a r a l l e l α ( ω ), at least i n a q u a l i t a t i v e sense. That i s to say, 
contributions to b i o l o g i c a l response functions a r i s i n g from the 
in t e r a c t i o n with the equilibrium system are expected to show the 
broad features exhibited by α(ω), with the possible exception of 
a somewhat narrower response due to i n t e r a c t i o n with s t r u c t u r a l 
H2O, as discussed i n Section 2 .4 . The r e l a t i o n s h i p between the 
contribution to the attenuation function, α ς ( ω ) , and the b i o 
l o g i c a l response function, 3 i D I S w d u e t o E M f i e l c d i n t e r a c t i o n s 
with the d i s s i p a t i v e subsystems, i s not d i r e c t l y predictable. In 
consequence, i t i s possible that i n frequency regimes where i n t e r 
actions between the EM-field and the d i s s i p a t i v e system(s) are 
operative, the bulk attenuation function, α τ ο τ ( ω ) , or the attenua
t i o n function i n the absence of the d i s s i p a t i v e s t r u c t u r e s , α(ω), 
may not always be an i n f a l l i b l e guide to the presence or absence 
of b i o l o g i c a l e f f e c t s , expressed by 3j_ D I S w ' 

A s p e c i a l case of such a circumstance i s that otQ-j-g(u)) takes 
on a vanishing value, such that αT ο τ(ω) = α(ω), while 3 i DIS - O * 
Even i f α 0 Ις(ω) does not vanish, i t may be a taxing experimental 
problem to detect, for a given signal-to-noise r a t i o i n attenua
t i o n measurements, a contribution α DIS(ω)<<α(ω) due to the d i s 
s i p a t i v e structure, when the equilibrium-structure contribution 
i s that of a high-loss f l u i d . I rrespective of the attenuation 
c o e f f i c i e n t per unit volume, the concentration of the d i s s i p a t i v e 
subsystem(s) w i l l t y p i c a l l y be small, compared to that of the 
high-loss equilibrium system. As a r e s u l t , several factors con
spire (see a l s o , Section 3 . 4 ) to undo the p a r a l l e l i s m between the 
attenuation function and the b i o l o g i c a l response functions, a con
nection which is_ roughly v a l i d f or the equilibrium system. De
t a i l e d p h y s i cal models, which are r e q u i s i t e to predict the magni
tudes of α I S(u)) and 3 i D Ig(u)), and hence e s t a b l i s h t h e i r r e l a 
t i o n s h i p , ao not e x i s t as yet. F i n a l l y , i t must be recognized 
that the status of the d i s s i p a t i v e system, with respect to chemi
c a l events (steady-state concentrations and k i n e t i c s of various 
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biochemical reactions) and the energy states of the membrane sys
tem (biopolymers, s t r u c t u r a l H2O and i o n s ) , w i l l , i n general, 
change as temporal structures i n c e l l growth and development occur. 
As a r e s u l t , while the attenuation function and the b i o l o g i c a l 
response functions for the equilibrium system are time-independent, 
otalgia)) and 3 i DISw) w i H b e a function of biochemical k i n e t i c 
processes i n tne d i s s i p a t i v e subsystem(s). 

The F r B h l i c h V i b r a t i o n a l Model. As an elaboration of an 
e a r l i e r hypothesis (125) concerning the existence of a branch of 
polar v i b r a t i o n a l modes i n biopolymers and/or regions of the b i o 
l o g i c a l membrane, FrBhlich has constructed a formal theory (70-71, 
126-137) for the d i s t r i b u t i o n of photons for such a system i n the 
presence of energy input from the thermal bath. I f the absorption 
and emission of photons from a system containing a set of v i b r a 
t i o n a l modes k, i s associate
t r a n s i t i o n s , an e x c i t a t i o
Bose-condensation (138) r e s u l t s . Such ex c i t a t i o n s would have im
portant consequences for the establishment of s e l e c t i v e i n t e r 
actions among the chemical species partaking of biochemical pro
cesses. For the purpose of t h i s discussion, the treatment has 
consequences for the spectroscopic functions and provides one 
avenue toward discussing the b i o l o g i c a l response functions. I t 
was thought o r i g i n a l l y that the low-frequency v i b r a t i o n s of b i o 
polymers (Section 2.6) (90-91) played a d i r e c t r o l e i n such ex
c i t a t i o n s (139). Subsequently (92) , such v i b r a t i o n s were shown to 
be associated with intermolecular v i b r a t i o n s of the biopolymers 
and not to p e r s i s t i n aqueous s o l u t i o n . I t would appear from t h i s 
that (random) thermal energy (as av a i l a b l e from non-reactive, and 
hence, chemically non-specific c o l l i s i o n s ) supplied to biopoly-
meric systems i s not s u f f i c i e n t to cause the Bose-condensation 
type of e x c i t a t i o n . In f a c t , i n a formal sense, the FrBhlich 
model contains s i m i l a r conditions to those required for o s c i l l a 
tory chemical reactions, i . e . (chemical) pumping and non-linear 
i n t e r a c t i o n terms (110-111). These, and the a d d i t i o n a l require
ment for o s c i l l a t o r y chemical reactions, reaction(s) subject to 
feedback, do not obtain for biopolymers or membranes i n a purely 
chemically-nonreactive c o l l i s i o n a l environment, but are appropri
ate to the i n vivo b i o l o g i c a l membrane. Although t h i s feature i s 
not e x p l i c i t l y incorporated i n t o the FrBhlich v i b r a t i o n a l model, 
o s c i l l a t o r y , l i m i t - c y c l e behavior has been invoked (136-137) to 
account f o r the extremely narrow frequency s e l e c t i v i t y of experi
mental b i o l o g i c a l response function reported for c e l l growth rate, 
Section 3.3 below. 

The F r B h l i c h v i b r a t i o n a l model does not address i t s e l f d i r e c t 
l y to the problem of the i n t e r a c t i o n between an external EM-field 
and the d i s s i p a t i v e subsystem, but rather to the i n t e r n a l r e d i s 
t r i b u t i o n of photons and phonons upon e x c i t a t i o n of the Bose-
condensation state. In p a r t i c u l a r , the frequencies, ωk, of the 
(coherent) v i b r a t i o n s are a v a i l a l b e only w i t h i n the framework of a 
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h e u r i s t i c estimate. Selection rules f or photon-induced t r a n s i 
tions due to an external EM f i e l d are not attainable from the 
model i n any f a c i l e manner, since the description of the v i b r a 
t i o n a l states and the non-linear i n t e r a c t i o n s i s purely formal. 
Furthermore, i f the experimental data on c e l l growth rates (Sec
t i o n 3.3) are an accurate guide, the extremely narrow frequency-
dependence of the biological-response functions 3 i DISw) l s t o b e 

understood i n terms of o s c i l l a t o r y , l i m i t - c y c l e mechanisms. None
theless, the model provides an i n c i s i v e formal i n s i g h t into what 
may, i n d e t a i l , be subsystems of great complexity and subtlety. 

FrBhlich considers a set of p o l a r i z a t i o n waves, of frequen
cies ω-1<ω2· · ·<ω. . .<ωk.. .<ωζ, i n i n t e r a c t i o n with a thermal bath, 
and i n the presence of energy being supplied from the l a t t e r at a 
rate S k = dE k/dt tothe k modes, F i g . (6). The number of photons, 
n k , i n each one of the v i b r a t i o n a l modes of the system, i s asso
ciated with v i b r a t i o n a
subsystem i n the k'th mode
of photons, Ν = £n k > w m depend on the nature of the photon 
exchange among the k v i b r a t i o n a l modes of the subsystem and the 
thermal bath. I f the exchange of photons, associated with v i b r a 
t i o n a l t r a n s i t i o n s νkνk+Ι, of the subsystem with the equilibrium 
system (the thermal bath) involves only independent, f i r s t - o r d e r 
processes, the rate equations for the time derivatives of the num
ber of quanta i n each mode, nk, are given by: 

*k,l = S k k k [nke<WM> - + l ) ] 

k = 1,2,3,...z, (13) 

where the are the t r a n s i t i o n p r o b a b i l i t i e s for exchanges of 
si n g l e quanta, Ίιωk., between the subsystem and the equilibrium sys
tem. I f , i n add i t i o n to f i r s t - o r d e r processes, described by Eq. 
(13), there e x i s t second-order processes [ v k v k i l ;VJ->VJ ±1] which 
are non-linearly connected, the rate equations for the number of 
photons i n each mode k become: 

n k = S k - φ k η k ( * ν - Τ ) - ( n k + 1)] 

-Σ χ [ n k ( n . + l ) e k k k T ) - ( n k D - e k j ) 
jkk jk 1 k J 

j£k
 AjkKnje [ f l ( a )k + M j ) k T l - ( n k + l ) ( n j + l ) ] 

k = 1,2,3,...z (14) 
Here, x k k and X-k are t r a n s i t i o n p r o b a b i l i t i e s for the non-linear 
exchange of two 1 quanta, 1ia)k and ίωk , between the subsystem and the 
equilibrium system, which i s the source of the energy inputs, per 
unit time, S k. After a steady state has been reached i n the ex
change of photons between the subsystem and the equilibrium system. 
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Figure 5. Schematic of an external EM field interaction with the equilibrium sys
tem and the dissipative subsystem. a(w) and β(ω) are the attenuation function and 
the biological-response function for the equilibrium system, respectively; aDis(<*>) 
and βϋΐ8(ω) are the same functions, respectively, for the dissipative subsystem; ω is 

the frequency of the EM field. 
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Figure 6. Vibrational states and representative photon-induced transitions for the 
set of vibrations ω1} ω2 . . . <ok, . . . ωζ in the Frohlich vibrational model. 

vk is the vibrational quantum number of the k'th mode, a)k its frequency, and Sk the rate 
of the (chemically pumped) energy transfer into the modes k of the dissipative subsystem 

by the surroundings. 
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nk=0, for each vibrational mode k. Neglecting the dependence of 
the transition probabilities on the nodes (j,k) and summing over 
all k in Eq. (14), one obtains: 

£ Sk =| [V<*V!ST> -(n k +l)] [φ +λ ECn.ewVM) + (n j +l)] (15) 

The total number of photons in the k modes of the subsystem is 
given by: 

Σ n k = N (16) 

Eqs. (14)-(16) permit a formal solution (70,71,136-137) of the 
coupled differential equations, Eq. (14), for the number of pho
tons, n k , at steady state conditions, in the modes k: 

s k [ e « W « ) / w -1,-1 

[φ +χ - ( - e - j / k T ) ) + λ J(nj+1)] ( 1 7 ) 

Here, μ is a quantity dependent on the magnitude of the non
linear coefficients χ and λ, Eq. (14), on the details of the dis
tributions η j , and independent of the terms S k, as follows: 

fc-e-C/H)].-) j l n j e - j ' g M n j +1)1 
[φ + χ ? n j e ( * y k T ) + x | ( n _ + i ) ] ( 1 8 ) 

For (χ - λ)=0, as in the absence of non-linear terms (χ=λ=0), the 
pumped modes k acquire a Planck-type distribution, μ=0, modified 
only by the term S k, and consistent with the set of rate equa
tions, Eq. (13), 

n k > 1 - {1 + Sk} [ e ( * V - T -I]" 1 (19) 

Thus, even in the presence of pumping, of energy S k, from the 
thermal bath into the modes k, a Planck-type distribution of pho
tons over the modes k, and hence a Boltzmann-type distribution of 
molecular systems over vibrational states ( ν - , ν 2 · . . V j , . . v k , . . v z ) 
results from linear systems. 

In contrast, for a non-linear system, (χ-λ)>0, μ>0, the dis
tribution, Eq. (17) differs in a salient fashion from the modi
fied Planck distribution, Eq. (19). For a somewhat more special
ized model, λ<<χ, Eqs. (17) and (15) reduce to: 

n k = U + S k (<fc) a - e - - / k T ) ) } l e - - V ) / - - 1 Γ 1 (20) 

and 
Σ 
k 

ZS. X 

j J 

Σ Sk = φ Σ [ n k e ( h ( V k T ) - + 1)] (21) 
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Since nk>0, Eq. (20) and the d e f i n i t i o n of μ i n Eq. (18) r equ i re : 

where ω-1 i s the frequency of the lowest v i b r a t i o n a l mode, V 1 . As 
a r e s u l t of Eqs. (20), (21), and (22), the t o t a l number of pho
tons i n a l l the k v i b r a t i o n a l s ta tes of the subsystem i s given 
by the upper l i m i t : 

where Sm i s the la rges t of the terms Sk. Eq. (23) must be con
s i s t en t wi th the i m p l i c a t i o n of Eq. (21) that the t o t a l number 
of photons i n the subsyste
This obta insonly i f μ i
approaches hω1, such that the number of photons i n s ta te 1, of 
lowest frequency ω1, becomes much l a rge r than any other number 
nk, as energy pumping, S = ESk, increases . This condensation 
of the photons i n to the lowest-frequency s ta te i s formal ly equ i 
valent to the Bose condensation (138), and μ, Eq. (18), p lays a 
r o l e analogous to the chemical p o t e n t i a l i n the E i n s t e i n conden
sa t ion of a Bose-Eins te in gas. 

A fundamental p r e d i c t i o n of the F r B h l i c h model then i s that 
i n subsystems which exchange photons wi th a thermal bath , i n the 
nonl inear manner given by the set of Eqs.(14) and quan t i f i ed by 
the magnitude of μ i n Eq. (18), a condensation of photons in to 
the lowest-frequency v i b r a t i o n occurs as the ra te of energy 
pumping from the thermal bath increases above a threshold va lue , 
S 0 : 

Condensation of the photons in to the lowest v i b r a t i o n a l s ta te of 
the subsystem has imp l i ca t i ons concerning the d i s t r i b u t i o n of 
molecular systems over the v i b r a t i o n a l s t a t e s , and hence w i l l a f 
fect the con t r ibu t ion to the spectroscopic functions due to these 
v i b r a t i o n s . This aspect w i l l be discussed i n Sec t ion 3.4. 
F r B h l i c h has given a h e u r i s t i c estimate of the frequency domain 
i n which p o l a r i z a t i o n waves i n a system of dimension x w i l l be 
supported as an e l a s t i c deformation of v e l o c i t y v , v - ( c / x ) , 
w =2 iV (70,71,136-137). Although d i f f e ren t types of b i o l o g i c a l 
membranes show marked dif ferences i n dimensions (77,78,119-124), 
and a s i ng l e parameter i s c l e a r l y i n s u f f i c i e n t for an accurate 
d e s c r i p t i o n , x - 10 cm. I f ν i s taken to be 105 cm s e c - 1 , 100 
GHz i s the order of magnitude of ν expected for such processes. 
The threshhold va lue , S O , for onset of the Bose condensation has 
been estimated t h e o r e t i c a l l y (140-141) to be of the order of 
-10-2 mwcm-2 ; however, i t i s important to r e c a l l that S refers to 
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the energy coupling between the thermal bath and the subsystem, 
and extrapolation to the e f f e c t of other perturbations, e.g. 
external EM f i e l d s , may not be rigorous. 

I f we now suggest a correspondence between the formal model 
of FrBhlich and the d i s s i p a t i v e subsytem(s) and the equilibrium 
system discussed i n Section 3.1, one may consider the processes 
which are operative, including i n t e r a c t i o n s with an external EM 
f i e l d , as depicted schematically i n F i g . (7). No compelling ex
perimental evidence e x i s t s that the equilibrium system made up 
of the ordinary aqueous d i e l e c t r i c s , Sections 2.3 to 2.7, shows 
the Bose-condensation which ari s e s i n the Frtfhlich theory. In 
fa c t , even systems of s u f f i c i e n t complexity to e x h i b i t low-lying 
v i b r a t i o n a l modes and s t r u c t u r a l subtlety to play a d i r e c t r o l e 
i n biochemical reactions at the i n t e r f a c e between biochemical and 
b i o l o g i c a l processes [a-chymotrypsin (90-91) , lysozyme (92_) and 
DNA (93)], f a i l to sho
Section 2_. Since c o l l i s i o n a
r e a c t i v e , w i l l provide a source of the energy inputs, S k, t h i s 
implies the absence of non-linear terms (χ=0,λ=0), Eq. (14), for 
such systems. 

In contrast, i t i s not unexpected that d i s s i p a t i v e s t r u c 
tures i n the sense of (106) which are l i n k e d by a set of biochem
i c a l reactions, and characterized by chemically-pumped steady 
states, rather than being connected only by non-reactive c o l l i 
sions, may e x h i b i t the non-linear behavior of coupled photon-
exchange processes r e q u i s i t e f o r the Bose-condensation. I n t e r 
connected photon exchange, with the non-linear e f f e c t s i n Eq. (14), 
has a phys i c a l basis i n the behavior of d i s s i p a t i v e structures 
although, as FrBhlich suggest (136), s p e c i f i c molecular subsys
tems with large non-linear terms i n Eq. (14) may be the r e s u l t 
of highly s p e c i a l i z e d biochemical-biological s e l e c t i o n . D i s s i 
pative structures may be connected with subsystems showing non
l i n e a r photon exchange with the equilibrium system i n a general 
fashion, but the magnitude of the non-linear terms may depend 
c r u c i a l l y on the nature of the molecular systems involved. 

Occurence of the Bose-condensation, Eq. (2 4), i n t o the v i b 
r a t i o n a l mode v-, implies v i b r a t i o n a l e x c i t a t i o n of the system 
into states v-- = 1,2,.. While the i n t e n s i t y of absorption-
emission l i n e s gives information only about the difference i n the 
number of molecules per cm- i n the upper and lower states con
nected by the photon, the i n t e n s i t i e s of Raman l i n e s , i n e l a s t i c 
l i g h t s c a t t e r i n g at frequencies fag ± o)mn)» permit determination 
of the r a t i o of the number of molecules per cm- i n the excited 
state η and the lower state m. This r a t i o i s given by ( 142) : 

(N n/N m)= [Ι(ω0 + ω π η)/ΐ(ω 0 - % ) ] (u)Q - ω - ) 4 <ω0 + ω - ) - (2 5) 

where I(COQ + ω ) and I(U)Q - ω Q ) are the integrated i n t e n s i t i e s 
of the anti-StoBes and Stokes ïînes, respectively. Since the 
Bose condensation, Eq. (24) , implies a r a t i o N

n / N
m larger than 
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Figure 7. Formal representation of the interaction of an external EM field with 
the dissipative subsystem in the Frohlich vibrational model (μ is the nonlinear 
coupling parameter (Equation 17); the other quantities have the same meaning as 

in Figures 5 and 6 ) 
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i n the case of a Boltzmann-type d i s t r i b u t i o n of molecular sys
tems over states, 

experimental evidence f o r a r a t i o Nn/N i n excess of the 
Boltzmann r a t i o , Eq. (26), would provicie confirmatory evidence 
of an e x c i t a t i o n of the type predicted by Eq. (24). Measurements 
of the i n t e n s i t i e s i n the region ^100 cm"^ for active c e l l s of 
E. c o l i Β (143,144) have reported e x c i t a t i o n i n excess of the 
Boltzmann r a t i o , and that the relevant frequencies are a 
function of temporal changes (of the order of tens of minutes) 
i n the c e l l s . Corroborative experiments on t h i s and s i m i l a r 
systems would be of considerable i n t e r e s t . Since the Boltzmann 
r a t i o , Eq. (26), tends toward unity as Cnu^n/kT)<<19 determina
tions of the experimenta
v i n c i n g , given a f i n i t
Raman i n t e n s i t i e s i n aqueous systems (92), the higher the 
frequency, ω 

J mn 
B i o l o g i c a l Response Functions. As argued i n Section 3.1, 

energy absorption from an external EM f i e l d coupling to an equi
l i b r i u m system, and hence c l o s e l y r e l a t e d to the bulk attenuation 
function, α(ω), i s not expected to show frequency-selective ef
fects of a pronounced s o r t , since the bulk attenuation function 
of ordinary aqueous d i e l e c t r i c s i s not expected per se to show 
such features. Furthermore, although the b i o l o g i c a l response 
to the temperature r i s e caused by absorption of EM r a d i a t i o n i n 
the bulk system w i l l not be l i n e a r over an extended range of ΔΤ, 
a rough correspondence between α(ω) and b i o l o g i c a l response func
t i o n s , 3^(ω), should obtain. 

The e x c i t a t i o n of a Bose-type condensation as predicted by 
Fr B h l i c h (Section 3.2), and the existence of d i s s i p a t i v e s t r u c 
tures i n the more general sense of Section 3.1, provide for the 
p o s s i b i l i t y of e f f e c t s for which the considerations of Section 2̂  
no longer hold. While strongly frequency-selective features are 
not expected for e i t h e r α(ω) or $^(ω), quasi-resonant i n t e r 
actions with external harmonic perturbations of the dynamical 
varia b l e ( s ) of non-linear, d i s s i p a t i v e subsystems are possible 
(112-115). Such i n t e r a c t i o n s might then manifest themselves i n 
a quasi-resonant, frequency-selective (frequency-response width 
<<response frequency) i n t e r a c t i o n with a global b i o l o g i c a l end-
point, e.g. c e l l growth r a t e , i f the dynamical variables of 
l i n k e d biochemical reactions couple with the external EM f i e l d . 
Although such e f f e c t s are possible even with systems i n v o l v i n g 
very simple molecular species (110-116), one may speculate that, 
i n the case of c e r t a i n types of biochemical systems, which i n 
volve, among other i n t e r a c t i o n s , conformational changes i n b i o -
polymers during the chemical r e a c t i o n , the frequency regime for 
such e f f e c t s may l i e i n the millimeter-wave and f a r - i n f r a r e d 
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region. Similar conclusions inhere, of course, in the FrBhlich 
model (70-71,136-137). 

As with the accurate measurement of the attenuation function, 
severe experimental difficulties are associated with reliable 
measurements of biological response functions, even for simple 
cellular systems, in the millimeter-wave region. The most com
pletely documented study to date (145-147) provides a foundation 
for an experimental field as yet in its infancy, and places 
earlier work (148-156) into clearer perspective. A highly fre
quency-selective bimodal distribution (rate decreases and rate 
increases) is reported for the growth rate of yeast cells of 
type Saccharomyces cerevisiae for EM-fields in the 41-42 GHz 
range, at power levels -1 mWcm""-. Since cell growth rate is 
measured simultaneously, in a crossed-beam experiment utilizing 
light scattering in the thermostated, stirred solution, standing-
wave artifacts should b
extreme narrowness of th
resolution (-5 MHz) of the cavity-controlled BWO and frequency 
measurement are perhaps the experimental parameters most suscep
tible to further improvement. In particular, the accuracy of the 
overall biological statistics would be increased if resolution in 
the frequency domain were improved by an order of magnitude or 
more. Frequency-stabilization techniques for broad-band sources 
in the millimeter-wave region have been described (157-159), and 
the attainable spectroscopic resolution (- 10- kHz) will make 
such experimental refinements possible. Simultaneous improvement 
in the biological statistics of the growth rate, at fixed fre
quency, and the more fine-grained data for the overall biological 
statistics afforded by improvements in spectroscopic resolution 
[FM-ing of source (short-term and long-term)<<frequency response 
width] are a primary research objective. 

The extreme narrowness of the biological-response function 
suggested by these experimental studies has, at present, no 
quantitative theoretical explanation, although limit-cycle be
havior has been invoked (135-137). In fact, earlier, low-re
solution studies (150-153) had appeared to be consistent with 
transitions (presumably involving biopolymeric systems) collision-
broadened by the structural H2O, with linewidths thus expected 
to be of the order of the inverse of the relaxation time for 
structural 1-0, -0.3 GHz. The much narrower response width found 
in (145-147) implies experimentally that collision-broadening 
concepts (Section 2) are invalid, even in a qualitative sense, 
as a model for this type of EM-field interaction. It is of 
interest to note that the artifactual effects of short-term and 
long-term FM-ing on a frequency-selective bimodal distribution 
are more complex than the simpler artifactual broadening of a 
line in ordinary spectroscopy. For a source signal, with a 
given amount of short-term FM-ing, which drifts in a random 
manner over the frequency range in which the bimodal distribution 
occurs, average distribution patterns for the growth-rate func-
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tion (which requires monitoring for time of the order of hours) 
will depend on the temporal details of the drift pattern. Fre
quency stabilization appears not to have been employed in the 
earlier studies (148-155). Assuming that experimental refine
ments of the type suggested above will not erase the validity of 
the current findings (i.e. compromise, rather than improve the 
credibility of the overall biological statistics), even the 
purely phenomenological cataloguing of the frequencies of the 
extrema of the biological response functions for a given system 
would provide a set of biophysical parameters of considerable 
interest. While no detailed theoretical models exist at present 
to analyze (let alone, predict) these frequencies, they may carry 
fine-grained information on biophysical and biochemical processes 
in in vivo cellular systems. In fact, FrBhlich has suggested 
(136-137) that, owing to the possibility that evolutionary pro
cesses have played a dominan
tems which show the Bose-condensation
that mechanism may be pervasive in many types of biological tis
sue, not only simple cellular entities. 

The connection between the vibrational frequencies reported 
in the Raman spectra of in vivo cellular systems (143,144) and 
the frequencies associated with the extrema in the biological 
response functions (145-156) is not understood in any detail. 
From the experimental point of view, it should be noted that the 
resolution of millimeter-wave spectroscopy (with phase-locked 
frequency stabilization) is far superior to that of ordinary 
Raman spectroscopy. It remains to be established whether the 
large linewidths found in the Raman spectra of in vivo cellular 
systems (143,144) (-10 cirri for the lines near 120 cm"1, and 
- 0 cm~l for the lower-frequency lines) are due, in part, to the 
limited resolution of Raman spectroscopy and inaccuracies intro
duced by procedures which subtract the background of the strong 
(rotational-anisotropy) scattering of near the Rayleigh line 
(92 ), or whether they accurately represent the actual linewidth. 
The detailed nature and extent of collision broadening for the 
system showing the Bose-condensation is not known. In addition, 
it is possible that more than a single frequency contributes to 
the spectra of such systems, and a complex overlapping line-
spectrum may result, even in the absence of collisional broaden
ing. More generally, a serious impediment to the firm establish
ment of a correspondence between the low-frequency Raman transi
tions and the characteristic frequencies of biological response 
functions at millimeter wavelengths is the accelerating decrease 
in the accuracy of the Raman spectra of aqueous systems as 
(O)Q ± (A)mn) approaches the Rayleigh line, COQ, for u)mn -10 cm" 
( -300 GHz). < 

The Attenuation Function. In contrast to the existing exper-
mental evidence which would suggest that the biological response 
fucntions 3j_ Dis(w) m a Y have sharply frequency-selective features 
at millimeter wavelengths (145-14 7), vL cm"-'-, and that the Raman 
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l i n e s of i n vivo c e l l u l a r systems are consistent with a Bose-
condensation predicted by the FrBhlich model, at f a r - i n f r a r e d 
wavelengths, -100 cm-1, (143,144), firm experimental data on the 
attenuation function otp-j-g(u)) do not yet e x i s t , i n any frequency 
region of i n t e r e s t . In consequence, there are no substantive 
experimental guides toward r e l a t i n g οiρ-iω) and DIS(ω)· I t : 

has already been cautioned i n Section 3.1 that the p a r a l l e l i s m 
between these functions, operative for the equilibrium-system 
being perturbed by an external EM-field, may not p e r s i s t f o r the 
d i s s i p a t i v e subsystem. We s h a l l attempt here to examine the more 
det a i l e d implications of the Bose-condensation predicted by 
FrtJhlich on those contributions to οiρ-iω) which are associated 
with photon-induced t r a n s i t i o n s , among the v i b r a t i o n a l states 
(V1,V2 ,..vk..v z), excited by an external EM-field. 

The integrated i n t e n s i t y of a spectroscopic t r a n s i t i o n , 
associated with the absorptio
given by: 

Here, N m and N n are the number of molecular species per cmJ i n 
the lower and the higher energy s t a t e , r e s p e c t i v e l y , and y m n 

i s the dipole-moment matrix element for the t r a n s i t i o n . While 
the d i s t r i b u t i o n of molecules over the states m and η a f f e c t s 
the Raman i n t e n s i t i e s i n the manner given by Eq. (2 5), the i n t e n 
s i t i e s of absorption-emission l i n e s go as Eq. (2 7). A general 
v i b r a t i o n a l t r a n s i t i o n between two states of the system des
cribed i n Section 3_2 i s characterized by the i n i t i a l and f i n a l 
s t a tes, ( v l 5 v 2 ,. . V j ,. .v k. . ,vz)=m, and (v ] + j i , v2+J2 , ·-v-j+j j ,. .v k 

+J k,. .v z+j z)=n, with: j f c = ±1,±2,.. Which of the t r a n s i t i o n s m1n 
have a non-vanishing dipole-moment matrix element depends on the 
v a r i a t i o n of the p o t e n t i a l energy, V (Q-2 ,Q2 ,. .Q. ,. .Q1,. .Q z) , and 
vibrational normal coordinates (Q k) which describe the v i b r a t i o n 
a l d i s t o r t i o n of the system. In a formal fashion, one may 
expand V and μ i n a Taylor series about the equilibrium p o s i t i o n 
(Q x = q2 = ..Qj =..Qk = ..Qz) = 0: (160): 

and 

I f only the f i r s t d e r ivatives i n the dipole-moment function and 
the second der i v a t i v e s (k=j) i n the p o t e n t i a l function are r e 
tained, the s t r i c t harmonic-oscillator-linear-dipole-moment 
approximation, the s e l e c t i o n rules are s t r i c t : 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



1. ILLINGER EM-Field Interaction with Biological Systems 31 

Avjc=(vk+jk)= ±1, AVJ=(VJ+Jj)=0, j-k. A photon-induced transi
tion via an external field occurs only for a given fundamental 
frequency, for ω = ω-, between adjacent vibrational states, v k 

and (v-il). Non-vanishing terms, to higher order in Eq. (28), 
mechanical anharmonicity, and non-linear terms in the dipole-
moment function, Eq. (29), lead to breakdown in these strict 
selection rules, and frequencies other than the set, ω ιηη=ωι,ω2, 
ω. . . .ω- . . .ω , become observable in the dipole-allowed spectrum. 
For systemsZof the complexity envisaged in the FrBhlich model, 
biopolymers and/or portions of the membrane, the magnitude of the 
terms in Eqs. (28) and (29) is difficult to ascertain, and non-
vanishing higher-order terms are not unexpected. Even if the set 
of vibrations is mechanically uncoupled (161), i.e. terms of the 
form [32V(Q)/9Qk9Qj]= 0, , non-linear terms in μ make the re
lated photon-induced transitions non-vanishing. The Raman inten
sities, Eq. (25), can b
of the derivatives of th
a t t , t=x,y,z with respect to the vibrational coordinates: 

Κωο ± <*W = (64-/3hc3) { % ± ω - Ρ - Ι 2 (30) 

a t t (Q) = a t t(0) + S(3a t t/3Q k) 0 + h % £(3 2 a /3Q 3Qk)0+...(31) 
k j k tt J 

Analogous arguments apply in this case, the strict harmonic-
oscillator-linear-polarizability approximation limiting the non-
vanishing intensities to: ω ιηη=ω-, i.e. inelastic scattering of a 
fundamental quantum ΐίω-. As in the photon-induced absorption-
emission spectrum, even for vanishing mechanical coupling among 
the k vibrations, non-linear terms in Eq. (31) will permit non
zero intensities for transitions, ω , other than the fundamental 

mn 
frequencies ω-. In the limit of nearly harmonic vibrations for 
each of the k normal modes, i.e. all terms in Eq. (28) beyond the 
second-derivatives (k=j) zero, the frequencies ω in Eqs. (27) 
and (30), are the harmonics: - m - i - k ' Jk = 1 , 2 ' - '""* 

A detailed analysis (165) of tne spectroscopic properties, 
under certain restrictive conditions (linear dipole-moment, 
harmonic-oscillator approximation for a non-interacting set of 
ζ normal modes), of the FrBhlich model provides the following 
results. The terms a(Avk=jk), the intensities integrated over all 
possible transitions v k - v - t jk , are invariant with the number of 
photons in the mode ω-, η(ω-), Eq. (20), hence provide no infor
mation concerning the onset of the Bose condensation, and pre
clude facile assignment of the frequencies ω-. This prediction 
is borne out by the negative results (44,166; obtained in a 
careful search for quasi-resonant features in the attenuation 
function of biological fluids in the millimeter-wave region. The 
terms, [ I ( ω 0 + ω - - ) / I ( ω 0 - - - ) ] , Eq. (25), while dependent on the 
form of η(ω-), are insensitive to the value of j - , in the low-
frequency limit, η(ω-)<<1. In contrast, a single emissivity term, 
ε(ω-), is predicted to exhibit behavior saliently different from 
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all the others, ε ( ω - - ) , j - l and είω,ρ-.)» M l , each of the lat-
ler being essentially blackbody terms, ε(ω)-1. Thus, in spite of 
the experimental problems concerning the determination of the 
photon and phonon emissivity, this experimental variable would 
appear to provide the most direct route to tie quantification of 
the FrBhlich model. In general, direct photon or phonon spectro
scopic determinations of millimeter-wave and far-infrared pro
perties of in vivo biological systems possess the not inconsider
able advantage of providing biophysical information at the mole
cular-systems level, while global biological endpoints (e.g. cell 
growth rate) are, by their very nature, integrative effects, not 
currently susceptible of complete analysis. 

While the effects on infrared and Raman intensities of gen
eral systems due to non-Planckian redistributions (non-Boltzmann 
distribution for molecular systems) of photons with vibrational 
excitation have been assesse
present problem are considerabl
parameters of the FrBhlich model (Sk, <(>k> and y) · However, in a 
rough manner, the foregoing analysis points to the possibility 
that the pragmatically desirable protocol, i.e. establishment of 
frequencies ajjis-00) from measurements of the total attenuation 
function a-Q-,(ω), Eq. (11), and subsequent determination of bio
logical-response functions DIS(-) at such frequencies, may not 
be feasible in a general way.' This is to say that a one-to-one 
correspondence between measurable contributions to the attenua
tion function and the frequencies for extrema in the 3- DIS--
may not always obtain, a complication not found in interactions 
between the equilibrium system and the EM field. Even for vibra
tional modes with finite absorption coefficients the low concen
tration of the dissipative systems and the limitations in accuracy 
of swept-frequency measurements in determining relative attenua
tion (perhaps no better than 0.2 dB in a typical average value 
of tens of dB for aqueous systems and appropriate pathlengths) 
conspire to make difficult direct measurements of α--- ίω). As a 
result, the parallel between features (attainable by standard 
dielectric measurements) in the total attenuation function and 
the biological-response functions is no longer as strong a cor-
rollary of general energy-coupling mechanisms as it is for inter
actions with the equilibrium system, Section _2. 

The preceeding discussion has dealt with the qualitative 
effects of the Bose-condensation on the attenuation function, 
ap-j-g(u)). In general, we require the frequencies and matrix 
elements |y m n | and | p m n | , for all the possible transitions, m«-m, 
among the vibrational states postulated by FrBhlich, in order to 
characterize the resulting absorption spectra, Eq. (27), 
Raman spectra, Eq. (30), and the phonon spectra. As indicated in 
the above, the formal theory does not provide a complete guide to 
either of these quantities. In fact, it is not known whether the 
vibrational modes in the model involve portions of the biologi
cal membrane or (portions of) biopolymeric systems. Qualitatively, 
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a r e l a t i o n s h i p between the unperturbed low-frequency v i b r a t i o n a l 
modes of biopolymers, ω-, (Section 2 .6 ) and the v i b r a t i o n a l modes 
involving the Bose-condensation may e x i s t . In t h i s sense, the 
frequency range predicted for the q u a s i - l a t t i c e v i b r a t i o n s of 
biopolymers ( 79-89), vL-100 cm"1 (-30-3000 GHz), may be thought 
of as the frequency regime i n which EM-field i n t e r a c t i o n s with 
the d i s s i p a t i v e system are most l i k e l y to occur. In a formal way, 
one may think of the frequencies of the unperturbed system as 
generating the phonon v i b r a t i o n a l modes i n s i t u of the membrane 
environment. Characterization of the non-linear c o e f f i c i e n t s 
(χ,λ) and q u a n t i f i c a t i o n of the frequencies and spectroscopic 
assignments w i l l require a r t i c u l a t i o n of d e t a i l e d features of the 
d i s s i p a t i v e subsystem. 

Conclusions. 

We have attempted
the i n t e r a c t i o n between b i o l o g i c a l systems and EM f i e l d s , with an 
overview with respect to well-established phenomena and a 
sharper focus on more recent experimental and t h e o r e t i c a l studies, 
which appear to require the a p p l i c a t i o n of new concenpts and pro
mise the expansion of b i o p h y s i c a l information attainable by 
experiment. On t h i s basis, an assessment i s offered of research 
objectives which may prove to be promising as advances beyond the 
present state of the a r t . 

( i ) Because of the dominant r o l e played by the attenuation 
due to free H 20 i n the millimeter-wave and f a r - i n f r a r e d spectra 
of b i o l o g i c a l systems, measurements of the attenuation function 
α (ω) f o r H20(£) i n the region above 50 GHz are of considerable 
i n t e r e s t , to complement recent measurements (4>-44). Although 
techniques of highest accuracy, i n the millimeter-wave region, 
w i l l presumably involve impedance-matched, single-frequency 
measurements and require demanding mechanical p r e c i s i o n , the 
accuracy of e x i s t i n g broad-band techniques at m i l l i m e t e r wave
lengths and i n the f a r - i n f r a r e d may be capable of improvement. 
Nevertheless, i t i s expected that p r e c i s i o n measurements of α (ω) 
for H 2 O (£) w i l l be required to determine, i n connection with ( i i ) 
below, the c o n t r i b u t i o n of s t r u c t u r a l H 20 to α(ω) or κ *(ω)) 

( i i ) In order to quantify the contribution to α(ω) or κ *(ω) 
of s t r u c t u r a l H?0 i n b i o l o g i c a l systems, and further t e s t the 
hypothesis of Grant (4 8-50) concerning the attenuation functions 
of s t r u c t u r a l H-O and free H 20, accurate measurements for w e l l -
defined tissues of known s t r u c t u r a l H 20 content, of κ* (ω) in the 
region -1-10 GHz would be of i n t e r e s t . One of the problems i n the 
analysis of s t r u c t u r a l H?0 i n b i o l o g i c a l systems i n general (45,46 
51-5 8) i s that d i f f e r e n t p h y s i c a l methods give d i f f e r e n t assess
ments of the equilibrium concentration, and, i n p a r t i c u l a r , of the 
r o t a t i o n a l m o b i l i t y of s t r u c t u r a l H?0 i n the same system. Accu
rate extermination, v i a ( i ) and ( i i ) of the d i e l e c t r i c increment 
due t o s t r u c t u r a l H?0 might help to elucidate t h i s question. A 
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fundamental advantage of the d i e l e c t r i c - r e l a x a t i o n method i s , of 
course, that i t probes d i r e c t l y i n the time domain of the r o t a 
t i o n a l r e l a x a t i o n process, i n contrast to nuclear magnetic re
sonance measurements. 

( i i i ) While the d i e l e c t r i c increment due to s t r u c t u r a l 
i s , i n i t s e l f , of basic i n t e r e s t , more germane to the question 
of EM-field i n t e r a c t i o n s with b i o l o g i c a l systems are the conse
quences of i n i t i a l energy coupling to s t r u c t u r a l H2O. As an 
intermediate case, which may mimic aspects of b i o l o g i c a l systems, 
the e f f e c t EM-field i n t e r a c t i o n i n the frequency region im
p l i c a t e d by Grant (49,50) on the equilibrium structure and s t r u c 
t u r a l dynamics of biopolymers should be examined. While the 
status of a biopolymer i n v i t r o i s expected (Section 3) to d i f f e r 
from the actual b i o l o g i c a l environment, such experiments may serve 
as a guide. 

(iv) In order to analyz
than i n a purely phenomenologica
Section 2 .4 requires q u a n t i f i c a t i o n . 

(v) The e f f e c t s of EM f i e l d s i n the region -1-5 GHz on sys
tems containing membranes i n t e r a c t i n g with s t r u c t u r a l H2O have 
begun to be examined (64,168). In these experiments, as w e l l as 
those suggested i n ( i i i ) , i t i s necessary to d i f f e r e n t i a t e be
tween e f f e c t s due to increase i n the thermal energy of the e n t i r e 
membrane environment (including the free H2O) and any e f f e c t s more 
d i r e c t l y associated with the s t r u c t u r a l 1-0. Deviations from a 
p a r a l l e l i s m between the extent of s t r u c t u r a l a l t e r a t i o n s of the 
membrane and the bulk attenuation function would imply the i n t e r 
vention of the s t r u c t u r a l H?0, e s p e c i a l l y i f such deviations con
cur with the d i e l e c t r i c increment due to s t r u c t u r a l H2O. As a 
r e s u l t , measurements over a range of frequencies, at constant E Q , 
would provide the most convincing protocol. Measurements of t h i s 
t vP e> p a r t i c u l a r l y with model systems which c l o s e l y mimic the 
b i o l o g i c a l membrane, are of continuing i n t e r e s t . 

( v i ) A general question i n d i e l e c t r i c theory, and one r e 
l a t e d to the problem of the r o t a t i o n a l r e l a x a t i o n of molecular 
species i n s i t u of the membrane f i e l d , i s the e f f e c t of a large 
s t a t i c e l e c t r i c f i e l d , E i n t r ( 0 ) , on the behavior of κ*(ω) for 
r e l a x a t i o n absorption, Eq. (4). Although t h e o r e t i c a l treatments 
e x i s t f o r saturation e f f e c t s on the p e r m i t t i v i t y of f l u i d d i 
e l e c t r i c s , a general treament for κ *(ω) for membrane systems 
does not appear to be a v a i l a b l e (169). 

( v i i ) A phenomenon rela t e d to ( v i ) i s the e f f e c t of the 
membrane e l e c t r o s t a t i c f i e l d on the v i b r a t i o n a l states of b i -
polymeric systems. S p l i t t i n g of degeneracies of v i b r a t i o n a l 
states and perturbation of the normal-mode frequencies ω£ are 
possible. In a d d i t i o n , d i s t o r t i o n of the molecular charge d i s 
t r i b u t i o n i n a large s t a t i c f i e l d , E i n t r ( 0 ) , Eq. (9), may a l t e r 
the c o e f f i c i e n t s i n Eqs. (2 9) and (31), which determine the i n 
frared and Raman t r a n s i t i o n p r o b a b i l i t i e s . Estimates of these 
e f f e c t s would provide an approach to the analysis of the a l t e r a -
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t i o n of the v i b r a t i o n a l spectrum of biopolymers (Section 2.6) 
i n s i t u of the membrane i n t r i n s i c f i e l d . 

( v i i i ) A p p l i c a t i o n of the general formalism (112-116) of 
frequency-dependent perturbations on systems containing o s c i l 
l a t o r y chemical reactions may provide an avenue toward the analy
s i s of the extremely narrow, quasi-resonant behavior of the bio
logical-response function reported i n _in vivo c e l l u l a r systems 
(145-147). I t i s not clear at present what the phy s i c a l and b i o 
chemical prerequisites for non-vanishing terms, Eq. (18), i n the 
FrBhlich model, are, except that they must r e f l e c t non-linear 
inte r a c t i o n s between the subsystem, capable of the vib r a t i o n s 
(ω-,α-,.-ω ) i n the frequency regime M-100 cm" , and the thermal 
bath. I f die thermal bath i n t e r a c t s with the subsystem i n terms 
cf l i n k e d , o s c i l l a t o r y biochemical reactions, containing feed
back loops, behavior of biological-response functions i n the 
manner of(145-147), as
predictable i n terms o

(ix) As already indicated i n Section 3.3, corroboration of 
the measurements (145-147) of the ef f e c t of low-level EM f i e l d s 
at m i l l i m e t e r wavelengths on c e l l u l a r growth rate, with increased 
spectroscopic r e s o l u t i o n and long-term frequency s t a b i l i t y (157-
159), i s of c r u c i a l i n t e r e s t . The c r e d i b i l i t y of the o v e r a l l b i o 
l o g i c a l s t a t i s t i c s would be enhanced by an improvement i n the 
frequency domain with such an experimental protocol. In p a r t i 
cular, experimental points i n th€: frequency regions w e l l w i t h i n 
the extrema of the cellular-growth response function would i n 
crease the confidence i n the b i o l o g i c a l s t a t i s t i c s . I f the 
extreme narrowness of the frequency dependence of b i o l o g i c a l -
response functions i n the millimeter-wave range reported i n (145-
147) i s c h a r a c t e r i s t i c of such behavior, the methods of high-
re s o l u t i o n millimeter-wave spectroscopy (157-159, 167)will be 
required for the analysis of such systems rather than those of 
ordinary dielectric-measurement methodology. The l a t t e r places 
less stringent requirements on short-term and long-term FM-ing 
of the source, as w e l l as on frequency measurement, since κ*(ω) 
for ordinary molecular f l u i d s i s not expected to show resonant 
behavior at these frequencies. 

(x) Corroboration and extension of the Raman-spectroscopie 
measurements on jln vivo c e l l u a l r systems (143, 144) i s c l e a r l y 
of i n t e r e s t . Such measurements would provide d i r e c t evidence f or 
the existence of the Bose-condensation predicted i n the FrBhlich 
model, i n the case of c e l l u l a r systems (167). Fr B h l i c h has post
ulated (136-137) that the Bose-condensation may be a pervasive 
phenomenon, e x i s t i n g not only i n c e l l u l a r systems but i n b i o l o g 
i c a l t i s s u e i n general. One possible source of experimental 
a r t i f a c t s i n measurements .of t h i s type i s the Rayleigh s c a t t e r i n g 
from the inhomogeneous suspensions that make up c e l l u l a r and/or 
ti s s u e preparations. For an accurate assessment cf Raman l i n e s 
with ω <20 cm~l, the methods of (92) may, i n add i t i o n , be r e -
quired. 
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( x i ) As discussed i n Section 3.4, the connection between 
the frequencies implicated i n those cases where non-Boltzmaniji 
e x c i t a t i o n i s suggested by experiment (143,144), w vLOO cm , 
and those associated with reported quasi-resonant benavior i n 
c e l l u l a r growth rate (145-147), w 1 cm", i s not understood i n 
any d e t a i l at present. In order to examine any such connection, 
one might measure the i n t e n s i t i e s of the Raman-active t r a n s i t i o n s 
(x) as a function cf perturbation by millimeter-wave EM f i e l d s . 
Changes i n the i n t e n s i t y of the Raman-active l i n e s with non-
Boltzmann i n t e n s i t i e s , as a function of the frequency of the 
millimeter-wave EM f i e l d , would i n d i c a t e an interference i n the 
status of the Bose-condensation by the EM f i e l d . Techniques 
s i m i l a r to those employed i n (64) could be adapted to t h i s pur
pose. I f the Bose-condensation plays the d i r e c t r o l e i n c e l l u l a r 
regulatory function envisaged by Er o h l i c h (135-137), then EM-
f i e l d perturbations, a
would be of p a r t i c u l a r importanc
regulatory function. In f a c t , such measurements might eventually 
make possible diagnostic and/or therapeutic applications of 
millimeter-wave EM-fields. 

( x i i ) Measurements of the type suggested i n ( i i i ) would 
give an assessment of changes i n the conformational structure 
and e q u i l i b r i a of biopolymers induced by EM f i e l d s i n the range 
which i s thought to involve an i n i t i a l absorption step i n t o the 
r o t a t i o n a l r e l a x a t i o n of s t r u c t u r a l H2O. While such eff e c t s are 
possible even for i n v i t r o systems, i t i s of i n t e r e s t to inquire 
whether i n i t i a l energy uptake by the s t r u c t u r a l H2O leads, owing 
to i t s i n t e r a c t i o n with in vivo biopolymeric systems, to a per
turbation of the v i b r a t i o n a l modes wk, and , i n p a r t i c u l a r , the 
status of the Bose-condensation. The r e q u i s i t e experiment i s 
the monitoring of the i n t e n s i t y of the Raman-active t r a n s i t i o n , 
w1, as a function of low-level EM-field i r r a d i a t i o n i n the range 
vL-10 GHz, i n a crossed-beam experiment analogous to the monitor
ing of the membrane Raman modes (64). 

( x i i i ) I n i t i a l absorption by s t r u c t u r a l Η2O may a l s o , i n 
p r i n c i p l e , a f f e c t the frequency-dependence of biological-response 
functions at mi l l i m e t e r wavelengths, by i n t e r f e r i n g i n the con
formation e q u i l i b r i a and dynamics of the biopolymers which are 
associated withthe d i s s i p a t i v e subsystem. I t would be of i n t e r 
est to examine the frequency dependence of b i o l o g i c a l response 
functions, along the l i n e s i n ( i x ) , coupled by low-level i r r a d i a 
t i o n by an EM-field i n the -1-10 GHz range, as a function of f r e 
quency. While the experiments proposed i n ( i i i ) r e l a t e to b i o 
polymers i n a chemically non-reactive, equilibrium environment, 
those i n ( x i i ) and ( x i i i ) address themselves to the biopolymeric 
system as a component of the d i s s i p a t i v e subsystem i n vivo. 

(xiv) As discussed i n some d e t a i l i n Section 3.4, several 
circumstances conspire to make d i f f i c u l t the extr a c t i o n of the 
contribution to the t o t a l attenuation function of αDIS 
ventional attenuation measurements, even i f the t r a n s i t i o n pro-
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b a b i l i t i e s are non-vanishing. This i s an unfavorable s i t u a t i o n 
since the other parameters which give access to the characteris
t i c frequencies, i . e . the biological-response functions, t y p i c a l 
l y require a large set of point-by-point measurements, as a func
t i o n of frequency, and thus are e x t r a o r d i n a r i l y cumbersome as a 
search technique f o r the relevant frequency regions. In f a c t , 
the converse protocol would, of course, be the most desirable: 
l o c a t i o n of the c h a r a c t e r i s t i c frequencies by spectroscopic 
measurements, and subsequent determination of the parameters 
bi DISw in the freuqncy ranges indicated. While ext r a c t i o n of 
t h e small contribution (ω) for in vivo c e l l u l a r systems at 
milli m e t e r wavelengths may be v i t i a t e d by the experimental s i g n a l -
to-noise r a t i o i n swept-frequency measurements of αtot-(ω), t h i s 
goal might be achievable by using modulation techniques which 
p r e f e r e n t i a l l y perturbthe d i s s i p a t i v e system and do not substan
t i a l l y a l t e r the equilibriu
the attenuation measuremen
to a harmonic perturbation of the d i s s i p a t i v e system, e x t r a c t i o n 
of αDIS(w) may become fe a s i b l e (167). 

txv) The highly d e t a i l e d f i n e - s t r u c t u r e i n the frequency 
dependence of the growth-rate function for c e l l u l a r systems (145-
147) i s not assignable, w i t h i n the formal framework of e x i s t i n g 
theory. A guide toward phenomenological assignments of possibly 
interconnected processes associated with extrema i n D s 
would be provided by the use of double-resonance or m u l t i p l e -
resonance measurements, i . e . measurement of ßi,DIS w t a n EM-

f i e l d at one of the c h a r a c t e r i s t i c frequencies O f the f i n e - s t r u c 
ture, and, i n the case of double resonance, a second EM-field 
varied across the e n t i r e frequency range of i n t e r e s t . I f cor
roborated, these highly frequency-dependent b i o l o g i c a l endpoints 
could provide deep ins i g h t s i n t o the dynamics of the d i s s i p a t i v e 
biochemical subsystems, and provide an avenue toward the under
standing of the biophysics of c e l l regulatory function. 
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Dielectric Properties of Water in the Microwave 
and Far-Infrared Regions 

Ε. H. GRANT, S. SZWARNOWSKI, and R. J. SHEPPARD 
Physics Department, Queen Elizabeth College, London, W8 7AH, U.K. 

The dielectric behaviour of pure water has been the 
subject of study in numerou
fifty years. As a resul
how the complex permittivity Ê = E' - JE" varies with 
frequency from DC up to a few tens of GHz and it is 
generally agreed that the dielectric dispersion in this range 
can be represented either by the Debye equation or by some 
function involving a small distribution of relaxation times. 
At these frequencies the variations of Ê with frequency are 
due to relaxation phenomena and may be described by 
equations appropriate to classical physics. In the far 
infrared and at higher frequencies resonance-type phenomena 
which can be accounted for on quantum principles, have 
been observed and well documented. Interest therefore 
lies in the frequency region between around 20-200GHz where 
measurements are sparse and, where they have been reported, 
relate to isolated frequencies and temperatures only. Prior 
to the commencement of the present work, the highest 
microwave frequency at which values of complex permittivity 
of water were available as a function of temperature was 
35GHz (1). In the far infrared the principal work in 
existence was that of Asfar and Hasted (2) who measured 
the dielectric properties of water at 19-20°C in the frequency 
range 170GHz-13THz, using interferometric techniques. In 
the present investigation it was therefore decided to measure 
the complex permittivity of water at 70GHz over a range of 
temperatures in the hope that combining the 70GHz results 
with those previously obtained at higher and lower frequencies 
would enable a better understanding of the dielectric behaviour 
of water in this relatively unexplored frequency region, thus 
helping to fill the final gap in the knowledge of how the 
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d i e l e c t r i c properties of water vary with frequency from D C to 
the v i s i b l e reg ion . Determining the complex permit t iv i ty 
of water at 70GHz poses problems in that the at tenuation is 
very high w h i c h , coupled wi th the smal l d imensions of the 
waveguides, necess i ta tes the taking of s p e c i a l precautions in 
order to obtain high accuracy . 
Experimental Procedure 

The waveguide system used to measure the d i e l e c t r i c 
parameters of water and other l o s s y l i qu ids has been 
descr ibed p rev ious ly (3 ) . B a s i c a l l y it i nvo lves the 
measurement of the power profi le of a wave reflected from a 
movable short c i r c u i t as it t raverses the l i q u i d under tes t . 
The var ia t ion of the amplitude of the reflected wave wi th the 
d i s tance moved by the short c i r c u i t i  related d i r ec t l  t  th
complex permit t iv i ty o
experimental c e l l . A computer program has been wri t ten to 
evaluate E' and 6 from the measured amplitude v a r i a t i o n . 
In order to obta in high p rec i s ion it i s necessary to measure 
the d i s t ances moved by the plunger very accura te ly and this 
has been ach ieved by a worm dr ive and lever mechanism of 
high mechan ica l s t ab i l i t y which enables the plunger to be 
located to a p r ec i s ion of 0 .001mm. Other important 
requirements are good frequency s t a b i l i t y , a high s igna l to 
no ise ratio and detector c r y s t a l cha rac te r i s t i c s which are 
independent of power l e v e l . A l l these features have been 
incorporated into the present system (3). 
Resul ts and D i s c u s s i o n 

The va lues measured for water at 70GHz at different 
temperatures are shown in Table I. Both E' and E" are 
seen to increase wi th inc reas ing temperature, which i s 
t y p i c a l behaviour for a pure polar l i q u i d at frequencies w e l l 
in exces s of the re laxat ion frequency. 

In the first ins tance the data were combined wi th those 
obtained by other workers at lower frequencies (4_-l_5) and an 
a n a l y s i s was carr ied out. The combined va lues of E' and E" 
were fit ted to a C o l e - C o l e d i s p e r s i o n re la t ionsh ip in order to 
find the best va lue for uC and 6aa t each temperature. Thç 
C o l e - C o l e d i spe r s ion equat ion i s 

where is the s ta t ic permi t t iv i ty and is the d i e l e c t r i c 
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Table I. The comple
(The errors correspond to the 95% conf idence in tervals) 

T / ° C e" Δ β" 
0.3 7.49 0.08 11.46 

11.82U 

0.09 
1.0 7 · 5 9 ο 0.09 

11.46 
11.82U 0.10 

5.0 8 ' 1 2 R 0. 11 1 3 . 0 3 Γ 
14.46 

0.11 
10.2 8.60^ 

9.20* 
0.08 

1 3 . 0 3 Γ 
14.46 0.12 

15.0 
8.60^ 
9.20* 0. 10 1 5 . 8 θ ' 0. 13 

20.0 9 ' 9 2 f i 
0. 10 17.55 6 0. 14 

25.0 10.82b 0. 14 19.14^ 0. 16 
30.0 12.05; 

1 3 . 0 0 ° 
0. 15 20.847 0. 17 

35.0 
12.05; 
1 3 . 0 0 ° 0.13 21.90 0.20 

40.0 14.54^ 
15.86* 
17.412

8 

0. 16 23.32^ 0. 19 
45.0 

14.54^ 
15.86* 
17.412

8 

0.22 24.80^ 0.22 
50.0 

14.54^ 
15.86* 
17.412

8 0. 17 25.50^ 
ο 

0.21 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



50 BIOLOGICAL E F F E C T S OF NONIONIZING RADIATION 

re laxa t ion time at the appropriate temperature. The 
parameter £ Λ is the va lue of the permit t iv i ty to which 6 would 
be asymtot ic at high frequencies in the absence of further 
d i s p e r s i o n . As shown later i n th is paper th is assumpt ion does 
not hold for water and so in prac t ice never appears as a 
plateau and i ts va lue i s m o d e l - s e n s i t i v e . The parameter 
des ignated by & i s a measure of any d i s t r ibu t ion of 
re laxat ion t imes which may e x i s t , and for the case of a s ing le 
re laxa t ion timeCk=0 and equation QJ becomes the Debye 
equat ion. 

The resul ts of the fit are shown in Table I where it i s 
seen that at most temperatures the 95% confidence l imi t for U 
overlaps zero and hence there is l i t t l e dev ia t ion from s ing le 
re laxa t ion time behaviou
inference i s that the va lu
probably decreases with increas ing temperature but the most 
important c o n c l u s i o n is that the re laxa t ion time Τ i s not 
par t i cu la r ly sens i t ive to the model chosen , the va lues obtained 
agreeing to wi th in experimental error i r r e s p e c t i v e of whether 
the va lue of & was a l l owed to be fitted as an unknown 
parameter, or whether it was clamped at zero (Debye ca se ) . 

Table II therefore summarises the d i e l e c t r i c behaviour 
of water as evaluated from curve- f i t t ing the measured 
permit t iv i ty data taken at frequencies up to 7 0 G H z . Extra 
information which emerges by cons idera t ion of the new 70GHz 
resul ts alone w i l l now be obtained by examining the_variation 
wi th temperature of the function F = ( € s - β' ) (CJ eu ) 1 . If 
the d i e l e c t r i c behaviour of water at th is frequency can be 
ent i re ly accounted for by the Debye equation then F i s equal 
to the re laxa t ion time ( T ) . If there is any departure from 
s ing le re laxa t ion time behaviour then F £ 'Ύ ; for example i f 
the experimental data at 70GHz could be descr ibed by a C o l e -
C o l e re la t ionsh ip then F would equal Ύ -f cf'tLfa - U(t /F)] 
as shown prev ious ly (16). The va lues of F as ca l cu l a t ed from 
the resul ts i n Table Π are shown in Figure 1 together with the 
va lues of the re laxa t ion time Τ obtained from Table II, wh ich 
are in agreement wi th the l i terature va lues of re laxa t ion t ime. 
A c l ea r departure from Debye behaviour i s observed below 
room temperature i . e . the va lues of β and 6* at 70GHz do not 
conform to a s ing le Debye d i s p e r s i o n . Therefore some other 
process must be invo lved which i s operat ive at the high 
frequency end of the p r i n c i p a l d i s p e r s i o n . The d i sc repancy 
in Figure 1 cannot be accounted for by the proposi t ion that the 
p r inc ipa l d i spe r s ion can be charac ter i sed by a d i s t r ibu t ion of 
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007 0-1 0-2 0-3 0-5 07 10 20 30 50 70 100 
Frequency/THz 

Figure 2. Complex permittivity of water at frequencies above 70 GHz ((V) from 
the present 70-GHz study; (O) e calculated from the Debye model using τ = 9.3 

ps, €8 = 80.1, and ex = 5.5; data of Asfar and Hasted (2): ( ) e'; (A) ") 
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re laxa t ion t imes . The value o required to account for the 
va lue of F at 0 C would be 0 .06 which i s far i n exces s of the 
va lue indica ted in Table II. The explanat ion must therefore 
l i e e l sewhere . 

For a d i spe r s ion region having a re laxa t ion mechanism 
underlying it a lowering in the temperature corresponds to a 
decrease in the re laxa t ion frequency. For water at 0 e 
the re laxa t ion frequency i s 9 G H z , i . e . a factor of eight lower 
than the frequency of measurement in the present work. There
fore measurements on water car r ied out at 70GHz at the lower 
temperatures correspond to points approaching the high 
frequency t a i l of the main d i spe r s ion region . The presence 
of a sma l l subs id ia ry d i s p e r s i o n in the far infrared cou ld 
therefore affect the v a l u e f d belo
without having any effec
proposal w i l l now be examined in further d e t a i l . 
D i e l e c t r i c d i spe r s ion in pure water in the far infrared 

Re l i ab le permi t t iv i ty data at frequencies i n exces s of 
around 100GHz are rather sparse but one study that has been 
carr ied out i s that due to Asfar and Hasted (2) where occur 
measurements at approximately 19 C . Their va lues of 
together wi th the present 70GHz point and va lues of 
ca l cu la t ed by assuming a Debye type re laxa t ion for the main 
d i spe r s ion are shown in Figure 2 . The data of Asfar 
and Has ted are a l s o indica ted in this F igure , and it may be 
seen that resonance absorpt ion due to effects such as hindered 
t rans la t ion begin to occur at around 2 T H z . At frequencies 
below t h i s , var ia t ions of aand are cons i s ten t wi th 
c l a s s i c a l - t y p e phenomena. 

To determine the nature of the d i s p e r s i o n curve at 
frequencies between the main d i spe r s ion and resonance regions 
the data contained in references (4-15) at 20 C were combined 
wi th the 70GHz va lues and the permi t t iv i ty resul ts of Asfar 
and Hasted up to frequencies l e s s than 2 T H z . The combined 
data were then fitted to the equation 

which represents a sum of two Debye d i s p e r s i o n reg ions . The 
lower frequency d i s p e r s i o n , which has a re laxa t ion time 
and a s ta t ic permit t iv i ty corresponds to the main 
d i s p e r s i o n reg ion . The higher frequency region has a low 2 
frequency permit t iv i ty of and a s m a l l ampli tude of - n. 
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Table III. A two component fit to the microwave data and the 
infrared data of Asfar and Hasted 

Parameter Value 95% Conf idence Interval 

80 .10 Parameter held constant 
5 . 7 4 J 0.31 
3.34 0.38 
9.48 ps 0 .07 ps 

Τ* 0 .25 ps 0 .08 ps 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



2. GRANT ET AL. Dielectric Properties of Water 55 

The high frequency l imi t of for th i s second process i s 
therefore η . The result of the fit i s shown in Table III 
where the mean va lues of the var ious parameters and their 
a s soc ia t ed 95% confidence in te rva ls are g i v e n . Cons ide r ing 
the sma l l amplitude of the second d i s p e r s i o n both in absolute 
te^rms and in re la t ion to the main d i spe r s ion the parameters 
η and are quite w e l l def ined , and therefore it may be 
concluded that the double Debye representat ion i s an acceptable 
desc r ip t ion of the d i e l e c t r i c behaviour of water up to around 
2THz . Other a l ternat ive interpretations are c l e a r l y p o s s i b l e 
but no attempt has been made here to fo l low these up at th is 
s tage. What i s c l ea r i s that a smal l subs id ia ry d i spe r s ion 
region in the far infrared i s necessary to account for a l l the 
present ly a v a i l a b l e pe rmi t t i v i t
d i spe r s ion i s centred aroun
about 2 .4 in comparison wi th that of the p r inc ipa l d i s p e r s i o n 
which is approximately 75. 

Whether or not a re laxa t ion phenomenon cou ld ex i s t at 
frequencies as high as hundreds of G H z cou ld be a matter for 
d i s c u s s i o n . However the inert ia of the water molecule i s 
fa i r ly low and at 20 C a number of zero bonded and s i ng ly 
bonded molecules (which can rotate without surmounting an 
apprec iable potent ia l barrier) would be expected to ex i s t on 
thermodynamical grounds in suff ic ient quant i t ies to account 
for the smal l observed d i s p e r s i o n . 
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Biological material has a high aqueous content and it is 
acknowledged that the physical propertie f th  wate
different from those of
to the respective terms "bound  water and "free water  although, 
of course, the terms are purely relative. The actual properties 
of the water in biological solution are however subject to 
controversy and there is still considerable disagreement about 
its nature. One method of investigation is to determine the 
dielectric properties of an appropriate biological material over 
a frequency range from around 100MHz or lower right up to 
high microwave frequencies, and in the present paper some 
recent measurements on myoglobin solutions are described. 
The determinations, which were made at 20 oC on solutions of 
concentration 200mg/ml, over a frequency range 0.6 - 15000MHz 
represent the first stage of a comprehensive programme to 
measure the dielectric properties of water in solution. Owing 
to the difficulty of measuring accurately the conductivity at the 
low frequency end of this range only the values were used in 
the analysis. Over the frequency range 0.6 to 100MHz 
bridge apparatus was used; the methods having been 
previously described (1,2). At frequencies between 250 -
15000MHz the permittivity determinations were made using 
coaxial line apparatus. Between 250 - 4000MHz methods 
were used which involve a coaxial line cell having a sliding 
inner conductor with a protruding probe which detects the 
electric field strength as a function of distance within the 
liquid sample. The cell construction and the appropriate 
techniques of measurement have been described previously(3-6). 
In the overlapping range 1500-15000MHz the results were 
obtained using a coaxial line cell terminated by a movable short 
circuiting plunger(7). 

0097-6156/81/0157-0057$05.00/0 
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The so lu t ions were prepared at a concentrat ion of 200mg/ml 
by d i s s o l v i n g sperm whale myoglobin ( M i l e s Laboratories (PTY) 
Limited) in d e - i o n i s e d water. The samples were e l ec t ro -
d i a l y s e d before measurement to reduce the ion ic conduc t iv i t y . 
F u l l de t a i l s of the so lu t ion preparation procedure have appeared 
p rev ious ly (8). The permit t iv i ty measurements were obtained 
at 20 C us ing sample c e l l s thermosta t ica l ly contro l led to - 0.1 Q 
The determinations were made at 45 frequencies and the mean 
va lue of € at each frequency is shown in Figure 1. 
Interpretation of d i e l e c t r i c data on myoglobin so lu t ion 

In order to ana lyse the resul ts i n Figure 1 it i s necessary 
to make var ious assumptions about the nature of the processes 
invo lved at a molecular l e v e l . B a s i c a l l y there are two types 
of polar molecule presen
fore a s imple approach
by two d i spe r s ion reg ions . S ince , however, the water 
molecules adjacent to the macromolecules have d i e l e c t r i c 
properties different from those in the bulk of the f lu id (J-, 9) 
a more r e a l i s t i c interpretation is to cons ider two separate 
d i s p e r s i o n regions for the water i . e . three d i spe r s ions in t o t a l . 
Further refinements would be pos s ib l e by subd iv id ing the water 
into more than two categories s ince it i s an overs impl i f i ed 
picture to cons ider the water molecules as either r i g i d l y bound 
to the myoglobin on the one hand, or in an i den t i ca l state to 
those in pure water on the other. From work carr ied out 
p rev ious ly on myoglobin (8) at frequencies wi th in the 
d i spe r s ion region of the myoglobin molecule it i s known that 
this d i spe r s ion may not be charac ter ised by a Debye d i s p e r s i o n , 
and therefore the present data were fitted to three re laxat ion 
regions cons i s t i ng of a C o l e - C o l e d i spe r s ion to represent the 
myoglobin fo l lowed by two Debye d i spe r s ions to account for 
the water. The C o l e - C o l e spread parameter for the myoglobin 
was found to be 0.15 - 0 .03 ; the va lues of the re laxa t ion 
time and d i e l e c t r i c increment are shown in Table I. 
Table I. D i e l e c t r i c increments and re laxat ion frequencies for 

the m y o g l o b i n so lu t ion 
(Temperatuie 20 C ; Concent ra t ion 200mg/ml; Errors are 

the 95% confidence intervals) 
D i s p e r s i o n D i e l e c t r i c 

increment (Δ) 
Relaxat ion 
f r e q u e n c y / M H z ($·Λ) 

34 - 5% 2.2 - 7% 
3.6 - 11% 583 - 22% 

59.0 - 0.4% 14274 - 1.6% 
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Attempts made to fit two d i spe r s ions only fa i led on account of 
the unacceptably high root mean square dev i a t i on . In an 
attempt to fit four d i spe r s ions it was found that the parameters 
were h igh ly correlated which means that al though the p o s s i b i l i t y 
of four d i spe r s ions i s not precluded there is not suff icient 
evidence from the present experiments to demonstrate their 
ex i s t enc e . 

The va lues of the parameters ind ica ted for the β d i spe r s ion 
(myoglobin) and S d i spe r s ion (water immediately adjacent to the 
myoglobin) are in good agreement wi th those concluded 
p rev ious ly from work carr ied out at frequencies between 0.2 -
1300MHz (8,10.). For the JT d i s p e r s i o n , however it i s found 
(Table I) that the re laxat ion frequency i s s ign i f i can t ly l e s s than 
the l i terature va lue fo  wate f 16 .7  0 . 1 G H  which ha
been ver i f ied in our laborator
as that employed for the present myoglobin s tud ies . Moreover 
this c o n c l u s i o n is not affected by the model used to represent 
the da ta . For example, i f the S and y d i spe r s ions are each 
represented by a C o l e - C o l e d i s t r ibu t ion the mean va lues of a l l 
the parameters in Table I are unchanged to wi th in experimental 
error and the confidence in tervals of the va lues of the C o l e - C o l e 
spread parameter overlap- zero in both c a s e s . The va lue of 
in th i s case i s now 14. 2 - 0 . 3 G H z as compared wi th 1 4 . 3 - 0 . 2 G H z 
in Table I and 1 6 . 7 - 0 . 1 G H z for pure water. 
M o l e c u l a r interpretation of myoglobin so lu t ion data 

Our resul ts imply that very l i t t l e of the bulk water 
component of the so lu t ion has d i e l e c t r i c properties the same 
as those of pure water. On molecular grounds this appears 
to be a reasonable c o n c l u s i o n . For a 20% so lu t ion of 
myoglobin the molecules would on average be separated by a 
d i s tance of around one molecular radius ( - -1 .5nm) . This 
d i s tance could be occupied by about f ive water molecules and 
thus no water molecule would on average be further away from 
a macromolecule than the third s h e l l . This lowering i n 
re laxa t ion frequency of the bulk water component of a b i o l o g i c a l 
so lu t ion from that of pure water i s an es tab l i shed phenomenon 
and was observed in the ear ly 1950's by Cook (_Π,_12) and by 
H a g g i s , Hasted and Buchanan (13) al though the rigour of the 
conc lus ions was hampered by the presence of measurements at a 
few frequencies o n l y . It i s w e l l known that organic solutes 
in general modify the properties of bulk water. For ins tance 
an addi t ion of 20% by weight of tetrohydrofuran to water 
increases the water d i e l e c t r i c re laxat ion time by over 50% as a 
resul t of s tructural modi f ica t ion of the hydrogen-bonded network 
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(14). It i s not surpr is ing that b i o l o g i c a l macromolecules impose 
a s imi l a r s t a b i l i z i n g effect. A s imi l a r proposal concerning 
the increas ing of the water re laxa t ion time was made recent ly by 
M a s s z i , Szuarto and Gaf (15) from conduc t iv i ty measurements 
made on muscle t i s sue but in this case the highest frequency 
of measurement was 4 G H z which is too low to provide 
unambiguous evidence in respect of the charac te r i s t i c s of the 
d i s p e r s i o n . Other work on muscle t i s sue carr ied out by 
Foster , Schepps and Schwan (16) at 1 C came to the opposi te 
c o n c l u s i o n , namely, that the bulk water re laxa t ion frequency was 
not s ign i f i can t ly different from that of pure water at that 
temperature. This i s at var iance wi th the present work al though 
the differences in the temperature and in the mater ia l being 
studied may be at leas f th  explanat io f th
d i sc repancy . 

The amount of t igh t ly bound water (water of hydration) 
present in the myoglobin so lu t ion can be ca l cu la t ed from the 
amplitude of the S d i spe r s ion using a method p rev ious ly 
descr ibed (1_,10) . From the value of 3. 6 for th is parameter 
(Table I) a va lue of hydrat ion of 0 . 1 5 - 0 . 0 2 unit mass of water 
per unit mass of myoglobin is obta ined. Cons idered as a volume 
fraction of the to ta l water content th i s would amount to about 
4%, which compares w e l l wi th the figure of 5% recent ly 
proposed for musc le fibres by Foster , Schepps and Schwan (16). 
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Electrical Response of Polymers in Solution 

ROBERT H. COLE 
Chemistry Department, Brown University, Providence, RI 02912 

The title of this paper, chosen for brevity, is both too 
short and too comprehensive  N  i  mad  giv  anythin
like a comprehensive surve
mer solutions, as excellent reviews can be found in the recent 
book by Grant, Sheppard, and South (1) and the earlier article by 
G. Schwarz (2). The preceding and following papers for this sym
posium, by Grant and by Schwan, also serve this purpose as well 
as presenting some newer developments, leaving the opportunity to 
discuss here some other recent developments which seem of present 
interest and future usefulness. 

In conventional dielectric measurements, one observes the 
Maxwell polarization or electric moment density P(t) which is in
duced by an applied electric field E(t), and from this the com
plex permittivity ε* as a function of frequency f = ω/2π of the 
field. For a system of charges e i in volume V with displacement 
zi in the field direction z, Ρ is given by 

(1) 

where the angle brackets denote a macroscopic average with the 
distribution function p(t) of displacements and momenta in the 
presence of E(t), and V is the volume of the system. In linear 
response theory, the effect of the applied field on the dynamics 
and p(t) is obtained formally from the interaction energy H1(t) 
with the field, which with suitable caveats about internal rield 
effects can be written for the dielectric case as 

(2) 

The evaluation for effects linear in E(t) leads to an expression 
for P(t) of the form (3,4,5), 

(3) 
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where the correlation function i n the angle brackets i s of d i s -

placements ζ ( t - t
T

) evolving from z.(.t') and averaged over the 

equilibrium d i s t r i b u t i o n ρ i n the absence of the f i e l d . 

For an applied f i e l d Ê(t) = Eexp(iu)t), the complex suscept-

i b i l i t y Χ*(1Ω) = P(t)/E(t) = [Ε*(ΐΩ) - 1)]/4Π i s expressed as 

where L denotes the Laplace transform integral with variable 
s = iu> and the dipole correlation function <I>(t) i s given by 

Equations (3) or (4), with refinements as necessary for 
" l o c a l f i e l d " e f f e c t s , are an appropriate and useful basis for 
discussion of various model
l o g i c a l species considere
tions of interest have appreciable ionic concentrations i n the 
natural solvent medium and the polymer or other solute species 
may also have net charges. Under these conditions, the e l e c t r i 
c a l response i s better considered i n terms of the t o t a l current 
density J (t) defined and expressed by linear response theory as 

As the current correlation function i n the time integral has sums 
over a l l charge v e l o c i t i e s z^, effects of cross terms between 
ionic and molecular motions appear which cannot be i d e n t i f i e d or 
separated by electromagnetic measurements. In addition to s t a t i c 
solvation and saturation effects on permittivity often considered 
i n b i o l o g i c a l contexts, Hubbard and Onsager have pointed out 
"kinetic depolarization" effects which need to be considered. In 
II , we discuss experimental evidence and implications of the 
theoretical predictions of such effects. 

The usefulness of e l e c t r i c a l response measurements of solu
tions i s not limited to effects linear i n applied f i e l d . Transi
ent birefringence induced by polarizing e l e c t r i c f i e l d s (the 
transient or dynamic Kerr effect) has given valuable information 
about biopolymers i n solution; the effect must by symmetry be an 
even function of E ( t ) , beginning with terms i n E 2 ( t ) . In both 
cases, a response theory treatment of transient behavior meets 
with d i f f i c u l t i e s not encountered i n linear problems, but recent 
progress i n deriving correlation function expressions for such 
effects i s described i n III. 

The most extensive information about d i e l e c t r i c properties 
of solutions has come from measurements at frequencies from 10 2 

to 10 6 Hz because of the r e l a t i v e ease and accuracy of measure-
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ments i n this range. Microwave measurements at 10
9

 Hz and above, 

though not without d i f f i c u l t i e s , have given information about 

very fast processes, but there has been a comparative dearth of 

results i n the intermediate range from 10
6

 to 10
9

 Hz because of 

technical d i f f i c u l t i e s . Developments i n time domain techniques 

which overcome many of these and have much promise for obtaining 

further useful information are described b r i e f l y i n IV. 

I. Permanent and Fluctuating Dipoles. 

Solutions of many proteins, synthetic polypeptides, and nu-

c l e i c acids show large increases i n permittivity ε (ω) over that 

of solvent, normally aqueous, at s u f f i c i e n t l y low frequencies 

f = ω/2π of steady state AC measurements, but with dispersion 

and absorption processes which may l i e anywhere from subaudio to

megahertz frequencies. 

i n counterion fluctuatio

of aqueous DNA solutions, we f i r s t summarize some relevant re-

sults of other models for biopolymers. 

The observed frequency dependent behavior of biopolymer so-

lutions often resembles that of polar l i q u i d s and their solutions 

i n nonpolar solvents, the most conspicuous differences being the 

very large effects of small concentrations of solute and the 

much lower frequencies. The c l a s s i c theory of Debye (6) for po-

la r l i q u i d s and solutions assumes Ν independent permanent d i -

poles of moment μ reorienting i n an applied f i e l d E(t) = 

Eexp(iu)t) with effects of torques of the surroundings represented 

by a rotational d i f f u s i o n constant D. This model leads to an ex-

pression of the form 

where A represents an effe c t i v e internal f i e l d factor and ε α con-

tributions of induced polarization plus any solvent background 

polarization without dispersion at frequencies of interest. 

Debye obtained his result by solving a forced d i f f u s i o n equation 

(I.e., with torque of the applied f i e l d included) for the d i s t r i -

bution of dipole coordinate μ = μ^ β θ , with θ the polar angle 

between the dipole axis and têe f i e l d , and the same result for 

the model follows very simply from equation (3) using the time 

dependent d i s t r i b u t i o n function i n the absence of the f i e l d (5). 

The relaxation time τ β i s given by τ β = 1/2D, which for a mole-

cular sphere of volume ν rotating i n f l u i d of v i s c o s i t y η be-

comes 

For such biopolymers as globular proteins with many dipolar 

groups contributing to a resultant μ, the theory provides a sim-

ple understanding of the observed behavior: the large values of 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



66 BIOLOGICAL EFFECTS OF NONIONIZING RADIATION 

ε* - ε Μ are attributable to moments much larger than for small 
polar molecules and the lower frequencies of relaxation to large 
values of volume ν and hence τ β of even r e l a t i v e l y small pro
teins. The pioneer experimental work of Oncley and associates 
(7_) confirmed these predictions with derived values of μ and τ β 

of reasonable and proper magnitude for a variety of proteins. 
Deviations from the simple Debye relaxation function 
CI + Ιωΐρ)""1, or " l i n e shape", were found, and i n some cases the 
observed relaxations could be f i t t e d by assuming a sum of two, 
or possibly three, such functions resulting from non-spherical 
shapes of the molecules with two rotational d i f f u s i o n constants 
for different axes of rotation as a result (theory of P e r r i n ( 8 ) ) . 

In some cases, observed breadths of the ε 1 dispersion i n 
frequency are too great to be f i t t e d by a small number of Debye 
functions with reasonable range of τ from considerations of 
shape and size d i s t r i b u t i o n
of B-lactoglobulin i n 0.4
which was studied i n considerable d e t a i l over a wide range of 
protein concentration by Shaw and co-workers (9). They found 
that increasing concentrations from 1 to 10 percent produced i n 
creasingly large deviations from the Debye eq. 7 which could, 
however, be f i t t e d by the empirical Cole-Cole (10) " c i r c u l a r 
arc" function 

* (e g - ε-) 
ε ~ ε°° = 1 + (Ιωτ) 3 ( 9 > 

with values of 3 decreasing from 0.92 to 0.81 (and to 0.60 for 
l i q u i d crystals with 325 g / J l of protein) . The effects of mole
cular interaction are evidently considerable even at the lowest 
concentration, making extrapolation to "independent" molecules 
d i f f i c u l t . 

For solutions of nucleic acids and polyelectrolytes such as 
polypeptides, an increasing body of results indicates the impor
tance of displacements of counterions along the linear chains of 
the charged polymers as an important source of polarization. 
The case of DNA i n the double helix form i s of especial interest 
because dipoles along the oppositely directed h e l i c a l strands 
cancel to leave l i t t l e or no resultant dipole moment. The ob
served d i e l e c t r i c increments, i . e . , excess of permittivity over 
that of solvent water,are very large, however, and reach a s t a t i c 
value only at audio or subaudio frequencies, showing the neces
s i t y of some mechanism of considerable charge displacements 
which develop slowly. 

There have been numerous investigations of DNA solution 
polarization using a variety of techniques of low frequency mea
surements. The problem i s made d i f f i c u l t because of the appreci
able ionic conductance of the solutions with or without added 
s a l t . The polarization currents 3P/3t, equal to iu>P for an A.C. 
f i e l d , make increasingly small contributions to the t o t a l current 
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J t = J + ΙωΡ at low frequencies, and i n many cases of b i o l o g i c a l 
interest, there i s the more serious problem of "electrode polar
i z a t i o n " resulting from accumulation of ionic space charge. 

In experiments of M. S. Tung (11) and R. J. Molinari i n the 
writer's laboratory, these d i f f i c u l t i e s were overcome reasonably 
well by use of lock-in amplifiers as current detector for the 
output of a low-frequency four-terminal bridge o r i g i n a l l y de
veloped for other purposes (12) and considerably upgraded since. 
In this instrument current through the unknown solution i s com
pared with balancing i n phase and quadrature currents derived 
from the negative of the potential drop between two probe el e c t 
rodes i n the solution, the l a t t e r obtained with a minimum of 
space charge effect by using c i r c u i t r y drawing currents of less 
than Κ Γ 1 1 ampere. The objectives of the experiments were to 
test predictions of counterion polarization models, especially 
as embodied i n the McTagu
polarization by equilibriu

In Tung's experiments, aqueous solutions of c a l f thymus DNA 
from commercial sources with average molecular weights i n the 
range 10 6 to 10 7 were measured from 10 Hz to several kHz with or 
without added s a l t s (NaCl and BaCl 2). Some of the results are 
shown i n Figure 1. In Figure 1(a), dispersions of ε ' (real part 
of ε*) at 5, 15, and 25C extrapolated to zero frequency show 
that the s t a t i c p e r m i t t i v i t i e s increase with increasing tempera
ture, which i s contrary to the 1/T dependence expected for per
manent dipole polarization, as i n eq 7, but can be explained as 
a consequence of polyion polarization. 

As the f r a c t i o n of polyion negative charge sit e s occupied by 
counterions i s expected to l i e between 0.5 and 1.0, one expects, 
and the McTague-Gibbs theory predicts, that increasing tempera
ture results i n a reduced number of counterions and increased 
freedom for polarization from their displacements i n the f i e l d , 
and the experimental results are i n agreement with the theory. 
Also, under these conditions, adding positive ions to the solu
tion medium should decrease the s t a t i c permittivity, because when 
more than half the available sites are occupied an increase i n 
this number by adding s a l t w i l l reduce the number of "vacancies" 
available for displacements by the f i e l d . Experimentally, i t was 
found that the extrapolated s t a t i c permittivity of 3.75 χ 10~h M 
DNA solutions with average molecular weight 2 χ 10 6 decreased 
from 3500 for no added s a l t to 2600 for a 4 χ 10~ 5 NaCl solution. 
Even larger decreases were found for BaCl 2 solutions. Evidence 
that the large effects are peculiar to the double h e l i c a l form 
comes from their near disappearance after denaturation, as by 
heating to 85-95C (11). 

A comparison of either the dispersion ε ' or the complex 
plane l o c i of ε* with the Debye relaxation function i n eq 7 shows 
that the experimental curves extend over much broader ranges of 
frequencies, a behavior t y p i c a l also of other polyelectrolyte 
systems and described within their accuracy by the empirical c i r -
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cular arc function, eq 9. The results for DNA of Tung and other 
investigators (14, 15, 16) correspond to values of 3 of about 
0.7. Choices of 3 between 0.5 and 1.0 can represent data for a 
considerable number and variety of non-biological d i e l e c t r i c 
materials, as f i r s t shown i n (10) and since found i n other cases 
too numerous to be l i s t e d here. The number and variety of at
tempts at theoretical explanations of such behavior i s also too 
great to be summarized b r i e f l y . The writer's opinion i s that the 
more promising of these involve cooperative or many-body i n t e r 
actions between the individual dipoles or displaceable charges 
and their neighbors, as i n the theory of Shore and Zwanziy for 
linear polymers (17) and the stochastic treatment of "hopping" 
charge transport i n amorphous solids by Scher and coworkers (18) . 

In most of the studies of DNA solutions, including those 
just discussed, the molecular weight or helix length d i s t r i b u 
tion was unknown or i l l - d e f i n e
poorly defined. Experiment
were undertaken as a f i r s t step i n obtaining d i e l e c t r i c informa
tion on better defined samples. These were prepared by using gel 
electrophoresis chromatography as the most suitable technique 
available at the time for obtaining "sized" fractions i n moder
ately large quantities. Five such fractions were obtained, with 
average molecular weights M (ave) from 0.20 to 1.9 χ 10 6 and 
roughly 2 to 1 range or less i n molecular weight of each. These 
were measured i n d i l u t e solutions with concentrations C , as re
ferred to 7.9 percent phosphorus, i n the range 2 to 9 x p10~ 5 

moles ( p ) / l i t e r and s t a b i l i z e d by using 10"1* N KC1 as solvent. 
Observed dispersions ε' for four sized fractions with aver

age molecular weights M from 0.44 to 1.85 χ 10 6 Dalton at con
centrations C 8 to 9 x r10" 5 are shown i n Figure 1(b). Within 
experimental Error, the values of , where Δε i s the i n 
crement of s t a t i c permittivity for added solute, were independent 
of concentration but increased l i n e a r l y with molecular weight, 
as predicted by the McTague-Gibbs theory for molecular weights 
below about 10 6 Dalton. 

The relaxation frequencies of the fractionated sample solu
tions increased roughly as the square of molecular weight, as 
predicted by several models of counterion fluctuations (2), (19), 
(20). Surprisingly, however, the breadths of the relaxation 
functions were, i f anything, s l i g h t l y greater than for previous 
measurements of unfractionated native DNA (3-0.65 versus 0.7) 
with no distinguishable molecular weigjit dependence. The anomaly 
may be the result of different starting materials or combined 
errors, but i n any case the breadth for the sized fractions can
not be reasonably explained i n terms of their r e l a t i v e l y narrow 
molecular weight distributions. 

Three processes by which counterion polarizations of DNA and 
polypeptides can relax have been discussed in the l i t e r a t u r e (19, 
20), with different conclusions as to the parts they play i n de
termining the observed low frequency behavior. The three are: 
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direct ion hopping between surface s i t e s , transfer by exchange 

with the solvent, rotation of the helix axis r with respect to 

space axis z. Van der Touw and Mandel (20) have pointed out that 

i f these processes operate independently with decay functions 

e x p i - ^ t ) , the correlation function <&(t) of eq 5 w i l l also be an 

exponential, exp(-kt), with overall rate k the sum of the sepa-

rate rates for the processes involved. 

In such a case, no conclusion about the mechanisms can be 

reached from the form of <ï>(t) and the observed rate w i l l be de-

termined primarily by the fastest process. By extension of the 

argument, one easily sees that marked deviation of any of the 

p a r a l l e l processes from exponential decay w i l l be reflected i n 

the o v e r a l l rate with possible change i n the functional form. 

Thus, i f the rotation i s described by exp(-2D t) as i n Debye-

Perrin theory, and the ion displacements by a non-exponential 

ΨΟΟ, one finds from e

quency response functio

ψ(1ω) = £Ψ ( 0 . This kind of argument can be developed further, 
but suffices to show the d i f f i c u l t i e s i n unambiguous interpreta
tion of observed relaxation processes. Unfortunately, our pre
sent knowledge of counterion mobilities and our a b i l i t y to as
sess cooperative aspects of their motion are both too meagre to 
permit any very d e f i n i t i v e conclusions for DNA and polypeptides. 

The low frequency relaxation i n DNA shows no signs of any 
separable contributions of different processes, but a d i s t i n c t 
faster relaxation at megahertz frequencies and much smaller amp
litude has been found. Mandel and Van der Touw (21) have pro
posed that this results from more localized counterion displace
ments within double h e l i c a l segments separated by "nicks 1 1 which 
are traversed or bypassed only with greater d i f f i c u l t y . Tung, 
Molinari, Cole, and Gibbs suggested that i t could result from 
transverse ion displacements around the shorter circumference 
Ç22) of the double h e l i x , i . e . , at right angles to the axis. 
Here again there i s no unambiguous interpretation and further ex
periments are needed. 

F i n a l l y , i n this section, the possible role of counterion 
displacements i n relaxation of globular proteins should be men
tioned. These can result i n fluctuating dipole moments όμ^ i n 
addition to permanent moments along p r i n c i p a l molecular axes. 
If their relaxations are independent and separately exponential 
with rate constants k and k ^ , response theory formulation 
gives the complex permittivity i n the form 

Fluctuating moments thus produce a relaxation proportional 
to their mean square value at a faster rate than that of perman
ent dipole rotations because of the added effect of the rotations 
i n relaxing the 6μ i correlations. Although i t seems to be gener-
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Figure 1. (a) Dispersion curves vs. log 
frequency of 6.2 X 10~4M solutions of 
DNA (molecular weight 9 X 106) at 5C 
(and 25C) and (b) dispersion curves of 
fractionated samples at concentrations 
Cp 8.5 Χ 105. Numbers b% curves are 

average molecular weight Μτ χ 10~5. 
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Figure 2. (a) Observation of Kerr effect: 
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e r a l l y accepted that for r e l a t i v e l y small globular proteins the 
fluctuation polarization i s much smaller than the dipole c o n t r i 
butions and not resolvable experimentally (cf. G. Schwarz (2)), 
Scheider (23) has advanced a further argument against i t s playing 
a s i g n i f i c a n t r o l e . Starting with a forced rotational d i f f u s i o n 
equation including torques of the applied f i e l d on the dipoles 

and 6]-, Scheider obtained an expression d i f f e r i n g from eq 10 
by having factors -./(k- + multiplying the δυ 2 terms. 
He then argues that i f trie effect of these terms i s to be r e s o l 
vable i n frequency, one needs k - appreciably smaller than k -
and that then these factors make the δν- 2 contributions n e g l i g i 
ble. South and Grant (24) have c r i t i c i z e d Scheider's develop
ment on the ground that he f a i l e d to take proper account of the 
effect of the applied f i e l d on the counterion displacements i n 
the torque function used  Their correction for t h i s exactly 
cancels the Scheider factor
response theory methods
polarization involving ionic displacements can be treacherous, as 
discussed i n other contexts i n I I I , but i t appears to the writer 
that eq 10 i s the correct one for the model. 

II. Kerr Effect Relaxation 

This electro-optical e f f e c t , commonly observed as transient 
changes i n o p t i c a l birefringence of a solution following applica
tion, removal, or reversal of a biasing e l e c t r i c f i e l d E ( t ) , has 
been used extensively as a probe of dynamics of biopolymer solu
tions, notably by O'Konski, and i s a valuable tool because i t 
gives information different i n form, but related to, results from 
conventional d i e l e c t r i c relaxation measurements. The state of 
the subject to 1975 has been comprehensively presented i n two re
view volumes edited by O'Konski (25). The discussion here i s 
confined to an outline of a response theory treatment, to be 
published i n more d e t a i l elsewhere, of the quadratic e f f e c t . The 
results are more general than e a r l i e r ones obtained from rotation
a l d i f f u s i o n models and should be a useful basis for further 
theoretical and experimental developments. 

The simplified schematic i n Figure 2a shows the essential 
features of the effect. Optically anisotropic molecules i n the 
solution are p r e f e r e n t i a l l y oriented by the applied f i e l d E ( t ) , 
resulting i n a difference of re f r a c t i v e indices for components 
of polarized l i g h t p a r a l l e l and perpendicular to the bias f i e l d 
which i s measured as a birefringence. The basic theoretical 
problem i s to evaluate this effect i n terms of anisotropies of 
p o l a r i z a b i l i t y Δα. referred to molecular axes which produce a 
time dependent effect when the molecules are p r e f e r e n t i a l l y or
iented by the f i e l d . For no anisotropy i n absence of the f i e l d , 
the effect must be an evgn function of f i e l d strength, and at low 
f i e l d s proportional to Ε . A remarkable feature of the effect i s 
that for molecules with permanent dipole moments the response af-
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ter applying a constant f i e l d can be and often i s different i n 
form from that following i t s removal, as shown i n Figure 2b. 

The c l a s s i c theory of Benoit (26) provided the f i r s t under
standing of the e f f e c t , and with various elaborations has been a 
p r i n c i p a l basis for interpretation of observed transient behav
i o r . Benoit assumed a x i a l l y symmetric molecules with difference 
Δα •» α - α of p o l a r i z a b i l i t i e s p a r a l l e l and perpendicular to 
this aSis and dipole moment μ along i t . The forced rotational 
d i f f u s i o n equation with torques -AaE-(t) (3sin9cos6) and 
- E ( t ) s i n 6 of the bias f i e l d was then solved for the time depen
dent d i s t r i b u t i o n function p(t) through terms of order E 2 . Apart 
from geometrical and optical f i e l d factors not dependent on the 
dynamics, the relevant quantity i s Aa<P«(cos6)p(t)>, where the 
second Legendre polynomial P 2(cos6) = (1/2)(3cos 26-l) i s the re
sult of transformation of the p o l a r i z a b i l i t y from molecular to 
space fixed axes. Benoit'
turned on or off at t =

(a) F i e l d off 
<AaP2p(t)> - γ-3Δα(Δα + $μ 2)E 2[exp(-6D-t)] (11) 

(b) F i e l d on 
<ΔαΡ 2ρ(0 = 3Δα(Δα + 3μ 2)Ε 2[1 - exp(-6D rt)] -

J IjAaeV [exp(-2D rt)- exp(-6D rt)] (12) 

In these equations, D i s the appropriate rotational d i f 
fusion c o e f f i c i e n t and β = 1/kT results from thermal averaging. 
The asymmetry of the two responses, given by the second term of 
the f i e l d on expression, c l e a r l y results from permanent dipole 
torques but involves both dipole relaxation with τ = 1/2 D and 
p o l a r i z a b i l i t y with relaxation time τ = 1/6 D = τ /3, botS for 
rotational d i f f u s i o n . α r 

Benoit's model and results give insight into the effects op
erating and have been widely used, both i n the o r i g i n a l form and 
as extended to lower molecular symmetry i n the f i e l d off case. 
There are, however, serious limitations of the model: there i s 
no way of accounting for observed deviations from simple expon
e n t i a l response functions, no account i s taken of j o i n t c o r r e l a 
tions, and the r e l a t i o n τ = T r / 3 from d i f f u s i o n theory i s often 
not found from experiments giving estimates of P-(cos6) and 
P 2(cos6) correlations. We now outline here a more general formal 
treatment with less r e s t r i c t i v e assumptions which both shows the 
r o l e of dipole torques quite e x p l i c i t l y and provides a basis for 
analysis of diff e r e n t models. 

In the response theory approach, we start with the L i o u v i l l e 
equation for p(t) 
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LCt)p(t) = 0 

and take as the L i o u v i l l e operator for the problem 

L(t) - LQ + L±(t) + L 2 ( t ) 

L l ( t ) = - y E ( t ) l± s±nB± — 

L 2 ( t ) - - AaE 2(t) l± 3sin6 icos0 i 3ρθ ± 

where i s the L i o u v i l l e operator i n the absence of applied 
f i e l d and the sum over a l l units i leads to j o i n t correlation 
terms. 

The f i r s t order effect of L ( t ) i s obtained exactly as i n 
linear response theory an
(Δα) i n eqs 11 and 12
second order effect of the dipole torque operator L-(t) for 
terms i n E 2 , as one must then evaluate the consequences of op
erations of the form 

~ t L0 
- 1 ( t ) p 0 P l i ( - t ) = - ( t ) p 0 e cosB± = 

~tL0 ~ t L0 e c o s 6 i L 1 ( t ) p 0 + p Q L 1 ( t ) e cosQ± 

The operation L - ( t ) p Q i s equal to -&yE(t)p 0P- (dot denoting time 
derivative) as In linear response theory. Tne operation 
L 1 ( t ) P - i ( - t ) i s evaluated at t = 0 i n the f i e l d off case and 
hence i s zero, but i n the f i e l d on case one must evaluate 
(8/3p0 i)exp(-tL o)cos6 = (8/3ρθ )cos6 (-t) for t φ 0 which does 
not vanish. The ansatz used which reduces i t s consequences to a 
simple and useful form i s that the effect of an increment i n i n 
i t i a l momentum ρθ. i n the ensemble average i s produced by the in
crements i n θ ( t ) X a t time t which are i n the i n i t i a l d i r e c t i o n 
6.(0). With this and some manipulation of the averages, one 
f i n a l l y obtains as the generalization of Benoit 1s equations 

(a) F i e l d off 

<AaP 2 ±p(t) = - ( A a ) 2 E 2 < p 0 P 2 i I i P 2 i ( t ) > + 

i 3 2 A a p 2 E 2 < P ( ) P 2 i [ I i P l i ( t ) ] 2 > (13) 
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(b) F i e l d on 

<AaP 2 ip(t) = •|β(Δα) 2Ε 2<ρ 0Ρ 2 1[Σ ίΡ 2 1-Σ[Ρ 2 1(Ο]> 

+ - 6 2 Δ α μ 2 Ε 2 < ρ 0 Ρ 2 1 [ ( Σ 1 Ρ 1 1 ) 2 - ( J P u ( t ) ) 2 ] > (14) 

- | e
2 A a p 2 E 2 < p 0 P 2 i I . P l i ( t ) Ι.ΙΡ ι Γ P 1 ± ( t ) ] > 

These results are now i n terms of correlation functions of 
P-Ct) and, i n the f i e l d on cases, of P - t ) , as i n linear d i e l e c t 
r i c and other response theories. The asymmetry given by the l a s t 
term of the f i e l d on expression reveals the interesting p o s s i b i l 
i t y of obtaining both P~ correlations (from the f i e l d off re
sponse) and P- correlations (from the asymmetry). One easily 
v e r i f i e s that Benoit's result i  obtained fo  d i f f u s i o n a l
ientations, as then <p Ρ
(2/15)exp(-6D t ) , and - o  (2/15)exp(-2  C)
form of dynamics i s not assumed i n the development and effects of 
j o i n t correlations are included i n eqs. 13 and 14. 

This outline of the response theory has for simplicity been 
limited to molecules with a x i a l symmetry of μ and Δα and to the 
f i e l d on, f i e l d off cases, but can be extended i n both respects 
without basic d i f f i c u l t i e s . Detailed comparisons with experiment 
have not yet been made, but i t already i s clear that Kerr effect 
relaxation data can now provide more valuable and better defined 
information about orientational dynamics of biopolymers and other 
molecules than was previously possible. With the increasing ac
curacy and time resolution of d i g i t a l methods, i t should be pos
s i b l e to study not only slow ov e r a l l rotations of large mole
cules (microseconds or longer) but small conformational effects 
and small molecule reorientations on nano and picosecond time 
scales. Moreover, one can anticipate the p o s s i b i l i t i e s , for 
simple problems at l e a s t , of extending response theory to other 
quadratic and higher order effects of strong e l e c t r i c f i e l d s on 
observable responses. 

II I . High Frequency Polarization. 

The polarizations attributable to biopolymers i n solution 
are of course both coupled to the solvent medium and superposed 
on polarizations attributable to the solvent. The usual pattern 
of dispersion, as discussed by Schwan i n the paper following t h i s 
one, i s indicated schematically i n Fig. 3(a): the $ relaxation 
or relaxations of biopolymers are found at frequencies from a few 
hertz to a few tens of megahertz, while the γ relaxation i s for 
small solvent molecules at gigahertz frequencies, e.g., for aque
ous solutions not far from the 18 GHz relaxation frequency (8 
picosecond relaxation time) of pure water. In the few cases for 
which the intermediate frequency range has been studied i n 
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enough d e t a i l by s u f f i c i e n t l y precise methods, notably i n the 
laboratories of H. P. Schwan and Ε. H. Grant, clear evidence has 
been found for a δ dispersion between the 3 and γ dispersions 
and of much smaller amplitude than either. The reasons for at
trib u t i n g the δ dispersion to solvent molecules somehow bound to 
the biopolymer have been discussed i n d e t a i l i n the book of 
Grant, Sheppard, and South (1)» together with theoretical models 
of the solvation. Here we consider only some implications of re
cent developments i n understanding of electrolyte solution po
l a r i z a t i o n which can be si g n i f i c a n t for biopolymer solutions 
which have appreciable ionic conductivity, and i n such cases may 
in particular modify current inferences about solvation from the 
observed γ and δ dispersions. 

The effects of ion concentrations i n aqueous and other elec
t r o l y t i c solvents i n reducing the " s t a t i c " permittivity of the 
solution and changing i t
Hasted (27) and by Lestrade
with discussion of various explanations of the decrements and 
relaxation s h i f t s . U n t i l recently, the explanations of the 
decrements have for the most part been by s t a t i c models such as 
d i e l e c t r i c saturation of a solvent continuum i n the Coulomb 
f i e l d s near the ions, more s p e c i f i c binding or solvation layers 
of solvent molecules, and mixture models of ionic spheres of low 
permittivity i n a polar continuum of high permittivity. In 1977, 
Hubband and Onsager (29,30) f i r s t presented a unified treatment 
of the k i n e t i c effects of ion and solvent dipole interactions by 
taking into account i n a self-consistent way two aspects which 
had previously been considered by Born (31) and by Zwanzig (32, 
33). Their treatment recognizes both the delayed relaxation re
sponse of solvent dipole polarization to the changing f i e l d s of 
moving ions and the response of ionic charge displacements to 
changing dipole relaxation f i e l d s . Both effects are found to be 
proportional to solvent relaxation time τ β , and for their o r i g 
i n a l hydrodynamic continuum model Hubbard and Onsager obtained 
the result that the decrement Δε , defined as the difference of 
solution and pure solvent s t a t i c s p e r m i t t i v i t i e s , i s given ( i n 
e l e c t r o s t a t i c units) by the remarkably simple formula 

Δ ε 8 = -2π[(ε β - e j / e j i p + Ρ ' ) γ ο (15) 

The effect of ion concentrations appears only through the ionic 
conductivity σ , as the parameters ρ and p 1 for the ionic and 
dipole depolarization contributions to Δε are either 2/3 or 1 
for " s l i p " or " s t i c k " boundary conditions at the ion surface, 
and the factor (ε - Zv)lz accounts for the dipole contribution 
(ε - ej) to the sum ε of dipole and induced dipole (ej) 
polarizations of solvent. 

Although Hubbard and Onsager derived eq 15 i n a different 
way, the k i n e t i c decrement i s from the linear response theory 
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8 9 10 
LOG f (HZ) 

(b) PULSE 6EN. SAMPLER Ve(t) -
Figure 3. (a) Dispersion regions in bio
polymer solutions. The β dispersion is 
attributed to biopolymer, the y dispersion 
to solvent water, and the δ dispersion to 
bound water at the polymer surface, (b) 
Simplified schematic of apparatus for 
time domain reflection measurements, (c) 
Observed and reflected pulses for coaxial 
line terminated by open circuit, noncon
ducting dielectric, dielectric sample with 
conductance Gx = Gc, and short circuit. 

SAMPLE! 

« - R ( t ) 

DATA PROCESSING 
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approach a consequence of j o i n t ion-dipole charge displacement 
c o r r e l a t i o n s i n eq 6. Hubbard, Colonomos, and Wolynes (34)have 
evaluated these for a molecular model of the forces and f i n d 
that s p e c i f i c ion contributions are obtained. These are, how
ever, not greatly d i f f e r e n t from the continuum r e s u l t which i s 
also obtained i n the l i m i t of large ion s i z e s , and they showed 
also that s e t t i n g ρ' = ρ i s necessary for consistency with the 
Onsager r e c i p r o c a l r e l a t i o n s . For t h i s discussion, i t s u f f i c e s 
to use eq 16 with ε << ε , which i n convenient units gives the 
decrement i n r e l a t i v e p e r m i t t i v i t y as 

Δε β - -11.3p T D(ps)a Q(mho cm"1) (16) 

The predictec-decremenj for an aqueous s o l u t i o n of con
d u c t i v i t y σ = 10 mho cm at 25C (corresponding to - 0.1N NaCl) 
i s then Δε = -0.62. Value
l a r g e r , are observed fo
ample by Hasted (27). Considerably larger decrements are ex
pected for other solvents with longer r e l a x a t i o n times, which i s 
consistent with the larger decrements for methanol solutions 
(with = 52 ps) reported by Lestrade and coworkers (28). A 
rather spectacular example of large k i n e t i c ion e f f e c t s on per
m i t t i v i t y i s s u l f u r i c acid with ε = 95.0, τ = 425 ps, and an 
i n t r i n s i c s p e c i f i c conductance σ S= 0.0104 mho cm at 25C. 
Recent TDS r e s u l t s of D. G. Hall°and the w r i t e r (35),to be re
ported i n d e t a i l elsewhere, show that addition of either H-O or 
SO- i n small amounts s u f f i c i e n t to double the conductance i s 
accompanied by a decrement Δε = -33, which agrees with the 
t h e o r e t i c a l p r e d i c t i o n for ρ = 2/3 to w i t h i n a few percent. 

The present evidence i s thus that k i n e t i c e f f e c t s may account 
for h a l f or more of p e r m i t t i v i t y decreases of i o n i c solutions and 
t h i s may be an important factor i n determing the amplitude of the 
γ dispersion i n conducting biopolymer solutions and lead to 
revis i o n s i n estimated nature and amount of bound water. The 
eff e c t may also have some bearing on d i e l e c t r i c properties of 
c e l l i n t e r i o r s and membranes i f these have appreciable con
ductances. I t would seem premature to attempt d e f i n i t i v e an
swers to such questions u n t i l the r e l a t i v e importance of s t a t i c 
and k i n e t i c e f f e c t s i n presumably simpler i o n i c solutions has 
been better established experimentally i n comparison with theory 
which treats them s e l f - c o n s i s t e n t l y . 

IV. Time Domain Measurements. 

I t i s appropriate f i n a l l y to say something about usefulness 
of time domain methods for study of r e l a x a t i o n processes at mega
hertz to gigahertz frequencies. The need for improved p r e c i s i o n 
and more complete frequency coverage i n t h i s range has been 
pointed out by several authors, as has the p o t e n t i a l usefulness 
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of TDS methods for meeting i t i f the methods could be s u f f i 
c i e n t l y r e f i n e d . At the same time, serious doubts have been ex
pressed about the p o s s i b i l i t i e s when the systems of i n t e r e s t have 
high ohmnic c o n d u c t i v i t i e s . Thus Suggett i n h i s 1972 review of 
time domain methods (35) concluded that "as yet, the measure
ment of ε* i n the presence of appreciable conductivity, i s a 
hazardous a f f a i r : i n t h i s context the d e f i n i t i o n of 'appreciable 
c o n d u c t i v i t y 1 i s i t s e l f uncertain". Fortunately, t h i s state of 
a f f a i r s has since changed greatly by development of multiple 
r e f l e c t i o n methods which make measurements of ε* of very r e 
spectable precision possible for solutions with σ as large as 
0.03 mho cm . Examples are measurements of ATP solutions by 
Grant and co-workers (36),of whale myoglobin solutions reported 
by Grant i n the preceding paper, and of s u l f u r i c acid solutions 
by H a l l and Cole (35)mentioned above. The analysis developed 
by the w r i t e r (38) for
sample from the r e l a t i o
pulses shows i n a simple way what the p o s s i b i l i t i e s and l i m i t a 
tions for conducting systems are. 

The e s s e n t i a l elements of time domain r e f l e c t i o n methods, 
shown schematically i n Figure 3(b), are a generator of repeated 
pulses with short r i s e time (ca 40 ps), a 50 ohm coaxial l i n e 
terminated by the sample of i n t e r e s t , and a fast sampling unit 
between the generator and sample to sense, and convert to a 
slower "stretched" time s c a l e , the time dependence of the i n 
cident and r e f l e c t e d voltage pulses as they pass through the 
sample with d i f f e r e n t time delays. From the records of these, 
the incident pulse V (t) and the m u l t i p l e r e f l e c t i o n pulse 
R(t) at the sample input can be obtained. Typical r e f l e c t e d 
waves are shown schematically i n Figure 3(c) for sample t e r 
minations over the range from an open c i r c u i t to a non-conduct
ing r e l a x i n g d i e l e c t r i c , a r e l a x i n g d i e l e c t r i c of "appreciable" 
conductivity, and an i d e a l short c i r c u i t . The r e l a t i o n of the 
Laplace transforms ν (ίω) and r(ia)) of these pulse waveforms 
to the complex input admittance y. (ίω) of the sample termina
t i o n i s from transmission l i n e theory given by 

ν (ίω) - r(iu)) 
y. (ίω) = G ° (17) 

l n c ν (ίω) + r(ia)) ο 
where G i s the c h a r a c t e r i s t i c conductance of the c o a x i a l l i n e 
(«.020Cmho for 50 ohm l i n e ) . 

The sample termination section or c e l l can be so simple 
as the end of a c o a x i a l l i n e inner conductor i n contact with 
l i q u i d f i l l i n g a volume bound by the outer conductor or placed 
between the end and a grounded plane terminating the outer 
conductor. These and other arrangements have, again from 
transmission l i n e theory, an admittance y - (ίω) related to 
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" t o t a l " s p e c i f i c sample conductance 

^where σ i s the low frequency l i m i t i n g conductance and 

the p e r m i t t i v i t y of free space) by 

where d i s the length of c o a x i a l l i n e with equal e l e c t r o s t a t i c 

capacitance and c i s the speed of l i g h t = 0.3000 mm/ps. 

The function f ( z ) with ζ = iu)(d/c)7ë* accounts for 

propagation and multiple r e f l e c t i o n s i n the sample2length d as 

obtained from Maxwell's equation^ Fortunately f ( z ) can be 

expanded as a power seri e s i n ζ : 

where the c o e f f i c i e n t a depends on c e l l geometry and i s 1/3 for 

a c o a x i a l l i n e section. Combining eq 17 and eq 18 gives the 

working formula 

Use of t h i s formula or equivalent ones derived from i t has 

proved to be both simple and e f f e c t i v e i n deriving values of 

and ε from numerical Laplace transforms of recorded pulse 

waveforms R(t) , as discussed i n detai^elsewhere (38,39). The 

upper frequency l i m i t for use with f ( z ) = 1 i s t y p i c a l l y 

300 MHz to 1 GHz, somewhat below the quarter wavelength f r e -

quency (given by (ud/c)e = π/2 for c o a x i a l l i n e ) at which 

the procedure becomes i n t r a c t a b l e , while use of the next term 

i n the s e r i e s expansion of f ( z
2

) permits simple evaluation to 

several gigahertz for aqueous solutions i n a c e l l with 

d = 0.7 mm. The formula 20 and i t s consequences shown i n Figure 

3(c) for the resultant r e f l e c t i o n signals R(t) also show the 

l i m i t s imposed by sample conductance G . I f t h i s i s 0.020 mho 

(= G ), for example, the r e f l e c t e d s i g n a l i s zero at long times 

and the differences at shorter times due to sample p e r m i t t i v i t y 

are confined to a range h a l f that for a non-conducting sample 

with consequent reduction i n s e n s i t i v i t y to ε*. Higher con-

ductances reduce t h i s further u n t i l there i s , obviously, no 

s e n s i t i v i t y at a l l for i n f i n i t e conductance. In various 

measurements we have somewhat a r b i t r a r i l y taken G = G as 

χ c 

an upper l i m i t d i c t a t i n g c e l l design. For a c e l l with d = 

0.7 mm, s u i t a b l e for aqueous s o l u t i o n s , the corresponding 

maximum s p e c i f i c conductance σ for 50 percent loss i n s e n s i -

t i v i t y i s 0.040 mho cm" , permitting measurements for s p e c i f i c 

conductances higher than that of sea water for example. 
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These simple estimates of frequency and conductivity ranges 
u s e f u l l y accessible by time domain methods are borne out by a 
va r i e t y of experimental r e s u l t s . Within such l i m i t s , the methods 
have the advantage that data at as many c l o s e l y spaced frequen
cies as desired can be generated from transient records acquired 
by d i g i t a l s i g n a l averaging for a few seconds at most, and 
are p o s s i b i l i t i e s for further improvements by using difference 
techniques (39). Altogether, i t seems f a i r to claim that time 
domain methods are often at lea s t as useful as e x i s t i n g f r e 
quency domain techniques for conducting solutions at megahertz 
to gigahertz frequencies, and have some d i s t i n c t advantages i f 
one wants information over an extended range i n considerable 
d e t a i l . Hopefully, the use of time domain methods w i l l make 
measurements of " b i o l o g i c a l l y f a s t " r e l a x a t i o n processes both 
easier and more precise than i n the past. 
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Dynamics of Biological Polymers and Cells 
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Raman Scattering 

Low Frequency Scatterin
known to be one of the most powerful spectroscopic methods owing 
to the use of the laser as the e x c i t i n g source. Yet only a few 
investigations of low-frequency Raman s c a t t e r i n g on dry films or 
cr y s t a l s of homopolypeptides and of some proteins have been r e 
ported i n recent years ( l - 6 ) , probably because of the d i f f i c u l t i e s 
involved i n the experimental techniques and the i n t e r p r e t a t i o n of 
the spectra. In the low-frequency region, one expects to see, i n 
p a r t i c u l a r , s k e l e t a l t o r s i o n a l modes which involve displacements 
of larger parts of the biopolymer and which are, therefore, sen
s i t i v e to the secondary and also t e r t i a r y structure. In s o l i d 
samples one would have to d i s t i n g u i s h furthermore between i n t r a 
molecular modes and more l a t t i c e - l i k e intermolecular modes, the 
l a t t e r being affected by the degree of disorder i n the sample. 
I t i s , therefore, not too astonishing that one finds mainly broad 
structures i n the sca t t e r i n g spectrum. Some sharper Raman bands 
were observed i n the 20-50 cm-1 region. However, these bands d i s 
appear when the biopolymer i s dissolved i n water (5), an e f f e c t 
which ari s e s probably due to damping (6). Raman spectroscopy 
becomes increasingly d i f f i c u l t below 20 cm - 1, even i f the iodine 
f i l t e r technique (7) i s used. The reason for t h i s d i f f i c u l t y i s a 
scat t e r i n g background o r i g i n a t i n g e i t h e r from unstructured water 
s t i l l present i n the s o l i d sample or from the l a t t i c e disorder 
mentioned above. I t i s u n l i k e l y that the background i s simply 
related to the v i b r a t i o n a l density of sta t e s , since t h i s has been 
shown to decrease r a p i d l y to lower frequencies, at lea s t for the 
l i g h t e r polypeptides (8) . 

In aqueous s o l u t i o n , one i s faced with the sc a t t e r i n g of 
pure water (9), which i s a strong scatterer below 200 cm - l with 
some broad structure around 150 cm - 1. Since water s c a t t e r i n g i s 
not an instrumental a r t i f a c t , one does not evade t h i s problem i n 
going from a double to a t r i p l e monochromator or by using the 
iodine f i l t e r technique. The ro t a t i n g d i v i d e d - c e l l technique (10) 
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has proved useful for c e r t a i n types of samples. For these 
measurements one hal f of the c e l l i s f i l l e d with the solvent plus 
sample and the other half with the pure solvent. The f a m i l i a r 
l o c k - i n technique i s then applied for instantaneous e l e c t r o n i c 
subtraction. Some precaution i s necessary i n applying t h i s 
technique i f the sample shows luminescence. In a fi x e d c e l l , 
luminescence may be la r g e l y quenched because of saturation due to 
the strong l a s e r i l l u m i n a t i o n . In the r o t a t i n g c e l l , t h i s quench
ing could be suppressed. Solutions pose yet another problem for 
Raman spectroscopy. The strong laser beam causes r e f r a c t i v e -
index f l u c t u a t i o n s i n the l i q u i d due to turbulences which i n turn 
cause a d d i t i o n a l noise i n the spectrum. C a p i l l a r y c e l l s or rapid 
flow systems (11) are therefore preferable to larger f i x e d c e l l s . 
A technique which reduces t h i s noise i s d i f f e r e n t i a l Raman 
spectroscopy (12), y i e l d i n g the de r i v a t i v e of the spectrum with 
respect to time, and therefor
a rather t r i v i a l , but nevertheles
low-frequency Raman sc a t t e r i n g on l i q u i d s , solutions or suspension 
of c e l l s . This i s the occurrence of small p a r t i c l e s (dust, 
clumps of c e l l s e t c . ) . Due to convection i n the l i q u i d some of 
these p a r t i c l e s may move through the laser beam, causing a-strong 
Rayleigh scattered beam which enters the monochromator. This 
can cause two e f f e c t s . F i r s t l y , a grating ghost of the mono
chromator may be enhanced i f the grating i s j u s t positioned f o r 
one of i t s ghosts. This may cause one to believe a sharp trans
ient l i n e of the bio-object has been observed. Secondly, the 
r o t a t i o n a l Raman l i n e s of molecules i n the a i r - e s p e c i a l l y N2 
and O2 - can show up because the e l a s t i c a l l y scattered beam from 
the p a r t i c l e t r a v e l s through a large pathlength of a i r , from the 
sample to the monochromator, corresponding to the properties of 
a large gas c e l l . 

High Frequency Scattering (> 200 cm""*") . Here the technique 
i s f u l l y developed but sometimes not f u l l y used. A change of the 
laser wavelength or the a d d i t i o n a l observation of the anti-Stokes 
spectrum i s necessary to check whether luminescence of the sample 
or plasma-lines of the la s e r are present. I f the b i o l o g i c a l 
sample has absorption bands i n the v i s i b l e , use can be made of 
resonance Raman s c a t t e r i n g . An example for t h i s p o s s i b i l i t y i s 
the reported i n v e s t i g a t i o n of s i n g l e - c e l l u l a r algae (13) where 
the chloroplasts y i e l d some broad absorption bands i n the v i s i b l e 
due to carotenoid- and chlorophyll-molecules. Dependent on which 
parts of these bands the e x c i t i n g laser i s i r r a d i a t i n g , one gets 
a strong enhancement of the Raman l i n e s of the corresponding mo
lecules only. In t h i s way an assignment of the Raman l i n e s may 
also be possible i f the assignment i n the v i s i b l e spectrum i s 
known. I t i s worth noting i n t h i s connection that Raman s c a t t e r 
ing on l i v i n g c e l l s needs s p e c i a l caution because the strong, f o -
cussed las e r beam w i l l not be harmless to the c e l l s , due to 
bleaching of dyes, for instance. I t i s recommended, therefore, to 
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use a fast flow system (11) which exposes the c e l l s for only a 
few milliseconds to the las e r r a d i a t i o n . 

B r i l l o u i n Scattering 

B r i l l o u i n s c a t t e r i n g i s a w e l l developed spectroscopic t o o l to
day (14), e s p e c i a l l y for s o l i d state physics i n the very low f r e 
quency region (<1 cm~l). For studying l i q u i d s , i t has at least 
the same d i f f i c u l t i e s as described above for low-frequency Raman 
sca t t e r i n g . But for s o l i d b i o l o g i c a l samples i t might give very 
useful information. A group i n our i n s t i t u t e , for instance, has 
recently studied c r y s t a l l i n e , oriented f i b r e s of DNA (15). They 
were able to measure the sound v e l o c i t y of l o n g i t u d i n a l phonons 
i n these DNA f i b r e s , which turned out to be 3800 m/s i n the high
l y dried state (A-conformation). The sound v e l o c i t y decreased 
to 1800 m/s, which i s almos
(probably Β conformation
was strong only for phonons t r a v e l l i n g p a r a l l e l to the DNA-axis, 
whereas for phonon propagation perpendicular to t h i s d i r e c t i o n 
the l i g h t s c a t t e r i n g was weaker by about an order of magnitude. 
This indicates a large anisotropy of the photoelastic response i n 
the oriented DNA f i b r e s . 

Sub-mm and mm Wave Spectroscopy 

General Remarks. In the sub-mm range (10-100 cnT-), as i n 
low-frequency Raman s c a t t e r i n g , only a very l i m i t e d number of i n 
vestigations have been reported i n recent years (_3, 16-19) . In 
the mm range (1-10 cm~l), almost nothing i s known about the 
spectroscopic behaviour of biomolecules or b i o l o g i c a l systems. 
There are many reasons for t h i s . There i s f i r s t the strong 
Debye-relaxation absorption of l i q u i d water i n the mm range (20). 
T y p i c a l l y , a layer of 0.3 mm of water absorbs 80-90% of the 
ra d i a t i o n . There i s secondly the empirical f a c t , as we found, 
that dry biopolymers absorb 10-1000 times less than water i n the 
mm region. Biomolecules i n aqueous s o l u t i o n act, i n f a c t , more 
as voids and cause, therefore, an o v e r a l l reduction of the spec
t r a l absorption of water. To i l l u s t r a t e t h i s , we have c a l c u l a 
ted, employing two models, the absorption of sp h e r i c a l molecules 
having one dipole o s c i l l a t o r of a c e r t a i n strength at 150 GHz, 
and being dissolved i n water with a volume concentration of 0.1 
(Figure 1). In the f i r s t model, the molecule simply consists of 
a homogeneous d i e l e c t r i c sphere. The second model was of the 
Onsager-type, i . e . a sphe r i c a l c a v i t y of molecular s i z e contain
ing i n i t s center a po l a r i z a b l e (non-rigid) point dipole. The 
vacuum absorption c o e f f i c i e n t and band-shape of the molecules 
were assumed to be equal i n both models. I t i s seen i n Figure 1 
that the resonance absorption of the molecules i n s o l u t i o n can 
hardly be detected, although the assumed o s c i l l a t o r strength i s 
probably by a factor of 10-100 larger than i t i s i n r e a l i t y . 
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Figure 1. Model calculation of the absorption, centered at 150 GHz, of dipole 
oscillators in aqueous solution, 10% volume fraction. 

Cupper) (Kv) Absorption coefficient of the oscillators in vacuum; (Kw) absorption coeffi
cient of pure water; (K) absorption coefficient of the aqueous solution, (lower) (K —Kw) 
Differential absorption coefficient between solution and water; ( ) dielectric sphere 

model; ( ) Onsager-type model. (Explanation in text.) 
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What i s seen i s the 10% o v e r a l l reduction of the absorption of 
the s o l u t i o n compared to that of the pure water. I t i s not sur
p r i s i n g i n view of t h i s estimation that no one has found to date 
s p e c i f i c absorption of water-dissolved biomolecules i n the mm 
range. 

By going to the sub-mm range for the same problem one f i r s t 
has to state that the water absorption i s s t i l l larger than i n 
the mm range (21). The thickness of an aqueous s o l u t i o n must now 
be less than 10 \im i n order to get some r a d i a t i o n through. The 
absorption of dry biopolymers, on the other hand, increases r a 
p i d l y above 20 cm~l Ç3, 16-19). We have measured a larger series 
of poly-aminoacids and proteins between 20 and 500 cm"-'- by means 
of modern techniques of Fourier-transform-spectroscopy (22). The 
two examples of lysozyme and myoglobin, shown i n Figure 2, reveal 
the rapid increase of absorption mentioned above. While globular 
proteins only show rathe
poly-aminoacids, and als
corresponding to dipole o s c i l l a t o r s with strengths 0.01 to 0.05 
and halfwidth of about 20 cm""1. These r e s u l t s w i l l be published 
elsewhere. Using these findings and applying the same model c a l 
culations as for Figure 1, we come to the conclusion that i t 
might be possible to observe bands of dissolved biomolecules (see 
Figure 3) although with great d i f f i c u l t y . At present, however, 
a l l our sparse knowledge s t i l l stems from the spectroscopy of so
l i d samples. 

Quasi-Optical mm-Wave Techniques. Normally, i n microwave 
spectroscopy, one uses cavity resonators with a small number of 
possible electromagnetic modes. An inserted sample must be small 
enough i n order to consider i t s influence on the f i l e d d i s t r i b u 
t i o n as a small perturbation. In the mm-range, however, t h i s ca
v i t y - p e r t u r b a t i o n technique becomes less and less applicable be
cause of the small dimensions. In using waveguides instead of 
resonators, one i s faced with the problem of f i l l i n g the wave-
guid homogeneously with a weakly absorbing sample over a larger 
length. 

As an a l t e r n a t i v e method, one can t r y instead to use quasi-
o p t i c a l systems, for instance by placing the sample i n t o a focus 
i n free space,which i s accomplished by components l i k e mirrors or 
lenses ( t e f l o n , polyethylene) (23). Such a system s u f f e r s , how
ever, severely from wavelength-dependent d i f f r a c t i o n , i n t e r f e 
rence and s c a t t e r i n g , although i t represents, i n p r i n c i p l e , a 
broad-band system. I t can be used quite successfully at a fi x e d 
wavelength i f only one parameter, l i k e the temperature, i s chang
ed. A good technique now e x i s t s which can circumvent the above-
mentioned d i f f i c u l t i e s . I t i s the use of an untuned, oversized 
cavity either i n connectionwith tunable microwave sources 
(klystrons, backward-wave o s c i l l a t o r s , impatt diodes) or with a 
Fourier-transform spectrometer (24-27). An approximately i s o 
t r o p i c and homogeneous f i e l d i s generated i n t h i s c a vity having 
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Figure 2. Measured far-infrared
( ) and myoglobin ( )
values not better than

dried over P>05 at room temperature for about 3 h. 

Figure 3. Model calculations of the absorption of dipole oscillators as in Figure 1. 
The oscillator, however, is now centered at 150 cm'1 in the far-infrared. For sym

bols see Figure 1. 
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highly r e f l e c t i n g w a l l s , thus providing Q-values of the order of 
10->. Owing to the high degree of coherence of millimeter-wave 
or f a r - i n f r a r e d laser sources (28), a mode s t i r r e r i s necessary 
i n such case to produce a time-averaged field-homogeneity and 
f i e l d - i s o t r o p y . A small f r a c t i o n of the ca v i t y f i e l d i s coupled 
out by a horn and measured by a detector. When a sample i s i n 
serted i n t o the c a v i t y , an energy loss i s measured which i s 
caused only by the absorption, but not by the s c a t t e r i n g , from 
the sample. 

The dimensions of t h i s broad-band resonator must, of course, 
bear a c e r t a i n r e l a t i o n to the wavelength used. I f the resona
tor i s too large, too large a sample i s necessary to obtain a 
measurable energy l o s s . I f the resonator i s too small, on the 
other hand, not enough modes are a v a i l a b l e and the sample would 
strongly influence the mode pattern and hence also the output 
coupling. A c e r t a i n disadvantag
que i s the d i f f i c u l t y o
l o s s , due to a sample, to the absorption c o e f f i c i e n t . This i s 
possible, however,for simple sample geometries, l i k e slabs or 
small spheres. 

One of our f i r s t experiments with the oversized-cavity tech
nique was the i n v e s t i g a t i o n of the temperature dependence of the 
millimeter-wave absorption of c e l l s l i k e yeast (saccharomyces 
cerevisiae) and monocellular algae ( c h l o r e l l a pyrenoidosa) , i n 
the temperature range between -200°C and 0°C. For that purpose, 
a highly concentrated (centrifuged) paste of these c e l l s was pro
duced. The amount of water outside the c e l l s was thus small com
pared to that of the c e l l water, which amounts to about 80-85% 
of the c e l l weight. The paste was placed i n a l i q u i d - n i t r o g e n -
cooled cryostat made from fused s i l i c a , which i s highly trans
parent to r a d i a t i o n of the frequency range used (40-90 GHz). In 
a reference experiment, the c e l l s were replaced by a correspond
ing amount of pure i c e , which i n fact showed a n e g l i g i b l e energy 
loss u n t i l the temperature was raised to the melting point. 
Since water has an absorption c o e f f i c i e n t which i s more than 
three orders of magnitude higher than that of i c e , a strong 
energy loss suddenly occurs at 0°C. In view of the high water 
content of c e l l s one would expect for them a s i m i l a r temperature 
dependence of absorption. The samples of algae or yeast, however, 
showed a completely d i f f e r e n t behavior i n warming-up. As seen 
i n Figure 4, already at -100°C a measurable energy loss was found, 
which continuously increased towards 0°C. The accuracy of these 
measurements, as w e l l as the above-mentioned d i f f i c u l t y for con
ver t i n g the data to absorption c o e f f i c i e n t s , do not yet allow one 
to draw quantitative conclusions, e s p e c i a l l y above 0°C. 

We remeasured, therefore, the c e l l - p a s t e absorption by 
using, i n t h i s case, a qu a s i - o p t i c a l spectrometer (23). In order 
to avoid wavelength-dependent d i f f r a c t i o n of the sample, the m i l 
limeter-wave frequency was veried between 40 and 60 GHz, and the 
average of the apparent transmission was measured. This averag-
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Figure 4. Measured energy loss of pastes of yeast cells and of monocellular algae 
at 53 GHz as a function of temperature. The energy loss of ice is shown for com
parison. All curves have been normalized to unity at —196°C. The measurements 

were performed with the untuned-cavity technique. 

Figure 5. Absorption coefficient of a 
paste of yeast cells vs. temperature. Two 
values of the absorption coefficient of ice 
are shown for comparison. The measure
ments were performed with a quasi-opti

cal spectrometer. 
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ing was possible because of the small change of the sample ab
sorption i n that range. The r e s u l t for yeast c e l l s i s shown i n 
Figure 5, together with some data for the absorption c o e f f i c i e n t 
of i c e (20). The same experiment c a r r i e d out at room temperature 
(~25°C) showed no appreciable difference between the c e l l - p a s t e 
and a corresponding amount of water. Since the paste absorption-
c o e f f i c i e n t , determined at -1°C, i s about 10 cm"1, and since pure 
water at 0°C has an absorption c o e f f i c i e n t between 50 cm - 1 and 
60 cm""1 (70 GHz), we conclude that at leas t 20% of the c e l l water 
behaves i n an anomalous fashion below 0°C. This estimate i s 
based on the highly probable assumption that the c e l l absorption 
i s determined e s s e n t i a l l y by the water molecules and only n e g l i 
g i b l y by the other c e l l constituents. According to t h i s view, 
the absorption mechanisms are Debye-like r e l a x a t i o n processes. 
Owing to the large inner surface of c e l l s (29),a continuous d i s 
t r i b u t i o n of r e l a x a t i o
layers of water molecule
can be assumed. I t should be mentioned that a s i m i l a r behaviour 
as that shown here has been found for water i n the c a p i l l a r i e s of 
y-alumina (30), i n the same temperature i n t e r v a l and at 58 GHz. 
For a det a i l e d discussion of the anomalous properties of c e l l -
water determined by various other methods we refer to the l i t e r 
ature (29) . 

Abstract 

The paper deals with the experimental methods of Raman-scattering, 
Brillouin-scattering, sub-millimeter-wave and millimeter-wave 
spectroscopy, emphasizing the special problems arising with bio
molecules and biological samples. Our discussion is mainly re
stricted to spectroscopy for the frequency region below 200 cm-1 

where, in general, large parts of a biopolymer contribute to the 
eigenvector of a given vibrational mode. Various difficulties of 
such low-frequency spectroscopy are discussed, among which the 
presence of liquid water is perhaps the most serious. It is 
found that normal water has one to three orders of magnitude 
higher absorption in the millimeter-wave range than dry bio
polymers. Also, the low-frequency Raman scattering is severely 
limited by the broad scattering of water. Several techniques for 
reducing these difficulties are discussed. Also described is a 
new method for measurement of the low-frequency absorption in 
cases where the sample exists in form of crystallites or fibres 
and where scattering normally dominates the extinction. 
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6 
Long-Range Forces in DNA 

W. Ν. MEI, M . KOHLI, L. L. V A N ZANDT, and E. W. PROHOFSKY 

Department of Physics, Purdue University, West Lafayette, IN 47907 

Recently Maret et al. (1) have observed the longitudinal 
acoustic mode in oriented DNA fibre d film  i  Brilloui
scattering experiment.
city for the driest samples, smallest for wet samples and at all 
times the observed velocity was larger than that for water itself. 
We have assumed that the velocities for propagation parallel to 
the helix axis are characteristic of acoustic modes in the DNA 
double helix and have used these values along with previously re
fined valence force field parameters (2,3) to fit the non-bonded 
force constants for the double helix. 

Empirical Force Constants 

We have chosen simple empirical forms for these non-bonded 
force constants. We have considered short range forces which 
could be characterized by a potential 

VS = ΒSr-6 (1) 

and long range forces characterized by 

VL = BLr-1 • (2) 
The force constants are defined in terms of the potentials as 

V = Σij fij(Δrij)2 (3) 

where fij is the force constant between the i-th and the j-th 
atom, rij is the distance between the i-th and j-th atom and the 
force is assumed parallel to rij. The sum runs over all atoms 
not in the same base pair. The form of the force constants then 
are 
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where η = 8 for short range forces and η = 3 f o r long range forces. 
Some calc u l a t i o n s were carr i e d out for an intermediate case of η = 
6. 

The force constants characterized i n t h i s manner mimic Van 
der Waals forces for the short range i n t e r a c t i o n and e l e c t r o s t a t i c 
i n t eractions for the long range forces. The sign of the i n t e r a c 
t i o n i s always such that the i n t e r a c t i o n s t i f f e n s the h e l i x with
out regard for the actual sign of the unbalanced charge. This i s , 
of course, a crude approximation but i s about a l l that can be done 
considering that the f i t t i n g i s done to one number - the longitud
i n a l v e l o c i t y . Nonetheless we believe that some i n t e r e s t i n g con
clusions can be drawn from these c a l c u l a t i o n s . 

Methods 

Values of force constant
refined for poly(dG)·poly(dC
weighted cartesian coordinate frame by properly constructed Β ma
t r i c e s (4). The force constants defined i n Eq. (4) were also pro
jected onto the mass weighted cartesian frame fo r various values 
of 3 · These two contributions were added to give the combined 
force constant matrix. This was diagonalized f o r a value of θ = 
4.5°. The parameter θ i s the phase s h i f t i n displacement from 
one unit c e l l ( i . e . base p a i r unit) to the next. This value of θ 
i s i n the l i n e a r region of the dispersion. The eigenvalues were 
the squared frequencies of the v i b r a t i o n a l modes. The eigenvec
tors were checked to determine which s o l u t i o n corresponded to the 
l o n g i t u d i n a l acoustic mode. The acoustic modes are known from 
group theory to have ν = 0 at θ = 0. The slope of the mode was 
then e a s i l y determined from the two known values and known l i n e a r 
r e l a t i o n s h i p . 

The sonic v e l o c i t y i s determined from t h i s slope by the 
equation: 

where c Q i s the v e l o c i t y of l i g h t , ρ i s the p i t c h of the double 
h e l i x and (4̂ -) η A η i s the slope of the acoustic band near zero i n 
cm V r a d i a n . 

Results A Conformation 

We found i t u n r e a l i s t i c to t r y to f i t the l o n g i t u d i n a l acous
t i c v e l o c i t y to short range forces f o r A conformation polydG-poly 
dC. A value of 3 = 2.64 gave a v e l o c i t y v^ = 1094 m/s. This 
value of 3 would implv the average near neighbor nonbonded force 
constant i s ζ 1.0 md/A. F i t t i n g the observed value (1) of 2600 
m/s would require even larger i n d i v i d u a l force constants. This 
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would require Van der Waals force constants larger than t y p i c a l 
bonded compressional force constants. We concluded that long 
range forces were necessary to explain the large v e l o c i t y measured 
i n such a loosely wound h e l i x . The value of the l o n g i t u d i n a l v elo
c i t y as a function of long range strength ( i . e . η = 3)3 i s plotted 
i n F i g . 1 as curve #3. In t h i s c a l c u l a t i o n eleven base-pairs on 
either side of the c e n t r a l base p a i r were included i n the long 
range i n t e r a c t i o n s . The observed v e l o c i t y i s f i t f o r 3 =0.53. 

The value of the v e l o c i t y for 3 = 0 i s very small. This c a l 
c u l a t i o n at 3 = 0 did include reasonable values f o r t o r s i o n force 
constants. The nonbonded inte r a c t i o n s are e s s e n t i a l to f i t ob
served v e l o c i t i e s . 

A further c a l c u l a t i o n was performed increasing the number of 
base pair s included i n the long range i n t e r a c t i o n . S i g n i f i c a n t 
changes i n v e l o c i t y occurred when adding a d d i t i o n a l base pair s out 
to 40 base p a i r s . The contributio
less than a few percent
another paper (5). The value of 3 for t h i s more accurate c a l c u l a 
t i o n which matches the observed v e l o c i t y i s 3 = 0.44. The largest 
near neighbor force constant based on 3 = 0.44 i s ( f i j ) m a x = 5.6 χ 
10~3 md/X. One can compare t h i s to estimates of e l e c t r o s t a t i c i n 
teractions which range up to 7.5 χ 10~ 2 md/X (4). 

Results Β Conformation 

I t i s not as unreasonable to f i t the acoustic v e l o c i t y for Β 
conformation i n polydG-polydC to a short range nonbonded i n t e r a c 
t i o n . This occurs because the stacking i n Β conformation i s more 
compact and short range forces can more e f f e c t i v e l y s t i f f e n the 
h e l i x . In addition the v e l o c i t y i s less for these more hydrated 
samples. We have chosen to f i t the v e l o c i t y v^ = 1800 m/s as 
ch a r a c t e r i s t i c of Β conformation (1). 

The c a l c u l a t i o n s of ν vs. 3 are the same f o r t h i s section ex
cept that the Β matrix transformations to mass weighted cartesian 
coordinates are appropriate to the Β structure (4). Figure 1 also 
shows the v e l o c i t y vs. 3 for long and short range forces f o r Β 
conformation. This c a l c u l a t i o n included 10 base p a i r neighbors 
on either side. Curve #1 i s for short range η = 8 and 3 = 2 gives 
the desired v e l o c i t y . Curve #2 i s for the intermediate case of 
η = 6. The value 3 = 1.68 f i t s the desired v e l o c i t y i n t h i s 0 c a s e . 
The value of the largest for 3 = 1.68 i s f±. = 0.015 md/A 
which i s of the order of t o r s i o n a l constants and roughly 1% of the 
value associated with bonded str e t c h force constants. This value 
i s however l i k e l y s t i l l large for Van der Waal i n t e r a c t i o n s . 

The long range η = 3 c a l c u l a t i o n i s shown i n F i g . 1 as curve 
//4. The value of 3 = 0.3 f i t s the desired v e l o c i t y . We have c a l 
culated the v e l o c i t y for polydA«polydT and a s i m i l a r value of 3 
gives the same v e l o c i t y . The r e s u l t seems independent of base con
tent and j u s t i f i e s our f i t t i n g polymers to experimental data taken 
on natural DNA. 
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Figure 1. Velocity of longitudinal acoustic mode of poly (dG) -poly (dC) as a function 
of nonbonded strength parameter β. Various curves as listed in text. 
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We have also c a r r i e d out a longer range i n t e r a c t i o n i n Β con
formation and f i n d that the ef f e c t of base pair s out to 30 base 
pairs away i s s t i l l s i g n i f i c a n t i n t h i s case. The corrected value 
of 3 for longer range i s 3 = 0.26. More d e t a i l i s given i n 
another paper (5). The value of 3 for long range forces gives 
r i s e to a near neighbor f.. = 6.9 χ 10 md/A. 

Discussion 

Based on the above c a l c u l a t i o n i t seems necessary to include 
long range nonbonded in t e r a c t i o n s i n double h e l i c a l DNA to be able 
to f i t observed l o n g i t u d i n a l acoustic v e l o c i t i e s . C e r t a i n l y these 
long range forces are dominant i n A conformation, where t h e i r ef
fect can be f e l t out to 40 base p a i r s . I t seems l i k e l y that long 
range forces are also dominant i n Β conformation where t h e i r range 
i s s i g n i f i c a n t to 30 bas
present but t h e i r e f f e c
experimental parameter e x i s t s which i s useful i n r e f i n i n g nonbonded 
interactions (4,5). A more s p e c i f i c atom i n t e r a c t i o n model rather 
than the empirical averaged model presented here i s also as yet 
not j u s t i f i e d by av a i l a b l e data. 

One can investigate the magnitude of the change i n e f f e c t i v e 
d i e l e c t r i c constant which would have to occur to explain the ob
served changes i n acoustic v e l o c i t y based on the assumption that the 
non bonded forces were p r i m a r i l y determined by e l e c t r o s t a t i c i n 
teractions. I f one assumes that the unbalanced charge on the 
various atoms i s not affected by the hydration process then 
changes i n 3 r e s u l t only from changes i n atom spacing and changes 
i n d i e l e c t r i c constant. The changes i n atom spacing i s deter
mined i n our ca l c u l a t i o n s by choosing the conformation. The 
changes i n 3 can then be relat e d with these assumptions to changes 
i n d i e l e c t r i c constant. The value 3 = 0.44 which was determined 
for the intermediate hydration samples assumed i n A conformation 
can be transformed to the value 3 = 0.26 determined for the wet
test samples assumed i n Β conformation by an eleven f o l d increase 
i n d i e l e c t r i c constant. Since the d i e l e c t r i c constant of bulk 
water i s 80 t h i s does not seem to be an unreasonable r e s u l t . 

One can extend t h i s estimation of d i e l e c t r i c change to that 
needed to explain the e n t i r e range of v e l o c i t i e s observed by 
Maret et al Λ The very d r i e s t samples had a v e l o c i t y of 3700 m/s 
and the wettest a v e l o c i t y of 1800 m/s. I f we assume the d r i e s t 
i n A conformation and the wettest i n Β conformation, t h i s e n t i r e 
range requires a change i n d i e l e c t r i c constant by a factor of 
twenty. 

We have made c l a s s i c a l c a l c u l a t i o n s of the e f f e c t of water 
surrounding a h e l i x on the acoustic v e l o c i t y (5). The e f f e c t s 
seem small at frequencies of 5GHz and higher which were found i n 
the B r i l l o u i n s c a t t e r i n g r e s u l t s . In our recent c a l c u l a t i o n s the 
lowest o p t i c a l mode occurs at ~ 150 GHz i n Β conformation and i s 
much higher for A conformation. 
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Calculated Microwave Absorption by Double-

Helical DNA 

M. KOHLI, W. N. MEI, L. L. VAN ZANDT, and E. W. PROHOFSKY 
Department of Physics, Purdue University, West Lafayette, IN 47907 

The direct absorption of moderate to low frequency, non
ionizing, electromagneti
molecules is a potentia
introductory study of this question, we have evaluated the ab
sorption of isolated homopolymer straight chains of poly dG-poly 
dC. For some absorption processes we have also investigated some 
effects of a surrounding aqueous medium. 

The effect of absorbing a microwave photon by a molecule is 
to excite one of the fundamental normal modes of the molecular 
vibration. On a long polymer chain these normal modes correspond 
to traveling waves of varying wavelengths and corresponding fre
quencies as well as different relative motions of the atoms with
in a monomeric unit. It is convenient to group together the 
modes of similar monomeric atomic displacements into bands of 
modes. Within a band, the modes are individually specified by a 
wavelength parameter, θ. θ varies in small but discrete steps 
from 0 to ± π; each different value of θ corresponds to a differ
ent number of half wavelengths on the total chain length. 

On a very long chain, θ values corresponding to very few 
half wavelengths (i.e., long wavelengths) label motion in which 
the atoms of neighboring monomers execute very nearly the same 
motions simultaneously. At infinite wavelength, the motions of 
neighboring monomers are exactly identical. The simplest case of 
this kind of motion occurs when the chain as a whole is uniform
ly translated, or rotated about the central axis. Since no rela
tive atomic positions are changed in this type of displacement, 
no restoring forces between atoms arise from it. Viewed as a 
type of normal mode motion, these displacements have zero force 
constants and therefore zero frequency. Also, the bands of nor
mal modes in which they are grouped will al l be of relatively low 
frequency. 

The structure of the lowest frequency vibrational bands of a 
helical chain is shown in Figure 1. The two zero frequency modes 
at θ = 0 correspond to rotation and translation along the central 
helical axis. Translations perpendicular to the helical axis are 
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described by the modes at θ = + 36°, the h e l i x p i t c h angle; that 
these occur at + 36° instead of 0 i s a consequence of the twist 
i n the structure. 

The curves i n figur e 1 are i n fact our computed structure of 
normal mode frequencies of poly(dG)-poly(dC) double h e l i x (1). 
Modes near θ = 0 have c h a r a c t e r i s t i c motions corresponding to 
gentle t w i s t i n g of the chain ( i . e . , o v e r a l l r o t a t i o n of the chain 
by d i f f e r e n t amounts i n separated regions) and gentle compression 
( o v e r a l l t r a n s l a t i o n by d i f f e r e n t amounts i n separated regions.) 
The modes near θ = + 36° correspond to transverse displacements 
by d i f f e r i n g amounts i n separated regions. This motion i s best 
describable as a bending of the chain. For modes further removed 
from θ = + 36°, a c e r t a i n amount of shearing motion accompanies 
the bending. 

In a long wavelength t o r s i o n a l or compressional motion, the 
displacement of the molecul
the surrounding solvent
t i o n of the molecule i s carried i n t o a volume previously occupied 
by another portion of the molecule. In contrast to t h i s , the 
transverse displacement "bending" modes require that surrounding 
water be displaced; the molecule moves into and out of, spaces 
formerly occupied by solvent. 

We have used the known e l a s t i c properties of bulk water at 
long wavelengths to cal c u l a t e the correction to the normal mode 
frequencies of the transverse displacements. Damping and asso
ciated frequency p u l l i n g by water v i s c o s i t y has been l e f t out of 
a l l modes. The altered frequencies of the transverse modes are 
displayed i n fi g u r e 1 and contrasted with the frequencies of the 
bending molecule i n vacuo. Similar c a l c u l a t i o n s on the l o n g i t u 
d i n a l mode show that the frequency of that mode i s not changed 
by the coupling of the molecule with the medium. 

The double h e l i x has unbalanced charge on many atoms. The 
displacements associated with v i b r a t i o n a l modes generate o s c i l 
l a t i n g dipole moments. These moments are constructed from our 
eigenvector displacements and models of atomic net charge taken 
from the l i t e r a t u r e (2, 3). These dipole moment matrix elements 
have been calculated (4). 

The E i n s t e i n c o e f f i c i e n t of absorption of r a d i a t i o n f o r the 
lo n g i t u d i n a l (along the ζ axis) and the transverse (perpendicu
l a r to the ζ axis) electromagnetic f i e l d s can be obtained from 
these matrix elements and are given by 

Methods 

(1) 

(2) 

where I refers to a p a r t i c u l a r band. 
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These c o e f f i c i e n t s can be evaluated for any biopolymer by 
taking an a r b i t r a r y chain length and determining the allowed 
values of frequencies for any set of boundary conditions. In our 
calculations we have assumed that the ends of the chain are fi x e d 
and we determine the frequency of the modes that permit an odd 
number of hal f wavelengths to be present on the chain. The eigen
vectors for these frequencies are determined from the dispersion 
curves f o r an i n f i n i t e chain. To make these c a l c u l a t i o n s more 
compatible with experiment we have determined the absorption 
cross section which can be related to the E i n s t e i n c o e f f i c i e n t 
by the following expression 

a(v) = - = - Β S(v) . (3) 
IN C ο 

Here k v i s the absorption c o e f f i c i e n t at frequency v  N  i s the 
number of absorbing centre
quency of absorption, an
our estimates we s h a l l assume that the l i n e shape i s Lorentzian 
having h a l f width 6 L. I f one evaluates the absorption cross 
section when the absorption i s maximum the above expression takes 
the form 

1 u v 

, ν I n max •, \ a (ν) = — Β . (4) max π c 6-
The s i g n i f i c a n c e of the above t h e o r e t i c a l estimates of the 

absorption cross section l i e s i n comparing the absorption of the 
incoming r a d i a t i o n by the biopolymer with that of the surrounding 
medium (water). The absorption cross section for water i n the 
microwave frequency range can be obtained from the d i e l e c t r i c dis
persion data (5) by using the following expression 

a(v) = = - i , (5) 
N., N-, nc 

where ε 1 1 i s the imaginary part of the d i e l e c t r i c constant at 
the frequency ν, η i s the r e f r a c t i v e index at the same frequency, 
and the number of molecules of water per cubic centimetre. 

In our model the absorption i s a maximum when a sonic h a l f 
wavelength i s equal to the length of the f i n i t e h e l i x . The ab
sorption approaches zero for h e l i x length equal to a whole wave
length. The absorption i s large again f o r (3/2)λ = L etc. We 
plot the envelope of these absorption peaks (per base pair) for 
the acoustic modes as a function of frequency from Eq. (4) i n 
Fig . 2 f o r h e l i x segments of 51 and 451 base pair s i n length. The 
figure shows the absorption f o r a l l the acoustic modes. We have 
assumed a l i n e width of 10% fo r use i n Eq. (4). Larger l i n e 
widths cannot ef f e c t the r e s u l t by more than order of magnitude. 
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1800. 

100 200 30.0 40.0 500 

Figure 1. Calculated frequency vs. phase shift θ dispersion curves for the two 
lowest bands in poly(dG)-poly(dC) in Β conformation based on recent refinements. 

The more steeply rising curve is the longitudinal or compression mode. The less steep 

curve at θ ̶  0 is the torsional mode. The quadratic curves at θ = 36 are beam bending 

modes. The dashed curve is the dispersion obtained after taking into account the cou-

pling to water. 
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Figure 2. Absorption cross section per base pair vs. frequency for the longitudinal, 
torsional, and bending acoustic modes for chains of poly(dG) · poly(dC) Β confor-
mation of lengths 51 and 451 base pairs. The absorption of a similar mass of water 

is shown also. 
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The absorption by water i n t h i s same frequency range i s also d i s 
played for comparison. The values for water come from Eq. (5) 
making use of experimental observations (5). The values i n F i g . 
2 have been scaled to the absorption of a mass of water compara
ble to the mass of a unit c e l l of DNA. The curves represent a 
comparison of absorption per equal mass of mate r i a l . 

The compressional and t o r s i o n a l modes couple to an Ε f i e l d 
p olarized p a r a l l e l to the h e l i x a x i s , the bending mode couples to 
a transverse polarized wave. In the previous paper (1) we 
showed that water does a f f e c t the bending modes but that the ef
fect i s f a i r l y small over most of the band. We have used our 
eigenvectors from the diagonalization of the DNA h e l i x without 
e x p l i c i t water int e r a c t i o n s i n c a l c u l a t i n g the dipole moment for 
the bending modes used i n the absorption c a l c u l a t i o n . We have, 
however, used the dispersion curve corrected for water e f f e c t s i n 
determining the frequenc
that are close to Ψ th
orig i n a t e at θ = Ψ w i l l be symmetrical. Ψ i s the p i t c h angle of 
the h e l i x . Therefore for the same (θ - ψ) differences above and 
below ψ the frequencies w i l l be the same. The eigenvectors cor
responding to these values of θ do not d i f f e r s i g n i f i c a n t l y , 
therefore i n our estimate of the absorption cross section we have 
a sum over the two frequencies o r i g i n a t i n g from the portions of 
the dispersion curve for theta values greater than and less than 
φ. 

Discussion 

In an experimental s i t u a t i o n DNA segments can be of various 
lengths, a l l f i n i t e , and would have resonant modes such as de
scribed above. The choice of 51 and 451 base pair s comes from an 
attempt to estimate some s i z e segments that may be able to re
sonate i n chromatin. DNA i n chromatin i s wrapped i n t o nucleo-
somes with short sections connecting the nucleosomes (6). The 
segments connecting nucleosomes are of the order of 50 base pairs 
i n length. I t may be that t h i s strand of DNA could resonantly 
absorb r a d i a t i o n acting something l i k e a segment pinned at both 
ends. 

The nucleosomes themselves contain DNA wrapped around a core. 
The circumference of the DNA i n t h i s s i t u a t i o n i s roughly 100 
base p a i r s . In t h i s c i r c u l a r geometry one would couple to f u l l 
wavelengths rather than h a l f wavelengths. Again the absorption 
of a 100 base p a i r c i r c l e would be very s i m i l a r to that of a 50 
base p a i r segment. The 51 base p a i r segment c a l c u l a t i o n could 
r e l a t e to DNA absorption i n vivo i n advanced c e l l s . The longer 
segment was included to ind i c a t e how the absorption does depend 
on the length of the segment undergoing coherent o s c i l l a t i o n . 

The largest resonances of the shorter segment occur at ~ 50 
GHz for the l o n g i t u d i n a l mode, = 25 GHz for the t o r s i o n a l mode 
and at ~ 3.2 GHz for the bending mode. Recent c a l c u l a t i o n s (7) 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



106 BIOLOGICAL EFFECTS OF NONIONIZING RADIATION 

i n d i c a t e that the bending mode i s very strongly damped by sur
rounding water and we expect t h i s mode to be broad and overdamped. 
Energy absorbed by t h i s mode would very r a p i d l y be d i s t r i b u t e d to 
the surrounding water. 

We believe that the l o n g i t u d i n a l and t o r s i o n a l mode are not 
c r i t i c a l l y damped fo r frequencies above one GHz. These absorp
tions may be of importance. Large scale motion of nucleosomes 
and of the f i b r e s made of c o i l s of nucleosomes (6) would c e r t a i n 
l y o s c i l l a t e below one GHz and l i k e l y be overdamped. 
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Dielectric Properties of Biological Tissue and 
Biophysical Mechanisms of Electromagnetic-
Field Interaction 
H. P. SCHWAN 

Department of Bioengineering/D3, University of Pennsylvania, Philadelphia, PA 19104 

The propagation of electromagnetic waves i n tissues i s de
termined by t h e i r e l e c t r i c a l properties  I  ad d i t i o n  thes
properties t e l l us muc
electromagnetic f i e l d s wit  b i o l o g i c a  systems, g 
biopolymers, membranes, and c e l l s . Our present-day knowledge of 
the e l e c t r i c a l properties i s rather advanced (1), and I s h a l l 
f i r s t summarize the state of our present knowledge of such prop
e r t i e s . Then I s h a l l draw some conclusions about possible 
mechanisms which may or may not give cause to subtle nonthermal 
e f f e c t s . No consideration w i l l be given to magnetic properties 
since the l a t t e r are, for our purposes, i d e n t i c a l to those of 
free space. 

E l e c t r i c a l Properties 

We w i l l summarize the two e l e c t r i c a l properties which define 
the e l e c t r i c a l c h a r a c t e r i s t i c s , namely, the d i e l e c t r i c constant 
r e l a t i v e to free space ε and the conductivity σ. Both properties 
change with temperature and strongly with frequency. As a matter 
of f a c t , as the frequency increases from a few Hertz to gigahertz, 
the d i e l e c t r i c constant decreases from several m i l l i o n to only a 
few u n i t s . Concurrently, the conductivity increases from a few 
mMho/cm to nearly a thousand. 

Figure 1 indicates the d i e l e c t r i c behavior of p r a c t i c a l l y 
a l l t i s s u e s . Two remarkable features are apparent: exceedingly 
high d i e l e c t r i c constants at low frequencies and three c l e a r l y 
separated r e l a x a t i o n regions a, 3, γ of the d i e l e c t r i c constant 
at low, medium, and very high frequencies. Each of these re
lax a t i o n regions i s i n i t s simplest form characterized by equa
tions of the Debye type 

e = e~ + ! r r i ; e = 0 o + (o<»-V7^2 ( 1> 
1 + χ 1 + χ 

where χ i s a multiple of the frequency and the constants are 
0097-6156/81/0157-0109$05.75/0 
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Figure 1. Frequency dependence of the dielectric constant of muscle tissue (61). 
Dominant contributions are responsible for the α, β, and γ dispersions. They include 
for the α-effect, apparent membrane property changes as described in the text; for the 
β-effect, tissue structure (Maxwell-Wagner effect); and for the y-effect, polarity of the 
water molecule (Debye effect). Fine structural effects are responsible for deviations as 
indicated by the dashed lines. These include contributions from subcellular organelles, 

proteins, and counterion relaxation effects (see text). 
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determined by the values at the beginning and the end of the d i s -
person change. However, b i o l o g i c a l v a r i a b i l i t y may cause the 
actual data to change with frequency somewhat more smoothly than 
indicated by the equations. 

TABLE I 

E l e c t r i c a l Relaxation Mechanism (61) 

Inhomogeneous Structure 3 
(Maxwe11-Wagner) 

Permanent Dipole Rotation γ,3 t a i l 
(Debye) 

Subcellular Organelle
(Maxwe11-Wagne r) 

Counterion Relaxation α 

(See Text) 
Plenum Publishing Company 

Three categories of rel a x a t i o n e f f e c t s are l i s t e d as they con
t r i b u t e to gross and fi n e structure r e l a x a t i o n a l e f f e c t s . They 
include induced dipole e f f e c t s (Maxwell-Wagner and counterion) 
and permanent dipole e f f e c t s (Debye). 

The separation of the r e l a x a t i o n regions greatly aids i n the 
i d e n t i f i c a t i o n of the underlying mechanism. The mechanisms re
sponsible for these three r e l a x a t i o n regions are indicated i n 
Table I. Inhomogeneous structure i s responsible f o r the 3~ 
dispersion, i . e . , the p o l a r i z a t i o n r e s u l t i n g from the charging 
of i n t e r f a c e s , i . e . , membranes through i n t r a - and e x t r a c e l l u l a r 
f l u i d s (Maxwell-Wagner e f f e c t ) . A t y p i c a l example i s presented 
i n Figure 2 i n the form of an impedance locus. The d i e l e c t r i c 
properties of muscle t i s s u e are seen to c l o s e l y conform to a 
suppressed c i r c l e , i . e . , to a Cole-Cole d i s t r i b u t i o n function 
of r e l a x a t i o n times. A small second c i r c l e at low frequencies 
represents the α-dispersion e f f e c t . Rotation of molecules 
having a permanent dipole moment such as water and proteins i s 
responsible f o r the γ-dispersion (water) and a small addition 
to the t a i l of the 3-dispersion r e s u l t i n g from a corresponding 
3 i ~ d i s p e r s i o n of proteins. The tissue proteins only s l i g h t l y 
elevate the high frequency t a i l of the tissue's 3-dispersion 
since the addition of the 3--effect caused by tissue proteins 
i s small compared to the Maxwell-Wagner e f f e c t and since i t 
occurs at somewhat higher frequencies. Another contribution to 
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the 3-dispersion is caused by smaller subcellular structures, 
such as mitochondria, cell nuclei, and other subcellular organ
elles. Since these structures are smaller in size than the 
surrounding c e l l , their relaxation frequency is higher, but their 
total dielectric increment smaller. They, therefore, contribute 
another addition to the t a i l of the 3-dispersion ( 3^ ) . 

The γ-dispersion is solely due to water and its relaxational 
behavior near about 20 GHz. A minor additional relaxation (δ) 
between 3 and γ-dispersion is caused in part by rotation of amino 
acids, partial rotation of charged side groups of proteins, and 
the relaxation of protein bound water which occurs somewhere 
between 300 and 2000 MHz. 

The α-dispersion is presently the least clarified. Intra
cellular structures, such as the tubular apparatus in muscle 
cells, which connect with the outer cell membranes, could be re
sponsible in a l l such tissue
Relaxation of counterion
another mechanism suggested by us. Last, but not least, relaxa
tional behavior of membranes per se, such as reported recently 
for the giant squid axon membrane, can account for i t (2). The 
relative contribution of the various mechanisms varies, no doubt, 
from one case to another and needs further elaboration. 

No attempt is made to summarize conductivity data. Conduc
tivity increases similarly in several major steps symmetrical to 
the changes of the dielectric constant. These changes are in 
accord with the theoretical demand that the ratio of capacitance 
and conductance changes for each relaxation mechanism is given by 
its time constant, or, in the case of distributions of time con
stants, by an appropriate average time constant and the Kramers-
Kronig relations. 

Table II indicates the variability of the characteristic 
frequencies for the various mechanisms a, 3 , Ύ and <5 from one 
biological object to another. For example, blood cells display 

TABLE II 

Range of Characteristic Frequencies Observed with 
Biological Material for a*-, 3 - and γ-dispersion Effects 

Dispersion Frequency Range (Hz) 

α 1 

10 8 

6 10 8 

2-10 9 γ 
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a weak α-dispersion centered at about 2 KHz, while muscle d i s 
plays a very strong one near 0.1 KHz. The β-dispersion of blood 
i s near 3 MHz, that of muscle tissue near 0.1 MHz. Clearly 
there i s considerable v a r i a t i o n depending on c e l l u l a r s i z e and 
other f a c t o r s . There may not be as strong a v a r i a t i o n i n the δ-
case as there i s f o r the a- and β-dispersion frequencies. The 
γ-dispersion, however, i s always sharply defined at the same 
frequency range. 

TABLE I I I (61) 

Biology Components and Relaxation Mechanisms They Display 

E l e c t r o l y t e s Y 

B i o l o g i c a l macromolecules 
amino acids δ + γ 
proteins β + δ + γ 
nucleic acids α + β + δ + γ 

C e l l s , free of prot e i n β + γ 
charged α + β + γ 
with e x c i t a b l e membranes α + β + γ 

Plenum Publishing Company 

Table I I I attempts to summarize at what l e v e l of b i o l o g i c a l 
complexity the various mechanisms occur. E l e c t r o l y t e s display 
only the γ-dispersion c h a r a c t e r i s t i c of water. B i o l o g i c a l mac
romolecules i n water add to the water's γ-dispersion a δ-
dispersion. I t i s caused by bound water and r o t a t i n g side groups 
i n the case of proteins, and by ro t a t i o n of the t o t a l molecule 
i n the case of the amino acids; and, i n p a r t i c u l a r , proteins and 
nucleic acids add further dispersions i n the β and α-range as 
indicated. Suspensions of c e l l s free of prot e i n would display 
a Maxwell-Wagner β-dispersion and the γ-dispersion of water. 
I f they contain p r o t e i n , an ad d i t i o n a l comparatively weak β-
dispersion due to the p o l a r i t y of protein i s added and a δ-
dispersion. I f the c e l l s carry a net charge, an α-mechanism due 
to counterion re l a x a t i o n i s added; and i f t h e i r membranes relax 
on t h e i r own, as some excita b l e membranes do, an ad d i t i o n a l a-
mechanism may appear. 

Evidence i n support for the mechanism outlined above may be 
summarized as follows. 
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A. Water and Tissue Water. The d i e l e c t r i c properties of 
pure water have been well established from dc up to microwave 
frequencies, approaching the infrared 03). For a l l p r a c t i c a l 
purposes they are characterized by a single relaxation process 
centered near 20 GHz at room temperature. Static and i n f i n i t e 
frequency permittivity values are, at room temperature, close to 
78 and 5, respectively. Hence, the microwave conductivity i n 
crease predicted by Eq. (1) i s close to 0.8 mho/cm above 20 GHz, 
much larger than t y p i c a l low-frequency conductivities of b i o l o g i 
cal f l u i d s which are about 0.01 mho/cm. The d i e l e c t r i c proper
ti e s of water are independent of f i e l d strength up to f i e l d s of 
the order 100 kV/cm. 

The d i e l e c t r i c properties of electrolytes are almost iden
t i c a l to those of water with the addition of a σ term i n Eq. (1) 
due to the ionic conductance of the dissolved ion species. The 
s t a t i c d i e l e c t r i c p e r m ittivit
l o g i c a l strength (0.15 N
pure water (4), a negligible change. 

Three d i e l e c t r i c parameters are characteristic of the elec
t r i c a l and viscous properties of tissue water: a) the conduc
tance of ions i n water, b) the relaxation frequency f c , and 
c) the s t a t i c d i e l e c t r i c permittivity e Q observed at f « f c = 
20 GHz. A detailed study of the internal conductivity of eryth
rocytes revealed the i n t r a c e l l u l a r ionic mobility to be i d e n t i c a l 
with that of ions i n dilute electrolyte solutions i f appropriate 
allowance i s made for internal f r i c t i o n with suspended macro
molecules 05). Tissue conductivities near 100 or 200 MHz, s u f f i 
c iently high that c e l l membranes do not affect tissue e l e c t r i c a l 
properties, are comparable to the conductivity of blood and to 
somewhat similar protein suspensions i n electrolytes of physio
l o g i c a l strength. Hence, i t appears that the mobility of ions 
in the tissue f l u i d s i s not noticeably different from their 
mobility i n water. 

Characteristic frequencies may be found from d i e l e c t r i c per
m i t t i v i t y data or, even better, from conductivity data. The 
e a r l i e r data by Herrick et a l , (6) suggest that there i s no 
apparent difference between the relaxation frequency of tissue 
water and that of the pure l i q u i d (7). However, these data ex
tend only to 8.5 GHz, one-third the relaxation frequency of 
pure water at 37°C (25 GHz), so small discrepancies might not 
have been uncovered. We have recently completed measurements on 
muscle at 37°C and 1°C (where the pure water relaxation frequency 
i s 9 GHz), up to 17 GHz. The d i e l e c t r i c properties of the tissue 
above 1 GHz show a Debye relaxation at the expected frequency of 
9 GHz (8) (Figure 3). The s t a t i c d i e l e c t r i c constant of tissue 
water as determined at 100 MHz compares with that of free water 
i f allowance i s made for the fraction occupied by b i o l o g i c a l 
macromolecules and their small amount of bound water (1, 9). 
Thus, from a l l points considered, tissue water appears to be 
ide n t i c a l with normal water. 
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B. Protein Solutions. The d i e l e c t r i c properties of pro
teins and nucleic acids have been extensively reviewed (10, 11). 
Protein solutions e x h i b i t three major dispersion ranges. One 
occurs at RF's and i s believed to a r i s e from molecular r o t a t i o n 
i n the applied e l e c t r i c f i e l d . Typical c h a r a c t e r i s t i c frequen
cies range from about 1 to 10 MHz, depending on the protein s i z e . 
Dipole moments are of the order of 200-500 Debyes and low-frequen
cy increments of d i e l e c t r i c p e r m i t t i v i t y vary between 1 and 10 
units/g protein/100 ml of s o l u t i o n . The high-frequency d i e l e c 
t r i c p e r m i t t i v i t y of t h i s dispersion i s lower than that of water 
because of the low d i e l e c t r i c p e r m i t t i v i t y of the protein leading 
to a high-frequency decrement of the order of 1 unit/g protein/ 
100 ml. This RF dispersion i s quite noticeable i n pure protein 
s o l u t i o n s , but i n tissues and c e l l suspensions i t contributes 
only s l i g h t l y to the large 3 dispersion found i n these materials. 

At microwave frequencie
sues are dominated by th
The magnitude of t h i s water dispersion i n tissues i s t y p i c a l l y 
diminished by some 20 d i e l e c t r i c units due to the proteins which 
displace a corresponding volume of water. 

Between these two r e a d i l y noticeable dispersions i s a small 
one, termed the 6-dispersion by Grant. I t was f i r s t noted for 
hemoglobin (12) and then c a r e f u l l y examined for hemoglobin (13) 
and albumin (14). This dispersion i s characterized by a f a i r l y 
broad spectrum of c h a r a c t e r i s t i c frequencies extending from some 
hundred to some thousand MHz. It s magnitude i s considerably 
smaller than that of the other two dispersions and i t i s thought 
to be caused by a corresponding dispersion of the protein bound 
water and/or p a r t i a l r o t a t i o n of polar subgroups. 

Grant (15) and Schwan (16) have recently pointed out that 
the conductivity of protein bound water i s higher than that of 
water and e l e c t r o l y t e s i n the frequency range from ~500 to -2000 
MHz. Grant has suggested that t h i s might e s t a b l i s h a l o c a l 
i n t e r a c t i o n mechanism of some b i o l o g i c a l s i g n i f i c a n c e . 

D i e l e c t r i c saturation f o r proteins can be predicted from 
the Langevin equation and occurs i n the range of 10 to 100 kv/cm. 
Indeed, onset of saturation has been experimentally observed i n 
PBLG (poly-y-benzyl-L-glutamate) at 50 kV/cm (17), which i s i n 
good agreement with the Langevin estimate. Any i r r e v e r s i b l e 
changes i n protein structure that accompany i t s r o t a t i o n a l re
sponses to an e l e c t r i c a l f i e l d are u n l i k e l y to occur at f i e l d 
l e v e l s smaller than required f o r complete o r i e n t a t i o n , i . e . , 
d i e l e c t r i c saturation. The thermal energy kT (where k i s the 
Boltmann constant, and Τ the absolute temperature) i s i n t h i s 
case greater than the product μΕ (where ρ i s the dipole moment, 
and Ε the f i e l d strength), representing the change i n p o t e n t i a l 
energy that occurs with r o t a t i o n . Thus, changes i n protein 
structure caused by nonsaturating e l e c t r i c f i e l d s would probably 
occur spontaneously i n the absence of any e x c i t i n g f i e l d at 
normal temperatures. 
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I l l i n g e r (18) has discussed the p o s s i b i l i t i e s of v i b r a t i o n 
a l and t o r s i o n a l substructural e f f e c t s at microwave or millimeter 
wave frequencies. A c a l c u l a t i o n of i n t e r n a l v i b r a t i o n s i n an 
alanine dipeptide i n water, using a molecular dynamics approach, 
has been presented recently by Rossky and Karplus (19). In t h i s 
model, the lowest frequency i n t e r n a l o s c i l l a t i o n s which occur 
(dihedral angle torsions at 1500 GHz) are strongly damped. Con
ceivably, large proteins might e x h i b i t lower frequency i n t e r n a l 
v i b r a t i o n s . But we would expect that any macromolecular v i b r a 
t i o n which displaces the surrounding water w i l l be overdamped by 
the water medium, which i s quite lossy at frequencies below 100 
GHz. However, a deta i l e d analysis of the response of such a 
resonator surrounded by a lossy medium has not yet been applied 
to t h i s case. I l l i n g e r has not discussed the f i e l d strengths re
quired to saturate submolecular v i b r a t i o n a l t r a n s i t i o n s . But the 
Langevin equation predict
units requires higher f i e l
expect that b i o l o g i c a l l y c r i t i c a l f i e l d strengths are, for the 
various modes suggested by I l l i n g e r , probably w e l l above the 
l e v e l s required by the Langevin equation for the complete r o t a 
t i o n a l o r i e n t a t i o n of the t o t a l molecules. 

In summary, the d i e l e c t r i c properties of proteins and b i o 
polymers have been investigated extensively. For the r o t a t i o n a l 
process the f i e l d saturation l e v e l s are rather high; for i n t e r n a l 
v i b r a t i o n a l and t o r s i o n a l responses, perhaps even higher; and for 
nonlinear RF responses due to counterion movement and chemical 
r e l a x a t i o n , the l e v e l s are unknown, but probably also high. In 
a l l these processes r e v e r s i b l e p o l a r i z a t i o n s occur i n competi
t i o n with large thermal energies and i r r e v e r s i b l e changes are 
not expected at f i e l d strength l e v e l s of the order of a few v o l t s 
per centimeter. 

C. Membranes. Membranes are responsible f o r the d i e l e c t r i c 
properties of tissues and c e l l suspensions at RF's, as demonstra
ted by studies i n v o l v i n g c e l l suspensions. Yeast, blood, bacte
r i a , pleuropneumonia-like organisms, v e s i c l e s , and c e l l u l a r or
ganelles have been extensively investigated by many i n v e s t i g a 
t o r s , including Fricke (21), Cole (22), and Schwan ( I ) . This 
work has led to a detail e d understanding of the r o l e of c e l l 
membranes i n the p o l a r i z a t i o n processes of b i o l o g i c a l media i n 
the RF range, which was f a c i l i t a t e d by the r e l a t i v e l y simple 
geometrical shapes which c e l l s i n suspensions possess. The 
p r i n c i p a l mechanism for d i e l e c t r i c p o l a r i z a t i o n at RF's and 
below i s the accumulation of charges at membranes from extra-
and i n t r a c e l l u l a r f l u i d s . For s p h e r i c a l p a r t i c l e s the following 
expressions were derived (1): 

ε - ε _9_ 
4ε 

PRCm 
2 + τ τ P R C ! 

r 
(2) ο oo m r [1 + RG (ρ + hpβ: m i a )] 
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Figure 3. Dielectric properties of barnacle muscle in the microwave frequency 
range are presented in the complex dielectric constant plane (8). 

ε and ε" = σ/ωεΓ are the components of the complex dielectric constant ε* = ε — je". 
The frequency at the peak of the circle is the characteristic frequency of the dispersion 
and identical with that of normal water, demonstrating the indentity of tissue water in 

normal water from a dielectric point of view. 

Proceedings of the Institute of Electrical and Electronic Engineers 

Figure 4. Equivalent circuit for the β-dispersion of a cell suspension and corre
sponding plot in the complex dielectric constant plane (9) 
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1 + RG m(P i - P a) 
°o - °a 1 " - 1 + RG (p. + hp ) 

m i 

σ = σ [ σ. - σ 

ι a 

+ σ (1-1.5ρ) (3) 
a 

(4) 

for the l i m i t values of the simple dispersion which characterizes 
the frequency dependence. The time constant i s 

RC 
m 

σ σ. 

2 η I \« + RG 

σ. + 2σ m 

•> RC (p. + 0.5 ρ< ) m ι a (5) 

In these equations C an
cm2 of the c e l l membrane, R i s the c e l l radius, ρ the c e l l u l a r 
volume f r a c t i o n , = 1/p- and σ = 1/p are the c o n d u c t i v i t i e s 
of the c e l l i n t e r i o r and suspending medium. The equations apply 
for small volume fr a c t i o n s ρ and assume that the radius of the 
c e l l i s very large compared with the membrane thickness. More 
elaborate closed form expressions have been developed f o r cases 
when these assumptions are no longer v a l i d (23, 24) and an exact 
representation of the suspension d i e l e c t r i c properties as a sum 
of two dispersions i s a v a i l a b l e (25). I f , as i s usually the 
case, the membrane conductance i s s u f f i c i e n t l y low, equations 
(2)-(5) reduce to the simple forms to the ri g h t of the arrows. 

A p h y s i c a l i n s i g h t i n t o eqs. (2)-(5) i s gained by consider
ing the equivalent c i r c u i t shown i n Figure 4, which displays the 
same frequency response defined i n eqs. (2)-(5). The membrane 
capacitance per unit area C m appears i n series with the access 
impedances p- and Pa/2, while the term Oa (1-1.5p) provides for 
the conductance of the shunting e x t r a c e l l u l a r f l u i d . Hence the 
time constant τ which determines the frequency where the impe
dances l/(x)CmR and (p- + Pa/2) are equal i s given by eq. (5). 
Using t y p i c a l values of 0±9 σ ~ 0.01 mho/cm, C m = 1 yF/cm 2, R = 
10 ym and ρ = 0.5, with eqs. (2)-(5), we see that the dispersion 
must occur at RF's and i t s magnitude ε 0 - ε - i s exceptionally 
high. 

From experimental dispersion curves and, hence, values of 
the four q u a n t i t i e s a Q , σ α, ( ε 0 - e j , and τ, the three quanti
t i e s Cjjp OJL, and Oa can be determined with an ad d i t i o n a l equation 
a v a i l a b l e to check for i n t e r n a l consistency. Values f o r extra-
c e l l u a r and i n t r a c e l l u l a r r e s i s t i v i t i e s thus obtained agree w e l l 
with independent measurements. Dispersions disappear as expected 
a f t e r destroying the c e l l membranes, and t h e i r c h a r a c t e r i s t i c 
frequencies are r e a d i l y s h i f t e d to higher or lower frequencies 
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by experimentally changing i n t r a c e l l u l a r or e x t r a c e l l u l a r i o n i c 
strengths. This gives confidence i n the model, whose v a l i d i t y 
i s now generally accepted. 

This work led to the important conclusion that the capaci
tance of a l l b i o l o g i c a l membranes, including c e l l u l a r membranes 
and those of su b c e l l u l a r organelles, such as mitochondria, i s of 
the order of 1 yF/cm-. This value i s apparently independent of 
frequency i n the t o t a l RF range; at low audio frequencies, capa
citance values increase with decreasing frequencies due to addi
t i o n a l r e l a x a t i o n mechanisms i n or near the membranes (1, 26). 
These mechanisms w i l l not be discussed here and have been summa
r i z e d elsewhere (1, 26). 

From the membrane capacitance, we can estimate values f o r 
the transmembrane p o t e n t i a l s induced by microwave f i e l d s . At 
frequencies w e l l above the c h a r a c t e r i s t i c frequency (a few MHz), 
the membrane capacitanc
son with the c e l l acces
behaves e l e c t r i c a l l y l i k e a short c i r c u i t . Since i n t r a c e l l u l a r 
and e x t r a c e l l u l a r c o n d u c t i v i t i e s are comparable, the average 
current density through the tissue i s comparable to that i n the 
membrane. For an i n s i t u f i e l d of 1 V/cm (induced by an external 
microwave f i e l d f l u x of about 10 mW/cm-) the current density i 
through the membrane i s about 10 mA/cm- since t y p i c a l r e s i s t i v i 
t i e s of tissues are of the order of 100 Ω-cm at microwave f r e 
quencies. Thus the evoked membrane p o t e n t i a l AV = i/jo)C m i s 
about 0.5 yV at 3 GHz and diminishes with increasing frequency. 
This value i s 1000 times lower than p o t e n t i a l s recognized as 
being b i o l o g i c a l l y s i g n i f i c a n t . Action p o t e n t i a l s can be t r i g 
gered by po t e n t i a l s of about 10 mV across the membrane, but (dc) 
transmembrane p o t e n t i a l s somewhat below 1 mV have been recognized 
as being important (27). 

I f f « f c, the t o t a l p o t e n t i a l difference applied across the 
c e l l i s developed across the membrane capacitance. In t h i s 
l i m i t , the induced membrane p o t e n t i a l AV across a sph e r i c a l c e l l 
i s AV = 1.5 ER, where Ε represents the applied external f i e l d . 
Thus the c e l l samples the external f i e l d strength over i t s dimen
sions and deli v e r s t h i s integrated voltage to the membranes, 
which i s a few mV at these low frequencies for c e l l s larger than 
10 ym and external f i e l d s of about 1 V/cm. These transmembrane 
po t e n t i a l s can be b i o l o g i c a l l y s i g n i f i c a n t . 

Membrane Interactions 

Table IV attempts to summarize information relevant to elec 
t r i c a l f i e l d s and t h e i r e f f e c t s on b i o l o g i c a l membranes. Mem
brane destruction can be achieved with low frequency a l t e r n a t i n g 
f i e l d s of the order of some hundred m i l l i v o l t s across the mem
brane, as l a t e r described. The propagation of action p o t e n t i a l s 
along nerves i s i n i t i a t e d or i n t e r f e r e d with by pulses or low 
frequency p o t e n t i a l s of roughly 10 mV across the membrane. Cor-

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



8. SCHWAN Biophysical Mechanisms of EM-Field Interaction 121 

TABLE IV 

E l e c t r i c a l F i e l d Effects on Membranes 

Membrane Destruction 

Action P o t e n t i a l (Excitation) 

Subtle E f f e c t s 

AV M 

10 mV 

0 . 1 - 1 mV 

E, i n s i t u 

1 V/cm 

Extraordinary S e n s i t i v i t i e s 

A. Related to membranes 
B. Possibly not rela t e d to 

membranes 

Microwave S e n s i t i v i t i e s (1 GHz) 

*From Δν = 1.5 ER M 

0.1 
< 1 

yV 0.01 yV/cm 
nV 0.1 yV/cm 

yV* V/cm 

Summary of various f i e l d e f f e c t s on membranes (some estab
l i s h e d , some proposed). Δν^ i s the f i e l d induced membrane 
p o t e n t i a l , Ε corresponding f i e l d strength i n s i t u . Ε and 
Δ ν Μ are i n t e r r e l a t e d by Δν^ = 1.5 ER (for s p h e r i c a l c e l l s ) . 
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responding current densities and f i e l d strength values i n tissues 
and the medium external to the affected c e l l are of the order of 
1 mA/cm2 and 1 V/cm (28, 29_, 30). 

In recent years some extraordinary s e n s i t i v i t i e s have been 
reported. Electrosensitive species such as rays and sharks de
tect f i e l d s of in t e n s i t i e s as low as 0.01 yV/cm. In order to 
achieve these s e n s i t i v i t i e s , they sample the f i e l d over consider
able distances with the aid of special organs, the Ampullae Loren-
z i n i , and operate over a small frequency range extending from dc 
to only a few Herz (29, 31). Some other reports also indicate 
effects due to ELF f i e l d s of the order of V/cm i n a i r on timing 
responses and calcium efflux (32, 33). Corresponding i n s i t u 
f i e l d s would be of the order of 0.1 yV/cm as l i s t e d in the table 
and corresponding f i e l d s across membranes below 1 nV. It i s , 
however, not yet obvious i f the reported effects are caused by 
membrane processes; hence
s i t u f i e l d s and then membran
s i b l e . A more detailed discussion of this topic i s given by 
Schwan (30) and Bawin and Adey (32) and the detailed report of 
the National Academy of Sciences - National Research Council on 
the B i o l o g i c a l Effects of E l e c t r i c and Magnetic Fields (29). 

Microwave s e n s i t i v i t i e s of the order of 1 V/cm i n s i t u have 
been frequently reported and correspond to external flux values 
of the order of 1 to 10 mW/cm2. (See, for example, the recent 
text by Baranski and Czerski (34).) Some suspect that these sen
s i t i v i t i e s correspond to direct interactions with the central 
nervous system. However, i t i s straightforward to translate i n 
s i t u f i e l d levels to corresponding membrane potentials and these 
are at levels of the order of 1 yV or less, depending on micro
wave frequency as discussed by Schwan (30). The implications of 
these calculations have been challenged (34, 35) by the argument 
that we do not yet know how the brain processes information. But 
the writer finds i t d i f f i c u l t to see how this rather general and 
no doubt v a l i d statement pertains to his calculation of micro
wave-induced membrane potentials. At microwave frequencies f i e l d 
strength levels i n membranes and i n s i t u f i e l d levels are com
parable within one order of magnitude. This must be so since i n 
s i t u currents readily pass the membranes and enter the c e l l i n 
t e r i o r as well as the i n t e r i o r of subcellular organisms ÇL). 
Moreover, d i e l e c t r i c constants of membranes (about 10) and c e l l u 
l a r f l u i d s (about 60 or les s , depending on frequency) are simil a r 
i n magnitude (1). Hence, the membrane potential i s simply the 
product of i n s i t u f i e l d strength and membrane thickness of about 
10~"6 cm. This simple argument does not depend on any pa r t i c u l a r 
model. 

It may be argued that the microwave-induced membrane poten
t i a l of about 1 yV i s comparable and even higher than the per
ception l e v e l across the end-epithelium of the Ampullae of Loren-
z i n i . However, i t should be realized that the high s e n s i t i v i t y 
of this end-organ i s only achieved over a narrow bandpath range 
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of some Hertz. I f microwave s e n s i t i v i t i e s existed over such nar
row bandpath ranges, they would be hardly noticeable experimen
t a l l y . 

I t also should be noted that the s e n s i t i v i t i e s of excitable 
c e l l s to e l e c t r i c f i e l d s decrease r a p i d l y as the e l e c t r i c stimu
lus i s applied for time periods decreasingly short i n comparison 
to the refractory period of the order of 1 msec. Hence, 
quotation of reported low frequency membrane s e n s i t i v i t i e s as 
done by Frey (35) c a r r i e s no im p l i c a t i o n with regard to s e n s i t i 
v i t i e s claimed at microwave frequencies correspond to time 
periods of the order of 1 nsec, which i s a m i l l i o n times smaller 
than the refractory period. More recently, i t has been postula
ted (36) that microwave f i e l d s may w e l l be perceived, provided 
they are modulated with frequencies below 10 or 20 Hz. This 
would be possible i n p r i n c i p l e i f induced i n s i t u f i e l d s and cur
rents could be r e c t i f i e
microwave f i e l d s would generat
rents. No evidence f o r such a mechanism has been demonstrated so 
far at the membrane l e v e l . 

TABLE V 

B i o l o g i c a l Thresholds 
2 

Cardiology 0.03 - 10 mA/cm 

Electrosleep and E l e c t r i c a l Anesthesia 10 - 100 mA 

Electro-hazards : 
Sensation 1 mA 
"Let Go" 10 mA 
F i b r i l l a t i o n 100 mA 

2 
Biophysics and Axonology 1 mA/cm 

Δ ν Μ = 1.5 ER (10 μ, 1 mV) 
AV M = R · J (mA/cm2) 

Current density thresholds noticed i n various d i s c i p l i n e s . 

In Table V av a i l a b l e evidence on the threshold of b i o l o g i c a l 
e x c i t a t i o n phenomena i s summarized f o r various f i e l d s . In c a r d i 
ology, extended experience e x i s t s with pacemakers and threshold 
values range about 0.1-10 mA/cm2, depending on electrode s i z e and 
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other parameters (37). In electrohypnosis, electrosleep and elec 
t r i c a l anesthesia t o t a l currents applied are about 10 to 100 mA. 
Corresponding current densities i n the brain may be estimated 
based on the work by D r i s c o l l (38). For a t o t a l current applied 
to the head of 1 mA, i n t e r n a l brain current densities (38) are of 
the order of 10 yA/cm2. Hence, 10-100 mA t o t a l current corres
ponds to bra i n t i s s u e current densities of the order of 0.1-1 mA/ 
cm2. Very extended work (28) has been c a r r i e d out on e l e c t r i c a l 
hazards caused by low frequency p o t e n t i a l s applied to the human 
body. The values quoted i n the table as thresholds f o r sensation, 
" l e t go" current, and f i b r i l l a t i o n are a l l consistent (28) with a 
current density of about 1 mA/cm2. Thus, membrane p o t e n t i a l s i n 
the mV range as discussed above are consistent with the experience 
gained with pacemakers, and the e f f e c t s on brain tissue and i n the 
e l e c t r i c a l hazards f i e l d . 

F i e l d Generated Force E f f e c t

E l e c t r i c f i e l d s can d i r e c t l y i n t e r a c t with matter and create 
forces that can act on molecules as w e l l as on c e l l u l a r and larger 
structures. Most of these i n t e r a c t i o n s are r e v e r s i b l e and do not 
necessarily have demonstrable b i o l o g i c a l e f f e c t s . An example i s 
the movement of ions i n an ac f i e l d , which i s inconsequential, 
provided that the f i e l d i s weak enough to prevent undue heating 
from molecular c o l l i s i o n s (e.g., below about 1 V/cm, corresponding 
to 1 mA/cm2 i n a p h y s i o l o g i c a l medium). Another example i s the 
ori e n t a t i o n of polar macromolecules. For f i e l d strength values of 
in t e r e s t here, only a very p a r t i a l p r e f e r e n t i a l o r i e n t a t i o n with 
the f i e l d r e s u l t s . Complete o r i e n t a t i o n and consequent d i e l e c t r i c 
saturation requires f i e l d strengths of thousands of v o l t s per cen
timeter. (Changes of t h i s magnitude do occur i n membranes on de
p o l a r i z a t i o n . Hence, field-induced o r i e n t a t i o n and changes i n 
or i e n t a t i o n of membrane molecules appear possible. Corresponding 
tissue current densities would be i n milliamperes per square cen
timeter, as discussed above.) 

E l e c t r i c f i e l d s can in t e r a c t j u s t as w e l l with nonpolar c e l l s 
and organelles i n the absence of any net charge. These "pondero-
motive 1 1 forces are w e l l known and understood. Any system exposed 
to an e l e c t r i c f i e l d w i l l tend to minimize i t s e l e c t r i c p o t e n t i a l 
energy by appropriate rearrangement. This statement i s equally 
true f o r dc and ac f i e l d s , because the p o t e n t i a l energy i s a func
t i o n of the square of the f i e l d strength. Inasmuch as the induced 
dipole moment of a c e l l or large p a r t i c l e depends on both the 
square of f i e l d strength and the volume, i t i s not s u r p r i s i n g that 
the threshold f i e l d to overcome thermal a g i t a t i o n i s proportional 
to where R i s the e f f e c t i v e radius of the p a r t i c l e . Ex
perimental evidence confirms the p r i n c i p l e ; threshold f i e l d values 
for responses of 10 ym c e l l s are about 10 V/cm. But for 10 nm 
macromolecules, they are about 10 kV/cm and comparable with the 
f i e l d s needed for complete o r i e n t a t i o n , owing to the existence of 
a t y p i c a l dipole moment of about 10 or 100 debyes. 
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Table VI summarizes observed manifestations of field-genera
ted forces. The f i e l d effects may manifest themselves as an 
orientation of part i c l e s i n the direction of the f i e l d or perpen
dicular to i t ; or, "pearl chain" formation, i . e . , the alignment 
of p a r t i c l e s i n the f i e l d direction may occur. This has long 
been considered a mysterious demonstration of microwave induced 
b i o l o g i c a l effects. Deformation or destruction of c e l l s can be 
achieved with f i e l d s . The movement of c e l l s i n inhomogeneous 
e l e c t r i c a l f i e l d s can be affected. 

Zimmerman et a l . (39) have observed the destruction of red 
c e l l s and ghost formation. Neumann and Rosenheck (40) studied 
the effects of f i e l d s on chromaffin v e s i c l e s . Friend et a l . (41) 
as well as Goodman (42, 43), studied the effects of f i e l d s on 
f a i r l y large c e l l u l a r organisms. Orientation effects have been 
observed by Teixerira-Pinto et a l (44) , by Sher (45), and by 
Novak (46). Pohl (47)
separating c e l l s i n inhomogeneou
observed c e l l destruction phenomena and c e l l shape changes. No 
attempt i s made here to summarize the t o t a l l i t e r a t u r e on this 
topic and additional discussions have been presented elsewhere 
(36, 49). Some of these field-generated force effects can be 
very s t a r t l i n g and dramatic, especially near the t i p of small 
electrodes. Of a similar nature i s the movement of magnetotactic 
bacteria recently reported by Blakemore (50) i n magnetic f i e l d s 
of f a i r l y low intensity. Apparently, these bacteria are equipped 
with magnetic properties and are therefore s i g n i f i c a n t l y oriented 
by the magnetic f i e l d and motivated to move i n the f i e l d direc
tion. 

Experimental and theoretical evidence indicates that pulsed 
f i e l d s cannot have greater effects than continuous f i e l d s of the 
same average power (51). Hence, modulation i s not expected to 
have special effects. 

TABLE VI 

Fi e l d Generated Forces 

Orientation 

"Pearl Chain" Formation 

Deformation 

Movement 

Destruction 

Summary of various mechanisms caused by f i e l d generated forces 
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F i e l d forces due to the induced dipole moment of the f i e l d 
have been l i s t e d as evidence of nonthermal action of e l e c t r i c 
f i e l d s on b i o l o g i c systems. However, the e f f e c t s require f a i r l y 
large f i e l d strengths, frequently above those that give r i s e to 
heating or stimulation of excita b l e t i s s u e s . The f i e l d forces 
also depend on the e l e c t r i c properties of the p a r t i c l e considered 
and i t s environment. 

A more det a i l e d d e r i v a t i o n of the dielectrophoretic force i n 
lossy d i e l e c t r i c media has been given by Sher (52) and i s based 
i n turn on a derivation of the p o t e n t i a l e l e c t r i c energy of a 
lossy d i e l e c t r i c body given by Schwarz (53). 

A l l sorts of b i o l o g i c a l p a r t i c l e s of d i f f e r e n t e f f e c t i v e 
complex d i e l e c t r i c constants behave s i m i l a r l y i n an e l e c t r o l y t e 
medium. Figure 5 i l l u s t r a t e s t h i s f a c t . Neumann and Rosenheck's 
(40) r e s u l t s on chromaffin v e s i c l e s are combined with E. c o l i 
data obtained by Sher an
s i l i c o n p a r t i c l e s ( f u l
m aterial f i t s convincingly the s o l i d l i n e of slope -1.5 which 
i s demanded by the t h e o r e t i c a l requirement that p a r t i c l e volume 
must be inversely r e l a t e d to the square of the threshold f i e l d 
strength mentioned above and discussed i n greater d e t a i l e l s e 
where (Schwan and Sher (54)). 

The dashed curves i n Figure 5 pert a i n to another model. I t 
i s assumed that the threshold of a c e l l u l a r response or destruc
t i o n i s reached when the induced membrane p o t e n t i a l reaches the 
d i e l e c t r i c breakthrough l e v e l . This l e v e l may w e l l be i n the 
range of 0.1 to I V across the membrane, corresponding to mem
brane f i e l d strength l e v e l s from 100 KV/cm to one m i l l i o n V/cm. 
The inverse r e l a t i o n s h i p of the threshold f i e l d l e v e l i n the 
medium with the p a r t i c l e diameter follows from the equation 
AVj4 = 1.5 ER already quoted i n Table IV. The dashed curves es
t a b l i s h threshold p a r t i c l e r e l a t i o n s h i p s somewhat s i m i l a r to 
those r e s u l t i n g from a consideration of field-generated forces. 
Hence, i t may at times be d i f f i c u l t to separate b i o l o g i c a l ef
fects due to field-generated forces from those due to induced 
high membrane p o t e n t i a l s . 

In general, a v a i l a b l e evidence and present understanding 
i n d i c a t e that s i g n i f i c a n t e f f e c t s with field-evoked forces re
quire f i e l d strength values above 1 V/cm i n the medium, unless 
c e l l u l a r dimensions are w e l l above 100 ym. 

P o s s i b i l i t y of Weak Nonthermal Interactions 

The considerations presented above do not suggest any weak 
nonthermal mechanism by which b i o l o g i c a l systems could react to 
low-intensity microwave f i e l d s . I t requires f i e l d s of the order 
of a few kV/cm to orient long biopolymers, and probably s t i l l 
higher f i e l d s to excite i n t e r n a l v i b r a t i o n s or produce submolecu-
l a r o r i e n t a t i o n . External f i e l d s acting on biopolymers must 
further overcome strong l o c a l f i e l d s , which are 1.5 kV/cm at a 
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Figure 5. Threshold field strength values as a function of particle size (49). 

( ) Field-generated.force effects; ( ) damage resulting from membrane breakdown 
at the quoted membrane potentials of 0.1 and 1 V; (O) results obtained with biological 
cells; and (Φ) data with silicone particles. The data fit the theoretical demand indicated 

by ( ; and appear to be insensitive to the dielectric properties of the particles. 
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distance of 100 Angstroms from a monovalent ion and 1.8 kV/cm at 
the same distance from a hemoglobin molecule. Microwave frequen
cies are well above those corresponding to s i g n i f i c a n t rotational 
diffusion times, excluding orientational effects. Transmembrane 
potentials induced by t y p i c a l nonthermal microwave f i e l d s are 
vanishingly small relati v e to potentials required for stimulation 
and compare with membrane noise. F i e l d induced force effects are 
unlikely to be s i g n i f i c a n t on a single molecular or c e l l u l a r 
l e v e l , since the threshold f i e l d strengths necessary to overcome 
thermal disturbances are too high (49). 

However, some principles emerge regarding possible mechan
isms of weak microwave interaction, i f such a concept exists. 
F i e l d force effects become more probable as the volume of the 
exposed p a r t i c l e increases (49). Transmembrane potentials become 
larger for a given i n s i t u f i e l d strength as the c e l l size i s i n 
creased. F i n a l l y , molecule
by the f i e l d i f yE > kT
f i e l d strength, k i s the Boltzman constant, and Τ i s the absolute 
temperature). Thus larger physical dimensions or larger perma
nent or induced dipole moments are more l i k e l y to respond to weak 
f i e l d s . 

The large dimensions necessary for b i o l o g i c a l responses to 
weak microwave f i e l d s might be achieved by a cooperative reaction 
of a number of c e l l s or macromolecules to the microwave stimulus, 
which increases the effective size of the structure and corres
pondingly reduces the threshold that i s required for an e f f e c t . 
Adey suggested that such cooperativity might be induced i n the 
counterions loosely bound near membrane surfaces which contain 
a loose frame work of charged polysaccharides (32). 

Froehlich has suggested (55, 56) that giant dipole moments 
may be formed during enzyme substrate reactions and that the 
corresponding d i e l e c t r i c absorption processes might be highly 
resonant and nonlinear, and l i k e l y to channel energy into lower 
frequency modes of vibration. He also considered the membrane 
as a l i k e l y s i t e of resonant electromagnetic (EM) interactions, 
and derived an estimate of the resonant frequencies from the 
velocity of sound and the membrane thickness to be of the order 
of 100 GHz. Acceleration and deceleration of a variety of bio
l o g i c a l responses which suggest resonances have been reported by 
Webb (57), Devyatkov (58), and, more recently, by Grundler et a l . 
(59) i n the millimeter frequency range. But some of these 
studies have been c r i t i c i z e d on technical grounds, and the Rus
sian work, only summarized i n 1974, has not yet been published 
i n d e t a i l . Gandhi has conducted continuous d i e l e c t r i c spectros
copy measurements at millimeter-wave frequencies with no indica
tions of any resonance processes (60). He also found no effects 
of millimeter-wave radiation on a variety of c e l l u l a r processes 
which were not attributable to sample heating. But the resonance 
phenomena reported by Grundler and Keilmann and postulated by 
Froehlich may only involve a minor fraction of the t o t a l c e l l u l a r 
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entity and, hence, not demonstrate i t s e l f strongly enough to be 
observed in the bulk d i e l e c t r i c data. 

Abstract 

The dielectric properties of tissues and cell suspensions 
will be summarized for the total frequency range from a few Hz 
to 20 GHz. Three pronounced relaxation regions at ELF, RF and 
MW frequencies are due to counterion relaxation and membrane in
vaginations, to Maxwell-Wagner effects, and to the frequency de
pendent properties of normal water at microwave frequencies. 
Superimposed on these major dispersions are fine structure ef
fects caused by cellular organelles, protein bound water, polar 
tissue proteins, and side chain rotation. 

Insight into the biophysical mechanism of EM-field inter
actions is gained from
properties. At ELF frequencie
over their dimensions and apply the resulting potential to the 
membranes with cut-off frequencies extending up to the RF range. 
Tissue water appears to be identical in its dielectric properties 
with normal water, except for a small fraction of protein bound 
water. Field effects on large biopolymers are indicated only at 
field values above 10 kV/cm, but field induced dipole effects on 
large cells are possible at considerably lower values. More 
subtle field interactions with biological matter require either 
cooperative interactions or very large dipole moments so far not 
yet identified. 
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Frequency Response of Membrane Components 
in Nerve Axon 

SHIRO TAKASHIMA 
Department of Bioengineering/D2, University of Pennsylvania, Philadelphia, PA 19104 

The mechanism of nerve e x c i t a t i o n i s w e l l documented phe-
nomenologically by the Hodgkin-Huxle  equation (1,2  >_3)  Accor
ding to t h i s empirical formulation
ted by two types of non-linea
and outward potassium currents. The magnitudes of these currents 
are c o n t r o l l e d by the membrane p o t e n t i a l , i n d i c a t i n g that there 
are voltage sensing mechanisms somewhere i n the membrane. F i r s t 
of a l l , the bulk of nerve membranes i s hydrophobic. Therefore, 
fo r the charged sodium and potassium ions to flow across the 
membrane, there must be s p e c i a l regions i n the membrane which 
have polar groups projecting i n t o them. These polar regions 
have been c a l l e d i o n i c channels. They are highly s p e c i f i c and 
there are two types of channels, one for sodium and another for 
potassium ions. These channels are normally closed at the 
rest i n g state and, therefore, no ions can flow through them. 

However, when e l e c t r i c a l s t i m u l i are applied, the f i e l d 
i s detected by the voltage sensor which, i n turn, sends a 
command to the gate to open. I t i s s t i l l debatable whether 
there i s a voltage sensor which i s separate from the channel 
gate i t s e l f . Nevertheless, the f i e l d sensing device, including 
the gate or gating p a r t i c l e s , must be a group of charged p a r t i 
cles or a group of molecules having dipole moments. I f the 
gating p a r t i c l e i s a charged molecule, the opening of gates 
must be an electrophoretic movement of these charges. I f the 
gate i s a group of dipole moments, the opening of channels must 
be an or i e n t a t i o n of these dipolar species. Of these, dipole 
o r i e n t a t i o n has been preferred by neurophysiologists as the 
possible mechanism of channel opening. In any case, the opening 
of channels i s i n i t i a t e d by the change of the f i e l d i n the mem
brane and the rate of the opening i s c o n t r o l l e d by the frequency 
response or rela x a t i o n time of gating p a r t i c l e s . 

Of the two d i f f e r e n t types of i o n i c channels, the opening 
of sodium channels i s considered as the f i r s t step of nerve 
e x c i t a t i o n . The opening of potassium channels i s a delayed re
sponse and lags behind that of sodium channels. There are 
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roughly two ways to investigate the mechanism of channel opening. 
One method i s to study the gating current in the time domain and 
the other i s to measure voltage dependent membrane capacitance 
i n the frequency domain. Measurements of gating currents i n the 
time domain have been done by several groups (4-9). The magni
tude of the gating current i s small and i s of the order of 20-40 
yA/cm2. Because of their small magnitude, both sodium and potas
sium currents must be either reduced or blocked by various means, 
including use of tetrodotoxin (TTX). Based on the analyses done 
by these people, the gating current i s believed to be due to 
sodium channels rather than potassium channels. The gating 
current due to potassium channels was reported by Armstrong (10) 
recently. The time constant of the gating current i s approxi
mately 80 to 110 ysec and i s almost independent of membrane 
potentials. Therefore, the opening of sodium channels i s a slow 
process having a frequenc

The other experiments
of membrane capacitance and i t s voltage dependence, have been 
done by various investigators (11-18). The rationale behind 
these experiments i s the following. If there are dipolar p a r t i 
cles i n the membrane and i f they are capable of orienting i n 
response to applied f i e l d s , this movement must manifest i t s e l f 
as a frequency dependent membrane capacitance, the indication of 
the presence of relaxation processes. Therefore, the i n i t i a l 
step i n this series of experiments i s to establish the membrane 
capacitance in a wide frequency range and confirm the presence 
of frequency dependent capacitance. Secondly, i f application of 
an external voltage causes dislocation of gating particles from 
resting position to open position, this must manifest i t s e l f i n 
the change i n the magnitude of capacitance and i t s frequency de
pendence. Since time domain measurements indicate the existence 
of gating currents, i . e . , essentially a capacitive current, mem
brane capacitance must change upon application of e l e c t r i c a l 
pulses. 

As i s well known, b i o l o g i c a l membranes consist of two major 
components, i . e . , l i p i d s and proteins. Although the progress i n 
the research on membrane proteins i s very slow, investigators 
are beginning to f i n d that there are a variety of proteins i n 
b i o l o g i c a l membranes having molecular weights ranging from 20,000 
to 300,000. Moreover, even the l i p i d part i s not uniform and 
monodisperse. There are several different types of l i p i d s i n 
b i o l o g i c a l membranes which form a bil a y e r structure. Under these 
circumstances, i t i s wise to start the investigation of membrane 
impedance by using simple systems rather than complex natural 
membranes. A r t i f i c i a l l i p i d membranes, which resemble b i o l o g i c a l 
membranes except for the absence of proteins, are readily a v a i l 
able these days (19,20). Their physical and e l e c t r i c a l charac
t e r i s t i c s are well documented and these membranes are quite 
suitable for the study of membrane capacitance and i t s frequency 
dispersion. 
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Membrane Capacitance of A r t i f i c i a l Membranes 

135 

The techniques used to form l i p i d b i l a y e r membranes are 
discussed by Mueller and Rudin (19) i n d e t a i l . In t h e i r methods, 
l i p i d s are dissolved i n alkane solvents and the s o l u t i o n i s 
painted to an aperture on the w a l l of a t e f l o n cup. The e n t i r e 
cup i s immersed i n an e l e c t r o l y t e s o l u t i o n such as NaCl or KC1. 
The thickness of the membrane, which i s multi-layered at the 
beginning, w i l l reduce with time and f i n a l l y a b i l a y e r membrane 
i s formed with a thickness of 30 to 60A depending upon the length 
of non-polar t a i l s of l i p i d molecules. Some solvents such as 
n-decane are miscible with l i p i d s and form mixed membranes. 
However, some other solvents, such as hexadecane, separate from 
l i p i d molecules when membranes are formed. Either solvent mole
cules form micro-lenses on the surface of the membrane or they 
accumulate i n the toru
presence of solvent molecule
as w i l l be discussed l a t e r , use of hexadecane i s much better than 
n-decane for our purpose. Thus, our experiments were a l l c a r r i e d 
out using hexadecane as the solvent. Although we used several 
l i p i d s , such as oxidized c h o l e s t e r o l , sphingomyelin and egg-
l e c i t h i n , we w i l l i l l u s t r a t e only the r e s u l t s obtained with egg-
l e c i t h i n and hexadecane. 

Membrane capacitance and conductance were measured using 
the Wayne-Kerr admittance bridge and measurements were made 
between 100 Hz and 20 KHz using a PAR l o c k - i n a m p l i f i e r model 
124. One of the r e s u l t s obtained i s shown i n Figure 1. The 
dotted curve shown i n t h i s figure i n d icates measured values at 
high frequencies and the downward slope arises from the presence 
of e l e c t r o l y t e solutions between the membrane and electrodes. 
The e r r o r due to s e r i e s resistance was already discussed i n de
t a i l by Takashima and Schwan (15). The s o l i d l i n e i s obtained 
a f t e r the correction for t h i s error using the method described 
previously. 

F i r s t of a l l , the capacitance of lecithin-hexadecane mem
brane i s about 0.62 yF/cm2. This value i s smaller than the 
capacitance of b i o l o g i c a l membranes, i . e . , 1 yF/cm2. The d i f 
ference i s perhaps p a r t i a l l y due to the absence of proteins i n 
a r t i f i c i a l membranes. In a d d i t i o n , i t i s known that the presence 
of solvents decreases the values of membrane capacitance. For 
example, membranes formed by the Montal-Mueller Method (21), 
which are believed to be free of solvents, have a capacitance of 
0.7 yF/cm2 (22). Thus, the capacitance of b i l a y e r membranes 
shown i n t h i s f i g u r e may be i n e r r o r by about 0.1 yF/cm2 because 
of the presence of solvent molecules. However, i t i s more im
portant to note that membrane capacitance i s independent of 
frequency, which provides unequivocal evidence that there i s no 
relaxation process i n l i p i d membranes i n t h i s frequency range. 
Coster and Smith (23) reported that they observed a frequency 
dispersion of membrane capacitance of a r t i f i c i a l layers at very 
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low frequencies below 10 Hz. However, the meaning of t h i s d i s 
persion i s not c l e a r l y known and i t may have been due to the 
presence of solvent molecules which tend to form some type of 
boundaries w i t h i n the membrane. The c h a r a c t e r i s t i c frequencies 
of sodium and potassium currents are of the order of 200 Hz to 
3 KHz. As has been discussed, l i p i d b i l a y e r s do not e x h i b i t any 
rel a x a t i o n processes i n t h i s frequency range, i n d i c a t i n g that 
l i p i d molecules may not play an important r o l e i n the permeation 
of ions through i o n i c channels. 

The voltage dependence of l i p i d b i l a y e r capacitance has been 
studied by White and Thompson (24). They noted that the presence 
of n-decane i n these membranes gives r i s e to a f a l s e voltage de
pendence of membrane capacitance. On the other hand, Latorre 
et a l . (25), using solvent-free membranes, demonstrated that the 
capacitance of these membranes i s only n e g l i g i b l y dependent on 
external voltages. Unlik
we used hexadecane instea
capacitances of l e c i t h i n b i l a y e r s at various membrane po t e n t i a l s 
are shown i n Figure 2. C l e a r l y , membrane capacitance i s inde
pendent of applied p o t e n t i a l s , i n d i c a t i n g that 1) the presence 
of hexadecane does not produce a voltage dependent capacitance 
and 2) the membrane capacitance of l e c i t h i n b i l a y e r s i s i t s e l f 
independent of external p o t e n t i a l . As stated before, hexadecane 
does not form mixed membranes with l e c i t h i n and they are spa
t i a l l y separated when the membrane i s formed. This may be the 
reason why hexadecane does not produce the a r t i f a c t as n-decane 
does. In any event, these observations c l e a r l y i n d i c a t e that 
l e c i t h i n b i l a y e r does not e x h i b i t a frequency dependent capaci
tance between 100 Hz and 20 KHz and e x t e r n a l l y applied p o t e n t i a l s 
have no ef f e c t on the membrane capacitance. 

Membrane Capacitance of Nerve Membrane 

Giant axons from squid have a large diameter ranging from 
300 to 700 ym. Because of t h i s large s i z e , we are able to i n 
sert metal electrodes d i r e c t l y i n t o the axon and measure capa
citance and conductance across the membrane. This i s the most 
unequivocal method to measure transmembrane capacitance and i s 
f a r b etter than the use of external electrodes as done previously 
by Cole and C u r t i s (11). In s p i t e of the s i m p l i c i t y and ease 
of t h i s technique, there are s t i l l a few unsolved problems which 
w i l l be discussed l a t e r . Figure 3 shows one of the exemplary 
r e s u l t s of nerve membrane capacitance and conductance measure
ments. Comparison of t h i s r e s u l t with the one shown i n Figure 2 
rea d i l y demonstrates that there are considerable differences 
between these two sets of curves. 

F i r s t of a l l , membrane capacitance of nerves has a negative 
frequency dependence below 300 Hz, namely capacitance increases 
with frequency i n t h i s region. This i s a behavior which cannot 
be explained by a simple RC c i r c u i t and indicates the presence 
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FREQUENCY Hz 

Figure 3. Membrane capacity (Curve 1 ) and conductivity (Curve 2) of squid giant 
axon at various frequencies. Note anomalous behavior at low frequencies. 

-2λ -\ λ ?λ 

Figure 4. Schematic of the field distribution at various distances from the point 
of current injection: λ is the space constant, xm, xh and re are membrane resistance 
and resistances of internal and external media, respectively. The dimension of rm 

is ohm cm; those of r, and re are ohms. 
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of an inductive element i n the membrane (26). Membrane capaci
tance reaches a peak value of 1 yF/cm2 between 300 Hz and 1 KHz. 
This i s the value of capacitance which has been accepted univer
s a l l y for most b i o l o g i c a l membranes (26,27). Above this f r e 
quency, membrane capacitance dereases from 1 yF/cm2 to approxi
mately 0.6 yF/cm2 between 1 and 20 KHz. This gradual decrease 
may be, at least p a r t i a l l y , due to a real dispersion of membrane 
capacitance. However, there i s disturbing evidence that a por
tion of this frequency dependent capacitance i s due to a fringe 
effect at the ti p of the internal a x i a l electrode. 

Suppose one injects a current at one point of the membrane, 
and monitors the voltage along the x-coordinate of the axon. The 
peak voltage values w i l l decay exponentially along the f i b e r as 
shown i n Figure 4. Thus, 

V(x) =

where V(0) and V(x) are the peak voltages at χ and 0. λ i s the 
space constant and i s given by: 

λ 2 = r ; ( υ 
r + r 
1 2 

where rm> r*, and r- are membrane resistance and resistances of 
internal and external media of the axon. 

If the voltage at the t i p of the internal electrode i s 
V(0), the f i e l d w i l l taper off according to eq. (1), giving rise 
to an ax i a l component i n addition to the r a d i a l d i s t r i b u t i o n of 
the f i e l d . Therefore, the magnitude of the fringe capacitance 
depends on the space constant, which i n turn i s a function of 
membrane resistance r m . Furthermore, the space constant i s 
known to depend on frequency (28) and decreases with increasing 
frequencies. Thus, the stray capacitance due to fringe effect 
decreases as the frequency increases. Accordingly, the presence 
of fringe effect at the t i p of the internal electrode produces a 
frequency dependent capacitance. The frequency dependence of 
membrane capacitance as shown i n Figure 4 i s , therefore, at least 
p a r t i a l l y due to the fringe effect at the ti p of the internal 
electrode. In order to reduce the re l a t i v e contribution of stray 
capacitance, we use a long internal electrode with a length of 
27 qm. As shown i n Figure 5, the membrane capacitance per unit 
area i s shown at various lengths of the internal electrode. For 
example, i f the length of the internal electrode i s 5 mm (Point 
1), the membrane capacity per unit area becomes as large as 
2 yF/cm2 due to the presence of a r e l a t i v e l y large stray capaci
tance. However, i f the length of the internal electrode i s 27mm, 
the capacitance per unit area decreases to 0.9 yF/cm2 because 
the stray capacitance contributes a r e l a t i v e l y small value. 

Since the results shown i n Figure 4 were obtained with a 
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ELECTRODE LENGTH L mm 
26 19 10 5 

3| 1 I Γ 

New York Academy of Sciences 

Figure 5. Membrane capacity per unit area of squid giant axon as a function of 
the length of the electrodes (29) ((upper scale) electrode length in mm; (lower 

scale) inverse of length in mm'1) 

- 4 0 0 40 
MEMBRANE POTENTIAL mV 

120 

Figure 6. Membrane capacitance of squid giant axon at various membrane poten
tials. Membrane potential was shifted by injecting currents. The abscissa shows 

actual potential across the membrane in mV. 
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long internal electrode (27 mm), the rel a t i v e contribution of 
stray capacitance i s small. It may be safe, therefore, to con
clude that the frequency dependence of measured capacitance i s 
due to a real dispersion of membrane capacitance. Once the f r e 
quency dependence of membrane capacitance i s established, the 
time constant or characteristic frequency of the relaxation 
within the membrane can be easily determined. As can be seen, 
the center frequency i s about 3 KHz, which gives r i s e to a time 
constant of 53 ysec. 

The o r i g i n of the frequency dependent membrane capacitance 
is not well understood, although i t i s l i k e l y to be due to mem
brane proteins. However, there are a variety of proteinous com
ponents i n the membrane and most of them are not d i r e c t l y related 
to ionic channels. Therefore, i t i s v i r t u a l l y impossible to 
physically separate the capacitance due to gating proteins from 
capacitances due to othe
dependent capacitance i
tance must change with an increase or decrease i n the membrane 
potential. It i s known that ionic channels are not t i g h t l y 
closed at the resting state (membrane potential near -60 mV). 
Only when the membrane potential i s reduced to -120 mV, are a l l * 
i onic channels nearly completely closed, and the membrane becomes 
reall y passive. Under these circumstances, the membrane w i l l be 
tig h t l y packed and proteins as well as l i p i d s w i l l be locked 
into a ti g h t l y constrained state leading to a small capacitance. 
Figure 6 shows the membrane capacitances at various potentials. 
As one can see, the membrane capacitance at -60 mV (resting 
state) i s 0.95 yF/cm2, while hyper-polarized membrane has an 
even smaller capacitance. On the other hand, ionic channels 
open with depolarization, i . e . , channel proteins become r e l a 
t i v e l y free to rotate because of removal of the negative bias 
voltage. Therefore, the membrane capacitance must increase with 
depolarizing potentials i f the contribution of gating proteins 
to membrane capacitance i s s i g n i f i c a n t . As shown i n this f i g 
ure, clearly the membrane capacitance increases when the membrane 
potential decreases from -60 mV to smaller values. It i s impor
tant to note that the increase i n capacitance reaches a peak 
value at a potential of +20 mV. This i s the value of the mem
brane potential when sodium channels are almost wide open. 
Beyond this value, the magnitude of sodium current begins to 
decrease. The peak value of membrane capacitance around 20-30 
mV clea r l y r e f l e c t s the behavior of sodium channels. 

From these observations, i t became apparent that the f r e 
quency dependent capacitance must be due, at least p a r t i a l l y , 
to gating p a r t i c l e s , and, i n par t i c u l a r , to those of sodium 
channels. If the capacitance change shown i n Figure 6 i s indeed 
due to sodium channels, then the change must be affected by TTX, 
which i s known to block sodium channels s e l e c t i v e l y . Figure 7 
shows the membrane capacitance at various potentials. As can 
be seen, TTX ef f e c t i v e l y eliminates the voltage dependence of 
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-100 -50 0 50 
MEMBRANE POTENTIAL mV 

Figure 7. Membrane capacitance of squid giant axon at various membrane poten
tials. The external medium contained 3 X 10~7M TTX in order to block the sodium 

current. 
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the membrane potential, offering unequivocal evidence that the 
voltage dependent capacitance i s due to sodium channels. 

From these observations, we can draw the following conclu
sions. 1) The membrane capacitance of nerve axon i s dependent 
upon frequency, indicating the presence of a relaxation process 
in themembrane even at rest. 2) The membrane capacitance de
creases with hyperpolarization, when the membrane has a t i g h t l y 
packed structure. 3) The membrane capacitance increases with 
depolarization, when ionic channels are wide open. 4) The 
voltage dependent capacitance i s due to sodium channels. 

It i s well known that both sodium and potassium currents 
through nerve membranes are slow processes having a frequency 
response of a few kilo-hertz or less. However, there are at 
least two p o s s i b i l i t i e s behind this observation. 1) The f r e 
quency response of channels i s fast, but ionic currents are 
diffusion limited. Tha
but diffusion of ions i
closing of ionic channels are i n t r i n s i c a l l y slow and rate 
l i m i t i n g . Case (1) suggests the presence of fast components i n 
nerve membrane. In this case, high frequency perturbation may 
interfere with the excitation mechanism. However, as has been 
discussed, the characteristic frequency of channel proteins i s 
in the range of a few kilo - h e r t z . Under these circumstances, 
opening or closing of ionic channels may be the rate l i m i t i n g 
step i n the nerve excitation. In this case, external high f r e 
quency f i e l d s w i l l have no effect on nerve excitation unless they 
cause substantial retardation of ionic movements. 

These considerations lead us to a conclusion that nerve ex
ci t a t i o n i s a very slow process and the membrane does not con
tain elements which has a frequency response of MHz or GHz. The 
only molecular species which may have such a frequency response 
are water molecules. However, the role of water i n nerve excita
tion i s t o t a l l y unknown and does not offe r , at present, any e v i 
dence for the possible mechanism of interaction between micro
waves and nerve membranes. 

The author i s supported by ONR N00076-C-0642. The author 
i s indebted to Dr. H. P. Schwan for his valuable suggestions. 

Abstract 

The frequency response of various chemical constituents of 
nerve membrane was studied. Biological membranes in general 
consist of lipids and proteins. Firstly, impedance character
istics of artificial lipid bilayer membranes are examined using 
lecithin-hexadecane preparations. It was observed that the 
capacitance of plain lipid membranes was independent of frequency 
between 100 Hz and 20 KHz, Moreover, application of external 
voltages has no effect up to 200 mV. Secondly, membrane capaci
tance and conductance of nerve axon were investigated. There are 
three components in nerve membranes, i .e . , conductance, capaci-
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tance and inductance. Of these, inductive elements are known to 
arise from K+ current. The remaining components, capacitance 
and conductance, have a characteristic frequency of 2-3 KHz, in
dicating the presence of structures which undergo a relaxation in 
this frequency range. Furthermore, the capacitance of nerve mem
brane depends on membrane potential, increasing with depolariza
tion and decreasing with hyperpolarization. Therefore, the 
frequency dependent capacitance may be due to dipolar components 
in or near ionic channels. These observations clearly show that 
the components which are related to nerve excitation have a fre
quency response of a few kilohertz. Therefore, it us unlikely 
that high frequency fields of MHz or GHz interfere with these 
slow processes. 
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10 
A Perturbation Model for Electromagnetic-Field 
Interaction with Excitable Cellular Membranes 

CHARLES A. CAIN 

Department of Electrical Engineering, Bioacoustics Research Laboratory, 
University of Illinois at Urbana-Champaign, Urbana, IL 61801 

Voltage sensitive ion channels for Na+, K~+, and Ca++ in the 
lipid bilayer membrane of excitable cells are protein macromole
cules with several intraconvertibl
is open and the others closed or nonconducting. Charged or di
polar components of the channel protein (or protein complex) move 
in response to perturbation of the membrane electric field and 
act as voltage sensors which trigger "gating" or conformational 
substates resulting in the channel being either open or closed. 
Graded changes in membrane conductance is the result of the aver
age behavior of a large number of channels which open or close 
stochastically in response to changes in the electric field within 
the lipid bilayer and background thermal agitation. 

Some ion channels are exquisitely sensitive to small pertur
bations in the membrane electrostatic field. Moreover, the prob
ability of a channel being in a given state is a highly nonlinear 
function of the applied electric field. Because of these non-
linearities, it will be shown that an alternating (AC) electric 
field might bias the probability of the channel being in a given 
state. The possibility that the voltage sensing charges (or di-
poles) incur a steady or DC displacement in an alternating elec
tric field is the basis for the theory discussed herein. The 
model predicts that an AC field of sufficient magnitude will af
fect the average conductance of the membrane to particular ion 
species. The resulting biological effect would depend on the 
magnitude of the conductance changes and the physiological func
tion of the affected channel. 

A model, based on a perturbation analysis of the highly suc
cessful empi rical formulation of Hodgkin and Huxley (1), has 
been developed which makes predictions of the effect of oscillat
ing fields on a particular nerve membrane system (2). In the pre
sent paper, a theoretical model will be presented along with some 
of the predicted effects of AC electric fields on the Hodgkin-
Huxley (HH) model of squid axon membranes. 

0097-6156/81/0157-0147$05.00/0 
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Theory 

A Channel Model. Consider a two state voltage sensor for an 
i o n i c channel i l l u s t r a t e d diagramatically as 

a(V) 
A - Β 

(closed) b(V) (open) 

where rate constants a(V) and b(V) are functions of membrane po
t e n t i a l . Assume Q(V) i s the equivalent charge c a r r i e d across the 
membrane when a voltage sensor moves (rotates?) from A to B. Let 
η 0 be the occupancy of state Β [ f r a c t i o n of voltage s e n s i t i v e d i -
poles or charged groups i n the open state] and l e t r\c be the oc
cupancy of state A. I
an equilibrium constan
only of membrane p o t e n t i a l . From f i r s t p r i n c i p l e s of thermody
namics [e.g., see Schwarz (3)]: 

d ln(K) Q(V) m 

dV kT V Λ 

Assume for s i m p l i c i t y that Q(V) = constant = Ze where e i s the 
elementary charge and Ζ i s a p o s i t i v e number. Integrating Eq. (1) 
then gives 

\ 
Κ = — = exp[Ze(V-V)/kT] 

Ο 
where V i s the membrane p o t e n t i a l at which Κ = 1 [or r\c - r-] . 
This i s immedicately recognizable as the Boltzmann r e l a t i o n . More
over, since η 0 + n c = 1, then 

η (V) = 1 - (2) 
1 + exp[-Ze(V-V)/kT] 

and 
η (γ) = 1 - (3). 

1 + exp[+Ze(V-V)/kT] 
Thus, the f r a c t i o n of voltage sensors i n a given state can be 
calculated i f the membrane p o t e n t i a l i s known. 

Now, assume the actual opening and c l o s i n g of the 2-state 
channel i s a f i r s t order process such that 

a(V) 

Λ - Β 
channel $(V) channel 

open open 
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where the rate constants a ( V ) and 6 ( V ) depend on the state of the 
voltage sensor as follows: 

BOO = - η ο (5) 

and 

a ( V ) = k 2 n Q (6), 

The constants and k- r e f l e c t an assumed d i r e c t p r o p o r t i o n a l i t y 
of the rate constants for opening and c l o s i n g the channel on the 
occupancies of the "open" and "closed" states resp e c t i v e l y of the 
voltage sensor. 

Let ρ be the f r a c t i o n of the channels (not voltage sensors) 
i n the open state. For a f i r s t order process, ρ i s the sol u t i o n 
of the d i f f e r e n t i a l equatio

jfc = 300 [1-p] - a ( V)p (7). 

The rate constants α and 3 determine both the rate of change and 
f i n a l steady-state value of p. The steady state value of ρ a f t e r 
a step input i s 

n = g(V) (8) 
poo a ( V ) + 300 

where ρ reaches p- exponentially with time constant 

τ = (9) 
ρ a ( V ) + β(ν) 

The preceding model provides the basis for a discussion of 
how AC e l e c t r i c f i e l d s might i n t e r a c t with a voltage s e n s i t i v e 
ion channel i n such a way as to bias the conductance of the chan
nel i n a p a r t i c u l a r d i r e c t i o n . In what follows, the basic assump
t i o n made i s that the voltage sensing process i s considerably 
f a s t e r then the physical opening and cl o s i n g of the channel. With 
t h i s assumption, an AC f i e l d which might a f f e c t the voltage sens
ing process would cause a much slower change i n channel conduc
tance. 

S e n s i t i v i t y to an AC F i e l d . Assume the membrane p o t e n t i a l 
V i s replaced by 

V ( t ) = V + V cosu) t (10) ο m ο 

where V q i s the DC membrane p o t e n t i a l and V i s the peak amplitude 
of the a l t e r n a t i n g component of applied memBrane p o t e n t i a l [see 
Barnes and Hu (4) or MacGregor (5)]. 
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If the channel opens or closes with a time constant Tp and 
the voltage sensor has a r e l a x a t i o n time T v s, then assume 
Tp » T v s and l/Tp « ω 0 <_ 1/τ ν 8. I f t h i s r e l a t i o n s h i p holds, 
then η 0, the f r a c t i o n of voltage sensors i n the open state, i s 
given by 

η (0)t) = i — (11). 
-Ze(V -V + V cosu) t) ι , r o m Ο η 1 + exp[ — ] 

Note that η (cot) i s a periodic non-negative function which has 
an average value given by 

η (o)t)do>t (12). 

ο 
Because of the nonlinear form of Eq. (11), an AC f i e l d w i l l cause 
the average or DC value of r|0(a)t) to s h i f t i n a p a r t i c u l a r d i r e c 
t i o n depending on the unperturbed value of 

Based on the above argument, i t i s clear that a change i n 
the average value of η 0 (or η 0) w i l l bias the rate of opening or 
cl o s i n g of a p a r t i c u l a r channel because of Eqs. (5) and (6). The 
change i n state of the channel w i l l then progress at a rate slower 
than the voltage sensing processes which triggered the change. 

Modified Hodgkin-Huxley Model. In the HH model, the membrane 
current I, wr i t t e n as a function of V i s expressed by the system 
of coupled equations given i n Table I. In these equations V i s 
the displacement of membrane p o t e n t i a l from the r e s t i n g value 
(depolarization negative). Constants CM, g-, g f l a , "Sl> V K » VNa> 
and V i are explained i n d e t a i l i n (1). In Table I , 
g5Kn and g j i a

m - n a r e t n e potassium and sodium conductances, respec
t i v e l y . The dimensionless dynamical quantities m, n, and h are 
solutions of the given f i r s t order d i f f e r e n t i a l equations and vary 
between zero and unity a f t e r a change i n membrane p o t e n t i a l . The 
α and β rate constants are assumed to depend only on the inst a n 
taneous value of membrane p o t e n t i a l . 

Note that the equations i n Table I have a s i m i l a r mathemat
i c a l structure as the much simpler 2-state channel model developed 
e a r l i e r i n t h i s paper. One major difference should be emphasized; 
namely, that the rate constants of the model depend on the phys
i c a l movement of charge so are not instantaneous functions of 
membrane p o t e n t i a l as assumed i n the HH model. However, i f the 
voltage sensing process i s s u f f i c i e n t l y f a s t er than the dynamics 
of channel opening and c l o s i n g , then the assumption of an i n 
stantaneous dependence of a 1 s and β 1s on V i s reasonable (see 
Discussion). 

Some Numerical Results. Figure 1 i s a plot of the 
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TABLE I. The Hodgkin-Huxley equations which describe 
the r e l a t i o n s h i p between t o t a l membrane current I and 
transmembrane p o t e n t i a l V i n the squid giant axon 
[see ( 1 ) ] . 

1 " CM o f + s / ( V " V + % &
Α ( ν " V + * 1 ( V - V 

where 

dn/dt = a n ( l - n) 

dm/dt = - m) - β m m 
dh/dt = V 1 - h) - \h 

and 

α η = 0.0KV + 10)/(exp V + Q
1 Q - 1) 

6 n = 0.125 exp(V/80) 

a m = 0.1(V + 25)/(exp V + Q
2 5 - 1) 

$ m = 4 exp(V/18) 

« h = 0.07 exp(V/20) 
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V 0 -V = IOmV 

Vm=IOmV, 
avg. value 

J_ 
7Γ/4 7Γ/2 37Γ/4 7Γ 57Γ/4 37Γ/2 77Γ/2 27Γ 

Figure 1. Instantaneous values of η0(ω{) when V 0 — V = 10 mV and V m isOmV or 
10 mV. ~0, the average value of ψ,(ωί) when VWI. = 10 mV, is shown. 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



10. CAIN EM-Field Interaction with Cellular Membranes 153 

p r o b a b i l i t y η ο(ωΟ of a voltage sensor being i n state Β (open) 
over a f u l l period of the applied a l t e r n a t i n g membrane p o t e n t i a l 
of angular frequency ω and peak amplitude V m of 10 mV. Equation 
(11) i s evaluated at room temperature [290K where kT/e = 25 mV] 
with Ζ = 5 and at a DC membrane p o t e n t i a l 10 mV more p o s i t i v e 
than V [V 0 - V = 10]. I f V m = 0, the p r o b a b i l i t y η 0 that the 
voltage sensor i s i n the open state i s 0.881 under these condi
ti o n s . The v a r i a t i o n i n t h i s p r o b a b i l i t y for nonzero values of 
V m i s not symmetric about the unperturbed value of η 0, e.g., the 
average value of Ώ 0(ωί), "%> i s 0.808 when V m = 10 as shown with 
the dashed l i n e i n F i g . 1. Thus an applied AC p o t e n t i a l r e s u l t s 
i n a decrease i n the average p r o b a b i l i t y of the voltage sensor 
being open. 

Figure 2 shows the changes i n η 0 as a function of V m f o r 
f i v e d i f f e r e n t values of V  - V with Ζ = 5 and Ζ = 20  A graph 
of r\c using the same parameter
except that curves for
the top of the drawing. Note that, as one would expect, higher 
values of Ζ r e s u l t i n both steeper changes i n η 0 with increasing 
V m and a lower threshold for changes to occur. Estimated values 
of Ζ for actual membrane channels range from 3 to 20 (see Discus
sion) . 

A plot of "η0 and n c as a function of V Q - V with V m as a 
parameter i s given i n F i g . 3. Thus, an AC f i e l d biases the aver
age occupancy of a p a r t i c u l a r state of the voltage sensor i n a 
di r e c t i o n depending on the unpreturbed value of η 0 or η 0. Since 
the rate constants 300 and a(V) associated with opening and c l o s 
ing of the channel were assumed to be proportional to η 0 and Tl c, 
the respective occupancies of the "open" and "closed 1 1 state of the 
voltage sensor, then an AC f i e l d r e s u l t s i n a steady s h i f t i n 
these rate constants. This would r e s u l t i n a change i n the prob
a b i l i t y of the channel being open f o r a given DC membrane poten
t i a l . This e f f e c t i s the basis for the HH perturbation model 
which follows. 

Using the same argument i m p l i c i t i n Eqs. (11) and (12), the 
average values of the α and 3 rate constants of the HH equations 
(Table I) w i l l be sh i f t e d i n an AC f i e l d i n a way q u a l i t a t i v e l y 
s i m i l a r to the DC s h i f t s of F i g . 3 [see (2)]. Since the α and 3 
rate constants determine both the rate of change i n m, n, and h 
and the f i n a l steady state value of these q u a n t i t i e s , an AC 
field-induced bias of the rate constants w i l l a f f e c t g- and g-a 

as w e l l as the membrane p o t e n t i a l V [see (2)]. Such an ef f e c t 
i s shown i n F i g . 4 where a 10 ms pulsed AC component of membrane 
e l e c t r i c f i e l d i s applied to the model. The change i n g K, g N a * 
and V i n response to the pulse can be obtained by numerically 
solving the HH equations (Table I) with i n i t i a l conditions being 
the r e s t i n g state values for V, m, n, and h. The AC f i e l d i s 
assumed to be applied uniformly along the axon so that dV/dx = 0. 
After each i t e r a t i o n through the modified HH equations, new 
estimates for the average values of the a(o)t) fs and αίωΟ'β are 
obtained numerically. 
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Figure 4. Solutions of the modified Η Η equations (see text) with a pulsed alter
nating component of membrane potential. Computed response is for a 10-ms pulse 

with V m = 25 mV. 
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Figure 5. Threshold depolarization for generating an action potential as a function 
of V T O . Threshold voltages were determined from the modified HH model. Trace A : 
V m applied over interval — oo < t < oo; .Trace B: V m applied over interval 0 < 

t < 10 ms. Stimulus applied at t = 0. 
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Since an applied AC f i e l d produces a steady-state decrease 
i n g j j a and an increase i n g K (see F i g . 4), i t has a hyperpolariz-
ing or i n h i b i t o r y e f f e c t on the axon. This i s i l l u s t r a t e d i n 
Fig . 5 where the threshold depolarization required to generate an 
action p o t e n t i a l is plotted vs V m, the applied AC f i e l d . Note that 
even a pulsed f i e l d of 10 ms applied simultaneously with the ex
c i t a t o r y depolarization w i l l r a i s e the threshold p o t e n t i a l s i g n i f 
i c a n t l y . I t should be noted that the ef f e c t of an AC f i e l d de
pends on the d e t a i l s of the p a r t i c u l a r model and i s not necessar
i l y i n h i b i t o r y . I t i s i n t e r e s t i n g , however, that an i n h i b i t o r y 
e f f e c t i s opposite to that which would be produced by heating so 
perhaps could be more r e a d i l y recognizable experimentally. 

Discussion 

As pointed out by
of the r e l a t i o n betwee
i n the squid giant axon implies the presence i n the membrane of 
polar molecules having large charges or dipole moments (1). In 
order to explain t h e i r experimental r e s u l t s , the equivalent num
ber of e l e c t r o n i c charges Ζ c a r r i e d across the membrane when a 
voltage sensor goes from the closed to the open state must be 
about 6 for a c t i v a t i o n of the Na + channel CI,6). Moreover, at 
an appropriate s t a t i c membrane p o t e n t i a l , i t was determined ex
perimentally that g N a oc exp[v/4.17] where ν i s the displacement 
from the membrane p o t e n t i a l . Thus, a 4 mV depol a r i z a t i o n w i l l 
cause an e-fold increase i n sodium conductance. I f the voltage 
sensor i s assumed to be a di p o l e , then the above p r o p o r t i o n a l i t y 
becomes g N a

 α exp[yv/kTd] where μ i s the dipole moment of the 
voltage sensor and d i s the distance over which ν i s dropped. I f 
ν = 4 mV causes an e-fold change i n g N a and d - 100A (membrane 
thickness), then at room temperature kT - 4 0 ( 1 0 ~ 2 2 ) J so that 
μ ~ 10-26 c.m. or about 3000 Debye. This i s a rather extraor
dinary dipole moment since μ for an average protein i s at l e a s t 
an order of magnitude l e s s , e.g., μ - 300 D for hemoglobin. When 
one considers that the voltage sensor most probably occupies a 
small f r a c t i o n of the volume of the protein complex comprising 
the channel, these estimates of the dipole moment of the voltage 
sensor are even more i n t e r e s t i n g . 

For the simple 2-state channel model discussed e a r l i e r , 
values of Ζ from 3 to 20 r e s u l t i n estimated dipole moments of 
the voltage sensor from 1400 to 9600 D resp e c t i v e l y . These values 
of Ζ span the range of values estimated i n the l i t e r a t u r e f o r 
d i f f e r e n t voltage s e n s i t i v e i o n i c channels (6). One consequence 
of these large values of μ i s that i t i s possible for the el e c 
t r i c a l energy of i n t e r a c t i o n between the dipole and the f i e l d to 
be greater than the thermal energy kT at r e l a t i v e l y small pertur
bations i n the membrane f i e l d (less than 1 mV for some channels). 
Induced AC f i e l d s i n membranes from RF or microwave i r r a d i a t i o n 
have been estimated to be t h i s large i n some models (4,5). 
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A key assumption i n the t h e o r e t i c a l discussion given e a r l i e r 

i s that a voltage sensing process e x i s t s with a rel a x a t i o n time 

(or d i s t r i b u t i o n of times) fa s t e r than the fas t e s t time constant 

for i o n i c conductance changes. The fastest conductance changes 

i n the squid axon, with time constant T m on the order of 100 ys, 

involve opening of the Na
+

 channel or sodium a c t i v a t i o n (1). A 

voltage sensor with a minimum re l a x a t i o n time of 100 ys would not 

respond, i n the sense discussed herein, to AC f i e l d s of frequency 

greater than (2πτ π ι)̃
1

 or about 2 kHz. 

Pickard and Rosenbaum, based on several physical arguments, 

place the upper frequency f o r possible i n t e r a c t i o n with the v o l t -

age sensors s o l i d l y i n the microwave region Ç7). On the other 

hand, i n squid (8,9,10) and a number of other preparations (11-

15), one can detect small asymmetrical displacement currents i n 

response to step changes i n membrane p o t e n t i a l which, based on a 

number of l i n e s of evidenc

way with the gating proces

Rojas and Keynes (16) and Keynes and Rojas (17) were able to show 

that the r e l a x a t i o n time constant of t h i s "gating current" was 

very nearly T m over a broad range of membrane p o t e n t i a l s . How-

ever, i t i s not cl e a r whether the measured charge movements are 

due to r e o r i e n t a t i o n of the voltage sensors d i r e c t l y or to d i s -

placement currents a t t r i b u t a b l e to larger protein conformational 

changes ("gating") triggered by perturbation of the voltage sen-

sors by the applied f i e l d . I f the l a t t e r case i s true, t h i s sug-

gests that voltage sensing and ion gating are two separate pro-

cesses each of which may have d i f f e r e n t c h a r a c t e r i s t i c r e l a x a t i o n 

times or d i s t r i b u t i o n of times. The assumption of two separate 

processes i s inherent i n the 2-state model discussed herein. 

Due to c e r t a i n behaviors anomalous to the HH model obtained 

from some preparations i n voltage clamp experiments (18,_19), a 

number of models have been proposed whereby Na
+

 a c t i v a t i o n and 

i n a c t i v a t i o n are coupled in t o a multi s t a t e sequence rather than 

proceeding independently as suggested by HH m-h dynamics. For 

example, consider the following k i n e t i c scheme suggested by Gold-

man and Hahin (20) 

- -
R A± A 2 C I 

yr - 7 

where R, C, and I are the r e s t i n g , conducting, and inactivated 

states r e s p e c t i v e l y and and A2 are activated but non-conducting 

states. In a simulation based on t h i s scheme, i t was necessary 

for one r e l a x a t i o n time to be at least an order of magnitude 

faster than T m i n order to f i t the time course of sodium conduc-

tance during steps i n p o t e n t i a l (20). This k i n e t i c scheme has 

other i n t e r e s t i n g consequences. Due to the sequential nature of 

t h i s model, only one voltage sensor i s required as opposed to 

separate sensors implied for the h and m processes i n the HH 
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model. Furthermore, t r a n s i t i o n through either or both of the 
A states i n the above k i n e t i c scheme may d i r e c t l y involve voltage 
sensing, a separate process from actual channel gating. 

In another k i n e t i c model suggested by Jakobsson, the conduct
ing state i s preceded by an "excited state" which i s entered with 
a rate constant proportional to the time d e r i v a t i v e of membrane 
p o t e n t i a l (19). Thus, membrane p o t e n t i a l perturbations which are 
rapid can r e s u l t i n very small r e l a x a t i o n times. This model very 
succes s f u l l y predicts a wide range of voltage clamp data which 
are w e l l described by the HH equations as w e l l as behavior anom
alous to the HH model which have been seen experimentally. Fur
thermore, a very rapid i n i t i a l process may be a necessary condi
t i o n for any k i n e t i c model to f i t some experimental voltage clamp 
data which i s anomalous to the HH model (E. Jakobsson, personal 
communication). Thus, although relaxât ion times fa s t e r than TJJJ 

r e l a t i n g to channel gatin
i n asymmetrical displacemen
r e t i c a l reasons for expecting that such rapid processes do occur. 

Research on the b i o e f f e c t s of nerve and muscle exposure to 
electromagnetic f i e l d s has resulted i n a l i t e r a t u r e f i l l e d with 
contradicting phenomenology. Thus, a number of researchers have 
published evidence which supports (21,22,23,24) or does not sup
port (25-,-6,27-,-8) the hypothesis that AC f i e l d s can a f f e c t ex
c i t a b l e c e l l s by nonthermal mechanisms. With few exceptions, 
l i t t l e a t t e n t ion has been given to possible underlying mechanisms 
of i n t e r a c t i o n . I t i s hoped that t h i s paper w i l l help to provide 
a r a t i o n a l basis f or design of experiments based on s p e c i f i c 
hypotheses which can be tested i n the laboratory. 
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An ever increasing
out the importance of the effect of imposed and autonomous 
electric fields on developing living systems. Here we 
bring together a number of recent theoretical advances which may 
unravel the nature of these effects in a number of physico-
chemical and biological systems with special attention to effects 
on biopattern formation and signal propagation. 

Overview 

Patterning in biological and physico-chemical systems 
typically involves the spatial variation of ionic concentrations. 
It should thus not be surprising that interesting electric 
effects arise in such systems. We show here that the situation 
in these systems is very rich in important and surprising 
developmental phenomena as has been realized historically in 
isolated studies dating from the last century and more generally 
since the 1940's (8, 28, 53, 54). 

Experiments on the effects of autonomous and imposed elec
tric fields in biomorphogenesis have been done on many systems 
including seaweed eggs, plant roots, nerve and muscle in 
culture, Cecropia oocyte-nurse cell cyncytae, amphibian and 
rodent limb regeneration and wound healing and regeneration in 
man (8, 28, £2.* . It is clear from these experiments that a 
number of different effects come into play in the various 
systems. In the near future this field should lead to a number 
of important theoretical and experimental advances in elucidating 
the detailed mechanisms of developmental biology. One main goal 
of these studies must be to determine to what degree the elec
trical effects play a key role in the developmental process 
rather than being a consequence of some other more fundamental 
pattern forming process. 
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The ef f e c t s to be discussed here f a l l into two c a t e g o r i e s — 
autonomous and induced. In the former case i t i s shown that 
b i o l o g i c a l systems are capable of spontaneously creating t h e i r 
own e l e c t r i c f i e l d s and currents and use them to guide the 
course of development and associated breaking of symmetry. The 
second group of e f f e c t s occurs when e l e c t r i c f i e l d s (or other 
symmetry breaking imposed influences) are applied to a develop
ing or s i g n a l propagating system. Important e f f e c t s also occur 
i n association w i t h the i n t e r p l a y of autonomous and imposed 
e f f e c t s . The very i n t e r e s t i n g e f f e c t s due to high frequency 
imposed f i e l d s are not covered here but are reviewed in Refs. 
_52 and 5k. 

Self-Organizing Bioe l e c t r i c i t y . Since Turing (_l) many 
authors have discussed the idea that a r e a c t i o n - d i f f u s i o n system 
can spontaneously form
aspects of biomorphogenesis
involving reaction and d i f f u s i o n could become unstable to small 
deviations in composition that were of lower symmetry ( i . e . more 
highly patterned) than the i n i t i a l state of the system. This 
was conjectured to be the underlying mechanism whereby b i o l o g i 
c a l systems could self-organize to increasingly higher states of 
order. However, these studies have not provided a framework for 
a quantitative theory of biomorphogenesis in analogy to the role 
played by the Hod g kin-Huxley (HH) theory (2_) of nerve propaga
t i o n . The key factor in developing the HH theory was the e x i s 
tence of a r e l a t i v e l y simple model experimental system, the 
squid giant axon. The many experiments on th i s system allowed 
for the formulation of a phenomonology that can explain many 
quantitative aspects of axonal s i g n a l propagation. In the 
section on c e l l u l a r e l e c t r o p h y s i o l o g i c a l se If-organization we 
s h a l l discuss t h e o r e t i c a l work (2.-7) on the spontaneous genera
tion of electrochemical patterns in single c e l l s and i n p a r t i 
cular i n the early development of the seaweed Fucus (j+, 8 ) . 
I t appears that, because of the r e l a t i v e s i m p l i c i t y of th i s 
system, these ca l c u l a t i o n s lead to the f i r s t morphogenetic 
theory capable of making quantitative predictions on the develop
ment of b i o l o g i c a l patterns. 

In t y p i c a l s i t u a t i o n s of b i o l o g i c a l development the system 
i s under a s i t u a t i o n of changing control parameters (such as 
permeabilities or energy s t o r e s ) . This can mask the existence 
of a Turing pattern formation phenomenon. In the popular view 
of Turing's theory, much has been made of the theory of b i f u r 
cations which assume that system parameters change slowly or not 
at a l l ( 28 ). However, i n Fucus for example, i t i s found that 
permeabilities change on a time scale s i m i l a r to or even shorter 
than that of the growth of small flu c t u a t i o n s from the unpat-
terned s t a t e . To deal with t h i s we introduce a theory of 
dynamical se l f - o r g a n i z a t i o n which develops evolution equations 
for the growing pattern under the influence of changing 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



11. ORTOLEVA Developmental Bioelectricity 165 

conditions. This theory, based on a time dependent Ginzburg-
Landau (TDGL) type formalism, i s sketched below for 
a single c e l l system. 

Autonomous phenomena i n m u l t i c e l l u l a r systems are considered 
in the section on b i o e l e c t r i c patterning i n c e l l aggregates. A 
mathematical model i s considered which describes the c e l l 
aggregate via macroscopic va r i a b l e s — c o n c e n t r a t i o n s and voltage. 
C e l l s are "smeared out" to formulate the theory in terms of 
continuum variables. A nonlinear i n t e g r a l operator i s introduced 
to model the i n t e r c e l l u l a r transport that corrects the cruder 
d i f f u s i o n - l i k e terms usually assumed. This transport term i s 
e x p l i c i t l y related to the properties of c e l l membranes. 

Eff e c t s of Applied F i e l d s . External e l e c t r i c f i e l d s are 
known experimentally to profoundly e f f e c t the course of develop
ment i n single c e l l s an
This i s examined in th
in the context of single c e l l e f f e c t s . A b i o e l e c t r i c theory of 
applied f i e l d e f f e c t s in m u l t i c e l l u l a r aggregates i s presented i n 
a section on b i o e l e c t r i c patterning i n c e l l aggregates. In both 
the single and m u l t i c e l l u l a r cases, the response to external 
f i e l d s under certain " c r i t i c a l conditions" i s shown to e x h i b i t 
" h y p e r p o l a r i z a b i l i t y " such that the system reacts strongly to the 
external f i e l d but in a manner determined profoundly by i t s 
i n t e r n a l dynamics. This h y p e r p o l a r i z a b i l i t y can be "adaptive," 
allowing the system to be programmed to take advantage of exter
nal gradients, or "accidental," demonstrating a large response to 
an external f i e l d that i s not an environmental requirement or 
feature of normal development. Applied f i e l d phenomena may be 
broken up into those leading to "imperfect b i f u r c a t i o n s " and 
those involving induction of new phenomena. An imperfect 
b i f u r c a t i o n (2θ) i s a s i t u a t i o n wherein a small imperfection or 
applied f i e l d breaks the symmetry of the system and thereby 
breaks the symmetry i n the state diagram for the system. The 
induction phenomena arise because the a p p l i c a t i o n of a s u f f i c i e n t 
l y large f i e l d can a c t u a l l y change the dynamics so much that 
d i s t i n c t l y new phenomena, not present i n the f i e l d free medium, 
can a r i s e . 

Signal propagation in b i o e l e c t r i c and physico-chemical 
(Zhabotinskii, £) systems are often accompanied by ioni c species 
gradients. This i s shown i n s i g n a l propagation under imposed 
e l e c t r i c f i e l d s to allow the use of these f i e l d s to not only 
e f f e c t t h i s propagation but also lead to the induction of d i s 
t i n c t l y new phenomena ( 10-1--). 

C e l l u l a r E l e c t r o p h y s i o l o g i c a l Self-Organization 

I t has been shown experimentally (8) f o r some single c e l l 
systems, notably the f e r t i l i z e d Fucus egg, that at a c e r t a i n 
stage of development t r a n s c e l l u l a r ionic currents spontaneously 
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a r i s e . In Fucus these currents and associated e l e c t r i c f i e l d s 
are established despite the absence of any apparent i n i t i a l asym
metry—the Fucus egg s t a r t s out s p h e r i c a l l y symmetrie--and can 
develop in the absence of any e x t e r n a l l y imposed gradients. Thus 
we (2.-7.5 1̂ 0 envision th i s early developmental event i n Fucus as 
a symmetry breaking i n s t a b i l i t y as suggested by the Turing theory 
(JL). In this section we emphasize the se l f - o r g a n i z i n g aspects of 
cert a i n c e l l u l a r phenomena and t h e i r t h e o r e t i c a l d e s c r i p t i o n . 

Although the theory presented here i s i n the s p i r i t of 
Turing's hypothesis, i t d i f f e r s s i g n i f i c a n t l y from Turing 1s mor-
phogenetic model i n that ( l ) the importance of e l e c t r i c a l e f f e c t s 
on i o n i c transport and (2) the key role of the membrane in c e l l u 
l a r processes are accounted f o r . 

Formulation. Consider the c e l l of i n t e r e s t t̂ o be bounded by 
an^outer membrane sp e c i f i e
S(r) = 0 , see F i g . 1. I
the Ν mobile species £ - {c , c ,...c^} evolve according to 5.) 

We have assumed that the mobile species take part in rapid attach
ment detachment (chromatographic) processes with (for s i m p l i 
c i t y ) a single type of fix e d s i t e of t o t a l concentration Y . The 
empty s i t e i s at concentration Y and the s i t e occupied with an 
i-molecule i s at concentration Y? ( ^ _ Q Y £ = Y

T ) · Assuming the 
attachment k i n e t i c s are rapid, tfte 1 s i t e concentrations are at 
the e q u i l i b r i u m values Y e c Kc_) and hence follow the instantaneous 
value of c_. The matrix A^.(c) i s given by 

The fluxes J are found to have the form 

where O\c) and M(c_) are e f f e c t i v e d i f f u s i o n and mobility matrices 
modified by the presence of the f i x e d s i t e s ( 5). The rates of 
the nonchromatographic reaction are denoted R(£) · 

The c e l l communicates with the external world through the 
outer membrane at S(r) = 0 . This i n t e r a c t i o n i s represented 
mathematically v i a the boundary conditions, namely 

where we neglect the membrane f l u x of the mobile species along 
the membrane. The transmembrane f l u x of mobile species i i s 
taken to be po s i t i v e i f directed into 1 the c e l l . accounts 
for both active and passive processes. We focus on slow 
processes of development here so that time delays associated with 
transmembrane fluxes are neglected. 
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The presence of i o n i c species at b i o l o g i c a l i o n i c strengths 
imposes the condition of charge n e u t r a l i t y . In the presence of 
the chromatographic e f f e c t s accounted for i n ( l ) we have 

where z. and y are the valences of mobile species i and the empty 
fixed s i t e r e s p e c t i v e l y . 

The outer c e l l membrane contains molecules such as pumps or 
ca r r i e r species which profoundly e f f e c t the transmembrane fluxes 
jM of the mobile species. Since these membrane bound molecules 
often have charged groups they may be moved by voltage gradients 
along the outer membrane (15). These two factors allow f or im
portant feedback e f f e c t s which can (2.-8), as we s h a l l see, lead 
to c e l l u l a r e l e c t r o p h y s i o l o g i c a
introduce a set of specie
centrations Γ(ξ , f , t) that depend on a set of c u r v i l i n e a r 
coordinates ξ , 2ξ Specifying a location on the outer membrane. 
I f we negleet 2reactions changing the concentration of these 
species then Γ i s taken to s a t i s f y 

Here 7 i s a gradient operator along the surface S(rj^ 3 3 0 defining 
the outer membrane. The e l e c t r i c f i e l d s -V V* and - 7 V 6 along the 
outer membrane, at the membrane i and e interface respectively 
(see F i g . l ) may both act on the membrane bound species; the 
ultimate r e s u l t depends on the sign of the charged ends of these 
molecules s t i c k i n g out into the i or e regions.. This int e r p l a y i s 
re f l e c t e d v i a the l a s t two terms in (7) where ̂  and ̂  represent 
a diagonal matrix of m o b i l i t i e s ^ m u l t i p l i e d by a diagonal 
matrice z 1 ? e whose diagonal elements z 1 and z e are the valences 
of the i and e charged end of membrane species 01· 

Quasi-Steady State C a 2 + Mediated Membrane Feedback Models. 
An extensive l i t e r a t u r e e x i s t s to point out the active r o l e of 
C a 2 + i n many b i o l o g i c a l processes ( 1 7 ) · Jaffe has suggested that 
thi s might indeed be of relevance to Fucus development ( 8 ) . We 
now show how a number of physical properties of C a 2 + strongly 
suggest such a role and that these factors lead the way to a 
number of approximations that y i e l d a simple i n t u i t i v e model for 
the spontaneous generation of c e l l u l a r e l e c t r o p h y s i o l o g i c a l 
patterns. 

The model we s h a l l derive focuses on the important role of 
the outer membrane. We f i r s t assume that the slowest process i n 
the developmental scenario i s the migration of membrane bound 
molecules along the membrane. This i s manifest i n the fa c t that 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



168 BIOLOGICAL EFFECTS OF NONIONIZING RADIATION 

the transport c o e f f i c i e n t s d, J J 1

'
6

 i n (7) are small for the large 

molecules which we s h a l l assume to most dramatically e f f e c t the 

M 

transmembrane fluxes J . Because of th i s time scale separation, 

the bulk processes a d i a b a t i c a l l y follow the instantaneous value 

°f £(ξ 9 ξ ? 0 and hence by introducing an appropriate smallness 

parameter we can a r r i v e , v i a the usual arguments, to quasi-steady 

state bulk equations; ( l ) becomes 

and (k, 5) are unchanged. 

Transport i n the outside medium, t y p i c a l l y seawater as for 

developing Fucus, i s r e l a t i v e l y f a s t and may even be aided by 

s t i r r i n g . Thus from an evolutionary perspective we do not expect 

that b i o l o g i c a l s e l f - o r g a n i z a t i o n for free single c e l l s should 

t y p i c a l l y depend strongl th developmen f l gradient

for spontaneous patter

cients D and M for the repres

ations from uniformity and hence we assume the external problem to 

be l i n e a r i z a b l e . Assuming R in the external world i s zero (8) 
becomes Dv

2

Ô£ + Me ^ÔV = 0 where superscript "h" denotes the 

average culture medium value, δ£ = £ - £ and ÔV = V - V*
1

. Since 

D i s i n v e r t i b l e and charge n e u t r a l i t y i n the outside world (free 

of chromatographic e f f e c t s ) v i e l d s 

we see that outside. But the transmembrane 

f l u x i s r e l a t i v e l y slow compared to the bulk f l u x i n e. Hence to 

lowest order i n the smallness of the r a t i o of the J_ transport 

c o e f f i c i e n t s to those of D and M we see that the normal deriv a t i v e 

à(])Ô£ + Mc^ôvVdn vanishes. Again since JJ i s i n v e r t i b l e t h i s can 

be used to show that dôv/dn = 0 and dÔ£/dn = 0 . Thus Ô£ and ÔV 

are found to be small i n the outside world since the s o l u t i o n of 

the problem ^0
 s 0 , 'άφ/'άη " 0 has the unique so l u t i o n 0 ^ 0 

i d e n t i c a l l y i f i t i s zero at any one point. Thus we s h a l l assume 
that £ and V i n e are fixed at t h e i r bath values £°% V00 = 0 where 
we take the convention that the voltage i s defined to be zero at 
i n f i n i t y . (These assumptions w i l l be relaxed l a t e r in the context 
of the e f f e c t s of e x t e r n a l l y applied e l e c t r i c f i e l d s . ) 

An i n t u i t i v e and mathematically elegant reduced model ar i s e s 
i f we assume that the main nonlinear feedback i s due to the mobile 
membrane bound species a f f e c t i n g the d i s t r i b u t i o n of ions which 
modifies the voltage and hence feeds back int o the Γ equation. I f 
we r e t a i n only the l i n e a r response of the bulk to the deviation of 
Γ from i t s uniformally d i s t r i b u t e d value the problem may be 
reduced to a closed equation for Γ as follows. For s i m p l i c i t y 
here we neglect the e f f e c t of reactions, R = 0 , in the c e l l i n 
t e r i o r for the i o n i c species of i n t e r e s t "(Na+, K +, Ca 2 + , C l " , 
e t c . ) , r e t a i n i n g the chromatographic reactions o n i y . h

T n e u n i " u 
form state £ h, ^Vh s v i h - V e h i s given by solving J

H

(ç , £°% AV, 

Γ
η

) 0 with (5) where superscripts i , e indicate that quantities 
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are evaluated at the interface between i or e and the outer mem-

brane. For the homogeneous state they therefore indicate t h e i r 

constant values i n the relevant domain. Small deviations δ£ and 

ÔV from the homogeneous state then obey Laplace
T

s equation 

The l i n e a r i z e d boundary conditions take the form 

for a system of Ν mobile bulk and Β membrane bound species. The 

charge n e u t r a l i t y condition 

completes the theory. A l l quantities i n the expressions for C, 

V, g'and £ are evaluated at the uniform state c , V , Γ . 

One of the s p e c i a l features of C a
2 +

 i s that i t tends to bind 

rather strongly to many fi x e d s i t e s ; hence, since [Ca
2 +

*] i s small 

i t i s easy to show that ^Y ^ 2+/^[Ca 2 +

] i s large. This tends to 

repress ô[Ca
2 +

] because of i t s amplified e l e c t r i c a l e f f e c t 

(through ζ 2 + i n (12 ) ) . Since [ C a
2 +

]
h

 and ô[Ca
2 +

] are small, i t 

i s i n s t r u c t i v e to assume for the moment that ( l l ) f or C a
2 +

 becomes 

For species l i k e Na , Κ and C l the transport c o e f f i c i e n t s i n the 

c e l l i n t e r i o r are e s s e n t i a l l y those in seawater and hence the RHS 

of ( l o ) i s n e g l i g i b l e . This implies that dôc./àn κ -DT
1

M.cl?ôôv/ôn 

for these species (assuming diagonal d i f f u s i o n for s i m p l i c i t y ) . 

For c e l l s of general e l l i p s o i d a l geometry (that includes spheres, 

c y l i n d e r s , etc. as s p e c i a l cases) i t i s easy to show that for the 

above-mentioned species the boundary condition implies 6c^ = 

-(M^c^/D^)ÔV. Hence combining th i s with (13) the voltage devia-

tion ÔV inside the c e l l becomes 

where 
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Thus with (6), taking d and JJ,1 to be constant and repressing the 
superscript i on u 1, we get 

a closed equation i n Γ. 
To i l l u s t r a t e the behavior of the model l e t us consider the 

case of one species bound to the membrane, Β « 1. Then small 
deviations 6Γ from the uniform state Γ s a t i s f y 

From thi s i t i s clear tha
u < 0 and the membrane
organize i n a patterned d i s t r i b u t i o n on the membrane. For t h i s 
to occur we see that Q, a measure of the feedback strength, must 
be s u f f i c i e n t l y large (and μ(} < θ ) . 

This simple picture breaks down i n a number of s i t u a t i o n s . 
I f the perturbations vary s u f f i c i e n t l y r a p i d l y i n space then the 
B[Ca 2 +]/^n term, dropped from ( 1 3 ) , becomes important and s t a b i l 
izes these short length scale perturbations. Mathematically we 
f i n d (5.-7j 19) that t h i s e f f e c t manifests i t s e l f i n the f a c t that 
2 in ( I 5 T has a much more complex structure; Q i s an i n t e g r a l 
operator that acts to diminish the e f f e c t of short length scale 
perturbations. 

Focusing attention on the case of s p h e r i c a l geometry, patterns 
a r i s e i n association with the spherical harmonics Υ. (θ , 0 ) (where 
9 , 0 are the usual polar coordinate angles) . Conditions i n the 
environment and i n the c e l l i n t e r i o r can thus determine the &-
symmetry of the emergent pattern. This suggests that under cer
tain conditions such a system might have some d i f f i c u l t y i n d i s 
criminating which ,0-symmetry pattern to acquire. In f a c t i n Fucus 
where I — 1 i s the normal s i t u a t i o n , 1 - 2 (double r h i z o i d 
leading to double root system) patterns are sometimes observed. 
Thus this " b i r t h defect" could be due to decreased C a 2 + i n t r a 
c e l l u l a r e f f e c t i v e transport c o e f f i c i e n t s caused, for example, by 
an overabundance of C a 2 + binding s i t e s . Decreased [ C a 2 + 1 in the 
medium might also be expected to favor multi-rhizoidism for 
s i m i l a r reasons. 

A complete analysis of a C a 2 + type model for the early 
development of Fucus has been carried out (5. -7)· I t w a s f°un(l 
that early developmental phenomena can be q u a n t i t a t i v e l y des
cribed using a v a i l a b l e Fucus transport and fixed Ca 2 binding 
s i t e data obtained experimentally. An important feature of t h i s 
type of c a l c u l a t i o n i s that i t provides a framework with which 
one may integrate a wide range of complex experimental data and 
sort out which experiments are most c r u c i a l . Many detailed 
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comparisons of the theory and experiment are found in Ref. 5 
where the i n s t a b i l i t y of the s p h e r i c a l l y symmetric state of the 
Fucus egg i s studied. Both in the theory and the experiments the 
i n s t a b i l i t y i s found to occur less than an hour a f t e r f e r t i l i z a 
t i o n . Also, spontaneously growing t r a n s c e l l u l a r i o n i c currents, 
as shown schematically in F i g . 2 , are found to a r i s e . 

Nonlinear Aspects of C e l l u l a r Se If-Organization. A li n e a r 
s t a b i l i t y analysis l i k e that carried out in the previous sec
tion can give much insi g h t into the conditions needed for pat
tern formation and the symmetry of the emerging structure, but 
i t cannot determine the amplitude of the structure. The l a t t e r 
requires a nonlinear a n a l y s i s . The nonlinear analysis also 
y i e l d s information about the s t a b i l i t y of the emerging patterns 
to small perturbations and sometimes rules out patterns that 
appear to be possible fro
been shown by a number
far from the point of onset of i n s t a b i l i t y , then the emergent 
structure can be analyzed via b i f u r c a t i o n theory (18). The main 
idea of this approach i s to formulate the equations in such a way 
as to just balance the tendency towards l i n e a r i z e d (exponential) 
growth of a perturbation with the dominant nonlinear term i n a 
small amplitude expansion. (Actually this i s termed a "normal" 
b i f u r c a t i o n ; for an "inverted" b i f u r c a t i o n the tendency towards 
decay of the perturbation according to the l i n e a r i z e d dynamics 
is balanced off by the dominant nonlinear growth process.) 
B i f u r c a t i o n analysis has been applied to the Fucus problem and 
d e t a i l s are to be found i n Ref. 7 for the f u l l equations and in a 
reduced q u a s i s t a t i c model in Ref. 19· 

I t i s shown in Ref. 19 that, i f we assume that the bulk 
dynamics a d i a b a t i c a l l y follows the evolution of the membrane 
bound species and does so i n l i n e a r response to them, ( l 6 ) gets 
replaced by (assuming a single relevant membrane species, Β = 1, 
for s i m p l i c i t y ) 

Here i s a parameter and Κ i s a lin e a r i n t e g r a l operator such 
that 

P h y s i c a l l y i s (modulo constants) the net e l e c t r i c a l 
force on the"T molecule along the membrane as induced by an i n -
homogeneous d i s t r i b u t i o n of Γ over the c e l l surface. In ( l 8 ) 
ξ ,ξ are c u r v i l i n e a r coordinates specifying points on the c e l l 
s u r f a c e and daj i s an area element on the c e l l surface. The 
kernel Κ may be e x p l i c i t l y related to the membrane f l u x ( l i n e a r 
ized around the symmetric state) and the transport c o e f f i c i e n t s 
in i and e and i s discussed further below and i n Ref. 19. 
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S>0 
"e" 

Figure 1. Schematic of geometry of a 
single cell bounded by a membrane de
fined by the mathematical surface

= 0. 
The cell interior, Region " i " (S < 0), inter
acts with the environment, Region "e" (S > 
0), via the membrane (S = 0). The same 
notation is also used for the case where the 

above object represents a cell mass. 

S<0 

(a) (b) 

Figure 2. Self-organized ionic current loops found both experimentally and theo
retically in the single-cell state early development of the egg of the seaweed Fucus. 
Patterns (a) and (b) correspond to \ — 1, 2 pattern symmetries, respectively. The 1 = 1 
pattern is the normal course of development for Fucus and is the primary developmental 
event that sets the direction and sense of the later development that allows for the (leaf, 
stem) — (root) differentiation. The 1 = 2 patterns also are observed experimentally as 

occasional "birth defects" where two roots germinate. 
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Steady state solutions of ( l 8 ) are e a s i l y obtained because 
for s i m p l i c i t y here Γ i s assume^ not changed dû e to any chemical 
reaction. Hence the^flux of Γ, j = ̂ d[v Γ + λΓν ΚΓ], i s zero at 
steady state. Thus V ^ M 1 + λΚΓ) = 0 an§ hence S 

where Η i s a constant ( e s s e n t i a l l y the electrochemical p o t e n t i a l 
of Γ) to be determined by a conservation condition as follows. 
F i r s t we choose units so that when uniformally d i s t r i b u t e d Γ has 
the value 1. Since Γ i s assumed not to be alte r e d by reactions 
the t o t a l amount of the membrane bound molecule, § dour, i s the same 
regardless of the d i s t r i b u t i o n of Γ and hence 

where A i s the t o t a l area of the c e l l surface  Rewriting (2θ) i n 
the form Γ = βχρ{Η-λΚΓ
and hence (20) becomes 

a convenient closed equation for Γ. 
Bif u r c a t i o n of e l e c t r o p h y s i o l o g i c a l symmetry breaking pat

terns occurs i n this model when (22) just admits Γ d i s t r i b u t i o n s 
which are a small deviation γ = Γ-l from the uniform state Γ = 1. 
A convenient parameter to follow i s λ (an e x p l i c i t l y given com
bination of rate, transport and bath medium composition) which 
d i r e c t l y measures the feedback e f f i c i e n c y at which a disturbance 
in Γ causes a voltage disturbance that i n turn creates a f l u x of 
Γ. Indeed at λ = 0 the only solution of (22) i s the uniform 
state Γ = 1. To proceed with the b i f u r c a t i o n theoretic calcu
l a t i o n of the emerging asymmetric d i s t r i b u t i o n we seek a develop
ment of Γ i n powers of the deviation of λ from some appropriate 
c r i t i c a l value λ for a given emerging pattern symmetry. I t i s a 
standard device i n b i f u r c a t i o n theory to introduce a measure e of 
the amplitude of the emergent pattern. I t i s not wise to expand 
d i r e c t l y i n X-\ for i t i s found here, as in other examples of 
bi f u r c a t i o n phenomena, that the amplitude of the pattern often 
emerges as some power other than l i n e a r i n \-\ . The standard 
procedure i s to introduce expansions as follows: 

The power of \-λ at which the amplitude of the pattern emerges 
depends on the η value of the f i r s t nonzero λ that the equations 
allow. A t y p i c a l case i s λ = 0, λ Φ 0. Hence for λ — λ 
e oc ( X - X c ) 1 / 2 in th i s c a s e ^ e α (λ-^) i s also common. 
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To see the structure of the theory l e t us consider a spher
i c a l c e l l . In that case the kernel Κ can be w r i t t e n conveniently 
i n terms of the spheri c a l harmonics 

Κ = Σ Σ k Y (θ , 0)Υ*(θ ' , 0 · ) . (25) 

In t his case i t i s e a s i l y seen that the Y. are eigenfunctions of 

OT* = k * Y * > m = - Λ , - J G + 1 , . . . , 0,...JG. (26) Xm χ Xm 
This property w i l l now be shown to f i x the geometries of the 
emerging structures. 

The b i f u r c a t i o n theory for a spheri c a l c e l l proceeds by 
putting (23,2*0 into (22) with ( 2 5 ) . To order e° = 1, (22) i s 
s a t i s f i e d automaticall ·1  θ,$
order e we get the l i n e a

£ U ) y = 0 , X ( i ) = 1 + λ ( i ) [ l - 7 do)]K (27) 
1 C A 

where the i n t e g r a l over the sphere i s applied to the r e s u l t of 
everything to the r i g h t . Because of (26) we see that there i s one 
value of \- for each denoted λ ( i ) , such that 

X C U ) - - l / k j . ° (28) 

For a given i, ν i s a (r e a l ) l i n e a r combination of the Υ. , 

Y s Σ gY, , / * 1, (29) 

corresponding to a pattern of "quantum number" I. To th i s order 
in the theory the g's are not given. 

To proceed further we c o l l e c t terms to order e 2 for each 
emerging i - p a t t e r n . We f i n d 

X ( i ) Y - 1/2 + \ k , v = - JW- (30) 

For the egg of Fucus the pattern most commonly found i s the Ζ = 1 
(dipolar) structure. For thi s case one finds by multiplying by 

Y l m a n d i n t e 8 r a t i n g i T d a j = sinGdG that = 0. One then 

may f i n d γ in terms of γ . In the next order ( e 3 ) we f i n a l l y 
f i n d that \ φ 0 and one obtains a cubic equation for the ampli
tude factor? g , m = 0 , ± 1 . The b i f u r c a t i o n diagram for t h i s 
case i s shown Tn F i g . 3 a « More d e t a i l s are found i n Ref. 19» 

These b i f u r c a t i o n c a l c u l a t i o n s have been w i t h i n the scope of 
the model (18). A b i f u r c a t i o n theory based on the complete 
equations of the section on formulation i s given i n Ref. 7 where 
a detailed comparison with experiments on Fucus i s presented. 
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D y n a m i c a l S e l f - O r g a n i z a t i o n . When the p a r a m e t e r λ p a s s e s 
s l o w l y t h r o u g h λ ( 1 ) , t h e b i f u r c a t i o n p i c t u r e o f the p r e v i o u s 
s e c t i o n a c c u r a t e l y d e s c r i b e s the s y s t e m . However, i n F u c u s , and 
p r o b a b l y i n many o t h e r e x a m p l e s , t h i s t ime s c a l e s e p a r a t i o n 
between the c h a r a c t e r i s t i c t ime on w h i c h λ v a r i e s and the t ime t o 
o b t a i n the p a t t e r n e d s t a t e does n o t h o l d . Thus a d y n a m i c a l t h e o r y 
a l l o w i n g f o r the i n t e r p l a y o f t h e s e two t ime s c a l e s i s r e q u i r e d to 
c h a r a c t e r i z e the d e v e l o p m e n t a l s c e n a r i o . A n a t u r a l f o r m a l i s m to 
d e s c r i b e t h i s p r o c e s s i s t h a t o f t ime d e p e n d e n t G i n z b u r g - L a n d a u 
(TDGL) e q u a t i o n s used s u c c e s s f u l l y i n o t h e r c o n t e x t s o f n o n e q u i -
l i b r i u m phase t r a n s i t i o n s ( 2 7 ) » 

1. TDGL F o r m a l i s m . Our o b j e c t i s t o o b t a i n a d y n a m i c a l 
e q u a t i o n d e s c r i b i n g the o n s e t o f a p a t t e r n . The TDGL method has 
two main f e a t u r e s : i t ( l ) i d e n t i f i e s a few v a r i a b l e s t h a t s p e c i f y 
the p a t t e r n and (2) d e v e l o p s r e l a t i v e l y s i m p l e e q u a t i o n s f o r t h e s e 
v a r i a b l e s i n the l i m i t wher
p o i n t o f m a r g i n a l s t a b i l i t y . We s h a l l d e v e l o p t h e s e i d e a s 
s p e c i f i c a l l y i n terms o f the F u c u s - t y p e t h e o r y o f the p r e v i o u s 
s e c t i o n and i n p a r t i c u l a r n e a r c o n d i t i o n s w h e r e i n the Ji = 1 
d i s t u r b a n c e j u s t becomes u n s t a b l e . 

The f o r m a l i s m i s most e a s i l y c a s t i n terms o f an e x p a n s i o n 
f o r γ = Γ - l i n terms o f the s p h e r i c a l h a r m o n i c s 

Y V 8 - ( t ) Y « ™ ( M ) - ( 5 1 ) 

The p a r t i a l i n t e g r o - d i f f e r e n t i a l e q u a t i o n (18) c a n be t u r n e d i n t o 
a n i n f i n i t e sequence o f e q u a t i o n s f o r the g - m by i n s e r t i n g (31) 
i n t o ( l 8 ) , m u l t i p l y i n g by Y * and i n t e g r a t i n g o v e r a l l s p h e r i c a l 
a n g l e s (jdu)) : we f i n d - v 

mm (32) 

B - m ' r m , = - i ( i + l ) k J d o > Y * Y , Y , f f + k,/du>Y* V Y , -7Y,, ,. 
μν lm μν im-'m' i* μν s ira si'm' 

The key t e c h n i c a l and p h y s i c a l a s s u m p t i o n i s t h a t the s y s t e m i s 
c l o s e t o the c o n d i t i o n s w h e r e i n the Ji = 1 modes a r e j u s t u n s t a b l e , 
i . e . λ i s n e a r - l / k . T h i s i m p l i e s t h a t i f the p a t t e r n ( γ / θ ) i s 
s m a l l i n i t i a l l y t h e n i t w i l l r e m a i n so s u b s e q u e n t l y and w i l l 
change s l o w l y i n t i m e . Thus we i n t r o d u c e a s c a l i n g p a r a m e t e r e 
t o measure how c l o s e we a r e t o the c r i t i c a l p o i n t , i . e . 

λ = - l / k + a e
2 (33) 

where a i s o f the o r d e r u n i t y and sweeps t h r o u g h z e r o as the s y s 
tem p a s s e s t h r o u g h c r i t i c a l i t y f o r the JL - 1 mode. From the 
b i f u r c a t i o n t h e o r y we e x p e c t the Ji = 1 p a t t e r n a m p l i t u d e t o s c a l e 
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g 

0 
0 λ Γ(1) 

c λ 

Figure 3a. Bifurcation plot for Fucus showing the amplitude of the normal (\ = 1 ) 
currents g plotted against λ, a measure of the time after fertilization. 

Figure 3b. Dynamical TDGL-type theory compared to popular bifurcation theory. 

The TDGL theory is a dynamical theory that yields the dependence of the mode ampli
tude g on time. Such a dynamical theory is needed for many developing biological sys
tems where parameters are changing on the same scale as the growing pattern. The 
bifurcation theory is limited to the extreme case where the biological parameters in the 
pattern formation mechanism change very slowly. As the parameter changes more 

slowly, the TDGL results ( ) approach the bifurcation theory ( ). 
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l i k e ( i . e . be proportional to) g as e 0 whereas the amplitude of 
the Ζ φ 1 modes should come into the next order, i . e . as e 2. Also 
the l i f e t i m e of the c r i t i c a l mode goes l i k e the inverse of the 
li f e t i m e of small perturbations from the spheri c a l state (obtained 
by l i n e a r i z i n g (32) by simply dropping the quadratic B-terms). 
Hence the c h a r a c t e r i s t i c time for the growth of the pattern i s of 
order l / e 2 and we need an appropriate new time variable τ that 
characterizes the slow time scale of i n t e r e s t near c r i t i c a l i t y . 
Thus we postulate solutions of the form 

g l m = e Y l m ( T ) 

t = T / 

As e -» 0 the dynamics o
of the slow, I = 1, modes
ting e 0 we get the "adiabatic following" r e l a t i o n 

, ( , n ) ( V k ) Y - V-' l m'Y l mY l m,, μ - ι. (35) 
- mm -

Thus the f a s t modes follow the slow 1-modes. To obtain the 
equation f o r the slow mode amplitudes Y-v? ν = 0 , ± 1 , we put (3*0 
into (32) for ν = 1, take e -+ 0 and in s e r t the adiabatic following 
r e l a t i o n (35) to obtain 

d Y i I 
T l v 0 ,mmT (-?r\ - 2 a Y l v - s b v Y l m Y l m , Y l v (36) 

mm 
m+m' =0 . , , mm' - , . _>6m,-tmt

 m. . . where the b can be related to the Β . This i s the 
sought a f t e r TDGL. I t gives an equation of motion f o r the am
plitudes of the self - o r g a n i z i n g e l e c t r o p h y s i o l o g i c a l pattern. 

2 . Temporal Development of Pattern. The solutions of th i s 
TDGL for the amplitude of the pattern are q u a l i t a t i v e l y as seen 
in F i g . 3 d · Note that th i s dynamical pattern forming phenomenon 
is q u a l i t a t i v e l y d i f f e r e n t from the b i f u r c a t i o n structure of 
Fi g . 3 a when constraint parameters (here λ) change on a time 
scale comparable to that of the growth of pattern. 

In F i g . 3b we see how a small i n i t i a l pattern (γ small, 
γ = 0 at t = θ) f i r s t decreases and then begins to-'-grow as λ 
exceeds λ ( l ) = - l / k . 

Under t y p i c a l conditions of development the system has noise, 
e i t h e r imposed or inherent molecular f l u c t u a t i o n s . To describe 
th i s case we must add the e f f e c t of noise which may be simulated 
via a noise source on the RHS of the TDGL. S t a t i s t i c a l analysis 
of TDGL*s has been developed in a number of papers (see Ref. 27) 
and should be of in t e r e s t i n the present s i t u a t i o n i n evaluating 
applied e l e c t r i c f i e l d experiments on single c e l l 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



178 BIOLOGICAL E F F E C T S O F NONIONIZING RADIATION 

e l e c t r o p h y s i o l o g i c a l s e l f - o r g a n i z a t i o n to be discussed i n the 
section on c e l l s i n external gradients. Further discussions of 
TDGL theory are given i n the section on c e l l u l a r se If-organization 
mechanisms and in the next subsection in the context of pattern 
s t a b i l i t y . 

Exchange of S t a b i l i t y . The TDGL method provides a procedure 
for determining the s t a b i l i t y of the patterned states near the 
b i f u r c a t i o n point. Let us sketch the main ideas for the JL = 1 
steady state patterns under the s i m p l i f i c a t i o n that the develop
mental time scale i s very long compared to the time to generate 
patterns, i . e . we neglect the time dependence_of a and b i n ( 3 6 ) · 
With this (36) y i e l d s steady state solutions obeying 

From the symmetry of the problem i t i s clear that there are 
azymuthally symmetric solutions (γ = θ ) , implying that the non-
t r i v i a l , (γ Φ θ) solution i s g i v e i i D y 

1 0 

and that a l l other solutions to (37) are obtained by rotations 
of the s o l u t i o n ( 3 8 ) . 

From the TDGL i t i s clear that the symmetric state γ 1 = 0 
becomes unstable as a goes from p o s i t i v e to negative. L e t t i n g 
Υ " Υ + δ , γ . = 0 , the TDGL for small δ becomes 

1 0 1 0 1 0 i ± 1 0 

and hence the 1 ,0 pattern i s stable where the s p h e r i c a l l y sym
metric state i s unstable. A c t u a l l y t h i s overs implis t i c treatment 
neglects perturbations of the 1 ,0 pattern with respect to 1,± 
perturbations (not to mention i φ 1 perturbations). The main 
r e s u l t of a more complete treatment i s that the dipole Ζ = 1, 
pattern i s stable except that i t i s only marginally stable to a 
r o t a t i o n of the axis of the p o l a r i t y because of the r o t a t i o n a l 
invarience of the problem. 

Other C e l l u l a r Se If-Organization Mechanisms. Much emphasis 
has been placed in thi s section on the membrane based C a 2 + models 
involving charged membrane transport mediating species. However, 
a host of p h y s i c a l l y reasonable c e l l u l a r s e l f - o r g a n i z a t i o n phen
omena present themselves. In thi s subsection we s h a l l b r i e f l y 
discuss some of them. 
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1. Classic Turing Models. The most w e l l studied models of 
spontaneous pattern formation are based on Turing Ts o r i g i n a l idea 
that symmetry breaking in biomorphogenesis occurs v i a an i n s t a 
b i l i t y i n a re a c t i o n - d i f f u s i o n system. In order for t h i s to be 
operative the time scales for reaction and d i f f u s i o n must be 
comparable. Since c e l l u l a r systems are i n general quite small 
the d i f f u s i o n term w i l l be very large unless at least one species 
involved in the pattern formation has a s u f f i c i e n t l y small d i f f u 
sion c o e f f i c i e n t . Thus C a 2 + and Very large molecules are prime 
candidates for relevant pattern forming species. A Turing type 
model was used for the study of spherical systems with p o t e n t i a l 
a p p l i c a t i o n to c e l l s but without e l e c t r i c a l e f f e c t s (̂ jO, ^ l ) . 

2 . Secondary B i f u r c a t i o n s . A secondary b i f u r c a t i o n occurs 
when a pattern that arose from the unpatterned state i t s e l f be
comes unstable (as a paramete
and a new pattern of s t i l
phenomenon has i n t e r e s t i n g b i o l o g i c a l consequences as pointed out 
i n Ref. hl^where a spherical model of a b i o l o g i c a l system (without 
e l e c t r o p h y s i o l o g i c a l processes included) was analyzed. I t was 
found that, beyond a c r i t i c a l value of a b i f u r c a t i o n parameter 
the = 1 pattern changed to an = 2 - l i k e pattern. I t would be 
very i n t e r e s t i n g to introduce electrophysiology into t h i s 
consideration. 

One p a r t i c u l a r l y i n t e r e s t i n g a p p l i c a t i o n of these ideas i s to 
the problem of double r h i z o i d formation i n Fucus (19). Indeed do 
these a r i s e d i r e c t l y from a = 2 b i f u r c a t i o n from the s p h e r i c a l l y 
symmetric state or a f t e r the egg passes through the normal = 1 
pattern? In thi s context i t i s useful to combine the TDGL method 
and the Keener theory (50) to produce a formalism capable of des
c r i b i n g the dynamics of the problem as we discussed i n the 
section on dynamical s e l f - o r g a n i z a t i o n . 

5 . Membrane Flux Law Feedback. I t has been shown that 
n o n l i n e a r i t y on the boundary of a system can allow for the e x i s 
tence of waves, s t a t i c patterns, o s c i l l a t i o n s or multiple steady 
states even when no in t e r e s t i n g nonlinear phenomena can occur i n 
a s i m i l a r system with no sp e c i a l processes occuring i n the bulk 
of the medium (5^). This idea was applied i n Réf. k to a model 
of spontaneous generation of patterns i n which a Ca 2^ regulated 
C a 2 + pump played a ce n t r a l r o l e . I t was shown that even i f the 
pump molecule could not move along the membrane, symmetry breaking 
could occur. A key feature of C a 2 + that made the model work at 
ph y s i o l o g i c a l l y relevant pump and d i f f u s i o n rates was the small 
rate of transport of C a 2 + in most c e l l i n t e r i o r s because of fixe d 

p_l_ *· 
Ca binding s i t e s . The model was f u l l y e l e c t r i c i n nature. I t 
was shown that under c e l l u l a r conditions the d i f f u s i o n term can 
sometimes dominate the electromigration term i n the ion f l u x so 
that p o s i t i v e ions can a c t u a l l y move up a voltage gradient. 
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k. Autocatalytic Local Incorporation Models. At some 
stages of development certain molecules are produced inside a 
c e l l . For example, just after oocyte f e r t i l i z a t i o n a number of 
types of molecules are produced or released from stores. If these 
molecules are ( l ) charged, (2 ) can be incorporated in the mem
brane and (3) effect transmembrane fluxes of species (notably 
Ca 2 ) that can build up transcellular gradients (because of low 
d i f f u s i v i t y ) then a positive feedback loop can be set up that 
allows for self-organization. For example, suppose these mole
cules are p o s i t i v e l y charged, i n i t i a l l y uniformally distributed 
(i n a burst of release from uniformally distributed stores) and 
f a c i l i t a t e the active transport of Ca 2 out of the c e l l . If 
there i s , for example, a concentration fluctuation of this mole
cule (denoted M) SO as to create a l o c a l maximum of M near the 
"north pole," then more M w i l l be incorporated in the membrane 
there. This would caus
and hence a loc a l voltag
more of the positive M ions to the north pole, completing the 
positive feedback loop. Note that the slowness of C a 2 + diffusion 
across the c e l l is what allows a C a 2 + and C a 2 + binding s i t e 
gradient to build up and hence cause a voltage gradient s u f f i c i e n t 
to drive more M ions to the region. 

5. Phase Transitions and Freezing in Nonequilibrium 
Structures. Turing's theory provides a mechanism for the auto
nomous generation of b i o l o g i c a l organization. It has been shown 
by Prigogine and Glansdorf and the Brusselles school that a 
necessary condition for the existence of these phenomena is that 
the system be s u f f i c i e n t l y far from equilibrium ( 2 £ ). Thus i t 
takes a constant flow of free energy to sustain these patterns 
and one might wonder i f b i o l o g i c a l systems could, at least in 
some cases, invoke some mechanism of freezing in a pattern once 
i t has been set up to avoid this expenditure (2.). 

One possible such mechanism for f i x i n g a pattern is to have 
a phase transition. For example, i f the pattern is in terms of a 
d i s t r i b u t i o n of large molecules on the outer membrane surface, as 
in the Fucus -li k e models discussed here, then a membrane phase 
transition from a more l i q u i d - l i k e to a more c r y s t a l - l i k e state 
of the membrane could essentially immobilize the membrane bound 
species and freeze in the pattern. In fact several hours after 
f e r t i l i z a t i o n in Fucus the l a b i l i t y ( r o t a t a b i l i t y ) of the polar 
axis s i g n i f i c a n t l y decreases. Indeed this freezing of the Fucus 
patterning is not easily explained in terms of a Turing mechanism 
since the rotational symmetry of the Fucus egg, as discussed 
previously, implies that the e l e c t r i c a l polarity is not stable 
(or more precisely is marginally stable) to polar axis rotation. 

Other mechanisms for f i x i n g patterns involve laying down 
membranes to catch the prepattern (-). For example, i f there is 
an (m = 0 , JL = l ) - l i k e composition pattern before c e l l d i v i s i o n 
and i f divi s i o n occurs p a r a l l e l to the equator, then (as in Fucus) 
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the two progeny are l e f t compos i t i o n a l l y d i f f e r e n t - - i . e . c e r t a i n 
molecules that cannot permeate the membrane between the progeny 
are forced to be l o c a l i z e d i n one of the c e l l s . 

C e l l s i n External Gradients 

L i v i n g systems must be able to se If-organize i n f l u c t u a t i n g 
or anisotropic environments and thus, as discussed before, have a 
cer t a i n degree of autonomy. However, they must also be able to 
respond to c e r t a i n external gradients for s u r v i v a l . Plants, for 
example, want to grow with roots down and leaves up. In f a c t the 
d i r e c t i o n of p o l a r i t y of the I - 1 (see F i g . 2) state of Fucus 
can be fi x e d by u n i d i r e c t i o n a l l i g h t , the location of other 
neighboring c e l l s or e x t e r n a l l y imposed e l e c t r i c f i e l d s . The res
ponse of developing c e l l s to applied f i e l d s i s the subject on 
which we now focus. 

Asymptotic Conditions. As a model problem- we-consider a s i n 
gle c e l l containing the o r i g i n of coordinates r = 0 and subject to 
a uniform external e l e c t r i c f i e l d set up by a pair of p a r a l l e l 
planar electrodes at a large distance from the c e l l . L e t t i n g ζ 
denote the d i r e c t i o n perpendicular to the electrodes and Ε be the 
e l e c t r i c f i e l d set up by the electrodes i n the absence of the c e l l , 
we have the asymptotic boundary conditions: 

V (ko) 
)r J-** 

Thus a l l the c a l c u l a t i o n s of the previous section can be extended 
by appropriate changes that account for these new boundary con
di t i o n s at i n f i n i t y , i . e . we solve ( l - 7 ) subject to (*4-0, *+l). 

Response Phenomena. 

1. H y p e r p o l a r i z a b i l i t y . In studying c e l l u l a r e l e c t r o 
p h y s i o l o g i c a l se If-organization we observed that a c e l l u l a r sys
tem can spontaneously develop a t r a n s c e l l u l a r e l e c t r i c a l p o l a r i t y 
and concomitant io n i c currents. Thus, as the c e l l develops, a 
condition i s approached wherein no external asymmetry i s needed to 
induce an asymmetry. Close but below t h i s point a very small 
applied f i e l d of the correct symmetry has a very strong e f f e c t , 
inducing an anamolously large response. 

An example of th i s phenomenon seems to be the ease with which 
the d i r e c t i o n of the polar axis of Fucus i s fi x e d by extremely 
gentle gradients, most notably the d i r e c t i o n of p o l a r i z a t i o n of 
polarized l i g h t or the coordination of axis d i r e c t i o n of neighbor
ing eggs ( 8 ) . We term t h i s phenomenon " h y p e r p o l a r i z a b i l i t y . " I t 
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i s e s s e n t i a l l y the same phenomenon as the dramatic response of a 
system in phase t r a n s i t i o n (as gas l i q u i d ) near the c r i t i c a l 
point. Perhaps a closer analogy i s the response of a ferromagnet 
just above the Curie temperature to an applied magnetic f i e l d . 
The "anamolous" response of r e a c t i o n - d i f f u s i o n systems to exter
nal influences has been pointed out previously ( 2 θ ) . 

H y p e r p o l a r i z a b i l i t y thus provides a s e n s i t i v e mechanism 
whereby developing b i o l o g i c a l systems may respond or adapt t h e i r 
organization to environmental conditions at c r u c i a l stages of 
development. For example, Fucus would not l i k e to grow with i t s 
roots to the sun. In fac t u n i d i r e c t i o n a l l i g h t f i x e s the axis 
and sense of the e l e c t r i c a l p o l a r i t y which then, at a l a t e r stage, 
determines which of the f i r s t pair of progeny ( a f t e r the f i r s t 
c e l l d i v i s i o n ) w i l l be the leaf-stem system and which w i l l be the 
presumptive root system. 

H y p e r p o l a r i z a b i l i t
p l e t e l y at the control o
response i s very special--there i s a strong tendency for the form 
of the response to be e s s e n t i a l l y that of the modes of the stab
i l i t y analysis which are most weakly stable and, beyond the point 
of i n s t a b i l i t y , become the autonomous (imposed gradient free) 
pattern. 

2 . L a b i l i t y . The l a b i l i t y of a b i o l o g i c a l pattern i s i t s 
a b i l i t y to be deformed, rotate or otherwise change in response to 
an external influence. For example, the axis of p o l a r i t y of the 
self-sustained voltage patterns of the Fucus egg may be rotated 
under the influence of an applied gradient ( 8 , 2 8 ) . 

As pointed out above in regard to the h y p e r p o l a r i z a b i l i t y 
e f f e c t , the l a b i l i t y of a biopattern i s c l o s e l y related to i t s 
s t a b i l i t y . Consider, for example, the l a b i l i t y of the Fucus egg 
p o l a r i t y in i t s early development. In the absence of an applied 
gradient, the equations describing the dynamics of the egg are 
invarient under a r o t a t i o n of coordinates about the center o- the 
egg. This implies that i f we have a so l u t i o n of tl-e form Y(r,t) 
then for- any r-otalion operation R taking a vector r to a new 
vector r' = for, | r ' | = | r | , then Y ( r f , t ) i s also a solution -
(state) of the Fucus system. This implies that the state Y(r,t) 
i s only marginally stable as follows. Assume ψ obeys the 
equation 

Ι Ϊ - η Ο Ι . (te) 
This must also hold for a small r o t a t i o n ψ -» ψ' = ψ + δΨ where δΨ 
i s small. Since ψ1 also s a t i s f i e s (h2) we have, for small δΨ, 

where £ i s a l i n e a r operator- associated with the fu n c t i o n a l d e r i 
vative of η evaluated at Y ( r , t ) . Since the state Y(r,t) describes 
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one possible developmental course of the system, δΨ = Ψ
τ

-Ψ must 

p e r s i s t f o r a l l times. But (kj) i s exactly the form of the l i n e a r 

s t a b i l i t y theory for perturbations δΨ from ψ. Thus there are 

i n f i n i t e l y long l i v e d and bounded perturbations from ψ and hence 

ψ i s (at most) marginally stable. The presence of marginal 

s t a b i l i t y to rotations of the polar axis makes l a b i l i t y quite 

p l a u s i b l e . The rigorous mathematical proof of thi s connection i s 

somewhat technical and i s not given here. Generally invarience of 

the dynamics under a continuous transformation group (here rota-

tions) implies marginal s t a b i l i t y and l a b i l i t y . 

Imperfect B i f u r c a t i o n . In the context of s p a t i a l s e l f -

organization, the b i f u r c a t i o n diagram of a system i s a plot of 

the amplitude of a pattern as a function of the various control 

parameters. For the c e l l i n a plane p a r a l l e l applied f i e l d of

strength Ε and with som

tr a t i o n or as in ( 2 2 ) )
the g's i n (23 -30) and e s p e c i a l l y ( 2 9 ) . 

To b r i e f l y give a q u a l i t a t i v e idea of how an applied f i e l d 

e f f e c t s axis determination consider a Fucus-like s p h e r i c a l c e l l 

about the o r i g i n in an imposed f i e l d - - a p p l i e d i n the ζ d i r e c t i o n 

as per (^0). Consider now the emergence of an i « 1 pattern 

associated with Υ , i . e . γ ̃  gcos9 where γ i s the Ca
2

 pump con-

centration deviat ! 8 n from uniformity and θ i s the angle with res-

pect to the ζ axis (defined to be the d i r e c t i o n of the applied 

f i e l d as i n (̂ +0). Then one finds that g s a t i s f i e s 

where we have assumed the applied f i e l d i s small (Ε = Ε e
3

) as i t 

c e r t a i n l y i s i n the highly conductive media in which Fuëus 

t y p i c a l l y grows. Also \ i s assumed to be near the c r i t i c a l value 

λ ( i - l ) , i . e . λ-λ ( l ) = λ ε
2

, e « 1. The constants a and b 

are related to transport c o e f f i c i e n t s for the c e l l as explained i n 

more d e t a i l in Refs. 7 j 19» In the nonlinear l i t e r a t u r e , applied 

mathematicians have termed the breaking of the symmetry of a b i -

furcation diagram, such as that of F i g . 3 f°
r

 i = 1 to one l i k e 

in F i g . If-b by an imposed "imperfection," an "imperfect b i f u r c a -

t i o n " ( 2 1 ) . 

In the present problem the imperfect b i f u r c a t i o n theory 

r e s u l t s i n c l a r i f y i n g the close analogy of the development of 

p o l a r i t y in Fucus with a ferromagnetic t r a n s i t i o n . To demonstrate 

t h i s we multiply (hk) by e 3

 and l e t ge = m, aλ e
2

 = t and bE e
3

 = 

h. Then (kh) becomes
 2 3 

which i s recognized as the mean f i e l d equation of state for a 

ferromagnet for which m i s the magnetization, t i s the difference 

between the temperature and i t s c r i t i c a l value and h i s the 

applied magnetic f i e l d strength. The equation takes the form of a 
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cusp i n an m, t, h phase diagram as shown and explained further 
in F i g . k. A more complete descriptio n wherein a l l three JL = 1 
mode amplitudes are discussed i s given in Ref. 7 and 19. The 
r e s u l t of thi s more complete study i s that the only steady state 
pattern i s that aligned p a r a l l e l or a n t i p a r a l l e l to the applied 
f i e l d . This may explain why Fucus aligns with an applied 
f i e l d . 

T y p i c a l l y developing systems are i n a s i t u a t i o n 
of dynamical patterning. A b i f u r c a t i o n picture i s not relevant 
unless there i s time scale separation; thus a TDGL formalism i s 
more appropriate as discussed above i n dynamicsl self-organiza
t i o n . We are developing such a theory to study l a b i l i t y i n 
Fucus-like p o l a r i z a t i o n phenomena. 

Induction of New Phenomena by Imposed Gradients. Studies on 
the e f f e c t s of imposed e l e c t r i
below on s i g n a l propagation
in the system by the imposed gradient that do not e x i s t i n the 
f i e l d free medium. For example, i t was found (_ll) that for a 
system wherein only one type of wave existed i n the f i e l d free 
case, two stable types of waves e x i s t i n the system subject to 
the f i e l d . This "induction of m u l t i p l i c i t y " implies that beyond 
a c r i t i c a l value of the applied f i e l d strength new phenomena may 
set i n that are not simple d i s t o r t i o n s of f i e l d free patterns. 
Another s t r i c t l y imposed f i e l d e f f e c t i s found i n the case of a 
new two dimensional crescent shaped wave that occurs when a c i r 
cular wave i s subjected to a s u p r a c r i t i c a l f i e l d (12.) . 

Such induction of new phenomena has not been investigated i n 
the context of b i o e l e c t r i c systems but i t would not be unreason
able to expect that such phenomena w i l l be found i n the near 
future. In fact the induction of the formation of a second head 
in c e r t a i n worms subjected to an external f i e l d may be an 
example ( 5 3 ) · 

B i o e l e c t r i c Patterning i n C e l l Aggregates 

Strong e l e c t r i c f i e l d s and currents have been measured i n a 
number of m u l t i c e l l u l a r systems ranging from Fucus at the two c e l l 
s t a t e , a Cecropia moth oocyte-nurse c e l l cyncytum, amphibian and 
rodent limbs i n regeneration and man (8, 22_, 2 8 , 52.). Thus i t i s 
imperative to develop a formulation of m u l t i c e l l u l a r phenomena. 
A number of complex factors enter i n many of these systems. The 
simplest s i t u a t i o n s are those f o r which the geometry of the 
aggregate i s fi x e d so that c e l l s do not change shape or po s i t i o n 
as i s the case i n some stages of Fucus or Cecropia cyncytum 
development. However, i n most cases of limb development, 
innervation (nerve f i b e r invation) plays a c e n t r a l r o l e . Further
more, many systems are growing and hence the developing limb, for 
example, involves a s i t u a t i o n of dynamical geometry. Even more 
complex i s the phenomenon of c e l l migration such as that which 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



11. ORTOLEVA Developmental Bioelectricity 185 

m 

Figure 4a. Imperfect bifurcation showing the breaking of the symmetry of the 
diagram of Figure 3a due to the imposition of an external electric field of strength 

proportional to h. 
This nonequilibrium phase diagram is in the form of a cusp in (m,t,h) space (see Ref. 45 
for definitions). It is a perfect analogue of a ferromagnetic phase transition if we inter
pret m,t,h as magnetization, temperature (minus its critical value), and applied magnetic 

field, respectively. 

g 

0 

\ c (i) 

Figure 4b. Slices through cusp of Figure 4a comparing field-free (E = 0) behavior 
with that in the presence of an electric field for a Pucus-like system (where g is pro

portional to the transcellular electric current). 
The imperfection also may be interpreted as resulting from an inherent cellular asym
metry such as the entry point of the sperm or internal compartmentalization (( ) 

Ε = 0; ( ) Ε > 0). 
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often takes place in embryonic development. Here we present a 
theory for the simplest case of a c e l l aggregate of fixe d o v e r a l l 
geometry, fi x e d c e l l shape, posi t i o n and free of mitosis. We 
f i r s t consider a pseudo e l e c t r o - d i f f u s i o n theory i n the next two 
subsections and then a more accurate averaging operator formalism 
i n the t h i r d subsection. Applications and further developments 
of these approaches are found in l a t e r subsections. 

The s e l f - o r g a n i z a t i o n a l aspect of m u l t i c e l l u l a r systems i n 
the case to be considered here w i l l be i n the s p i r i t of the 
Turing theory except that we s h a l l ( l ) address the electrophy-
siology of the problem and (2 ) consider a more accurate i n t e g r a l 
operator for the i n t e r c e l l u l a r transport. An important addition 
to the Turing theory i s the idea of size regulation introduced i n 
Ref. 20 i n connection with physico-chemical phenomena and in Ref. 
kk in the b i o l o g i c a l context  These considerations are relevant 
to single c e l l systems

1. E x t r i n s i c Cas
Systems with a conserved quantity, such as the amount of the Γ-
species i n the single c e l l models mentioned before, may show a 
symmetry breaking i n s t a b i l i t y which t y p i c a l l y has a f i r s t b i f u r 
cation that corresponds to a pattern length completely determined 
by the size of the system and not by any reaction-transport length 
inherent to the mechanism. These systems develop an o v e r a l l 
gradient and the pattern length regulates with system length. The 
pattern length i s not i n t r i n s i c to the mechanism of pattern 
formation. 

2 . I n t r i n s i c Case - Patterns that Scale with K i n e t i c 
C o e f f i c i e n t s 

This i s the c l a s s i c Turing (l) case wherein, even i n an i n f i n i t e 
system, the mechanism f i x e s a pattern length according to the 
reaction rate and transport c o e f f i c i e n t s . Thus, roughly speaking, 
i f we double the size of the system, the pattern w i l l be repro
duced twice (as long as the system i s larger than the inherent 
pattern length). 

Let us now discuss the development of a formalism w i t h i n 
which these and other developmental phenomena can be investigated. 

C e l l to C e l l Transport Phenomenology. Consider a mass of 
c e l l s i n an external medium denoted "e" as i n F i g . 1. We s h a l l 
construct a continuum approximation wherein the c e l l s are 
"smeared out." Such a theory w i l l be accurate when the length 
scale of i n t e r e s t ( i . e . , the pattern length) i s greater than a 
c e l l diameter. An important aspect of the formulation i s that 
the equations derived by taking the continuum l i m i t w i l l r e l a t e 
e f f e c t i v e transport rates d i r e c t l y to measurable properties of 
i n d i v i d u a l c e l l s or pairs of c e l l s i n contact. 

Consider an interface between two c e l l s as shown i n F i g . 5· 
The domain I I I between c e l l s I and I I i s narrow and hence con
centrations are e s s e n t i a l l y constant across t h i s gap of width Δ 
and are denoted C 1 1 1. For a small contact area A between the 
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c e l l s the column vector of numbers of moles of the various species 

i n this small domain i n region I I I i s A^Ç
1 1 1

. Let J
M I

 be the 

transmembrane f l u x into c e l l I and similarly for J ^ * . Denoting 

the f l u x along domain I I I to be T^*
1

 and
 t o D e t n e

 gradient 

along the interface we have the mass balance condition 

where are the rates of reaction i n domain I I I , the space 

between the c e l l s . However, the thickness of the layer between 

the c e l l s Δ i s small. Hence i n the l i m i t Δ
 0 w e

 set 

MI M/ I 

If we assume a l l c e l l s are the same then we have J = J \c_

c
1 1 1

, V
I

- V
1 1 1

) , and s i m i l a r l

n e u t r a l i t y condition i

y i e l d C*
1 1

 and V*
1 1

 as functions of C
1

, C*
1

, V
1

 and V
1 1

. Sub-

s t i t u t i n g C
1 1 1

^
1

, C
1 1

, V
1

, V
1 1

) and V i l T ( c , Ç 1 1 , V 1

, V
1 1

) into 

J ^ C
1

, C
I I T

, V -V*
I T

) we can express the net i n f l u x into c e l l I 

as a function of the I, I I variables only- we denote t h i s function 

as 3;(C, C
1 1

, V
1

, V
1 1

) . Hence J
M I

 - - J ^
1 1

 = 3; where, i n an 

obvious notation. 

This function £ s h a l l provide the basis of the l i n k between the 

"macroscopic" theory and the "microscopic" theory that deals with 

the properties (such as membrane transport) of a single c e l l . 

A word of caution i s i n order here in that i t may be neces-

sary to account for the f a c t that the membrane-membrane contact 

can cause important changes i n the i n d i v i d u a l membranes. Most 

noteworthy of these i s the existence of t i g h t junctions that 

develop from one c e l l to another. I f such e f f e c t s are present 

then we w i l l take them to be included i n 3". 

Small Gradient Theory. 

1. General Structure. We expect that the most s i g n i f i -

cant v a r i a t i o n s i n composition occur across a membrane. Thus we 

neglect v a r i a t i o n s w i t h i n a c e l l â nd define c ( r , t ) to be the con-

centrations i n a c e l l containing r . To obtain a weak gradient 

approximation^ we ca l c u l a t e the net f l u x from a c e l l at r + nL 

into one at r where η i s a unit length vector and L i s the center-

to-center distance between c e l l s . Assuming that the 
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concentrations and voltage vary on a length scale long compared 
to L (a "weak gradient approximation") we have 

We have used the fact that £ ( c , C, V, v) = 0 . The neglect of 
higher order terms i n L^may be formalized as follows. Suppose a 
descri p t i v e variable Y(r) (be i t C or \̂ ) varies on a length s^cale 
L ^ Then we introduce a new variable r' = r/L and write Y(r) = 
Yfr'L ) = Y 1 ( r l ) where Y' i s a function that varies on a scale of 

The weak gradient l i m i t i s obtained when e = IyL < < : 1· 
Using the usual arguments to derive c o n t i n u i t y equations i n 

terms of the f l u x (23) we obtain 

where are the reaction rates for processes i n the c e l l s . Since 
a b i o l o g i c a l i o n i c strengths are large we have 

as in the sin g l e c e l l theory ( z being a row vector of valences). 
I t i s i n s t r u c t i v e to break into a part due to f a s t 

reactions associated with the s t i c k i n g of mobile species to fixed 
s i t e s and the r e s t . For s i m p l i c i t y we assume there i s only one 
type of binding s i t e , Υ , that can bind to the s mobile species 
i = 1, 2,...s to form c8mplexes Y.. Then l e t t i n g R denote the 
remaining reactions we have found that when the chromatographic 
reactions are f a s t , the equation of motion (5*0 for the con
centrations £ of mobile species alone becomes, as for single 
c e l l s as above, 

where Υ?^(0 i s the concentration of the s i t e bound to mobile 
species i at equilibrium, y i s the valence of the empty s i t e , 
Y^ i s the t o t a l concentrati8n (empty or bound) of the fixe d 
suites and the sum implied i n (57) i s over npbile species only. 
J takes the usual form J = -g( c_) V£ - M( c_)£VV where j> and M are 
s χ s matrices that can e a s i l y be related to the ̂  and and 
Y^(c) (see Ref. 5). 
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2 . Relation Between Levels of Description. I t i s ô ur 
intention here to make the r e l a t i o n between the macroflus J and M — the i n d i v i d u a l c e l l membrane f l u x law J more e x p l i c i t . The 
d i f f u s i o n - l i k e c o e f f i c i e n t s of (52) may be w r i t t e n , using 
(^9), as 

The dérivât can be calculated 
d i r e c t l y from the c e l l membrane phenomonology. However, the 
derivatives of C 1 1 1 with respect to C 1 1 must be determined more 
i n d i r e c t l y v i a Tk8,k9). Taking à/àC T l of both sides of (kQ9k9) 
we get 

MI I I 
In these expressions the derivatives of J 5 are evaluated at 
the s o l u t i o n of 

since we must evaluate the quantities i n (^6,^7) at C*'** - C, 
V I , I I = v # Thus, having solved ( 6 2 , 6 3 ) for Ç 1 1 1 , V I T I we can 
fin d d C 1 1 1 / ^ 1 1

 a n d (^V 1 1 1/^ 1 1) from the l i n e a r equations 
( 6 0 , 6 l J . Similar considerations y i e l d expressions for #JC. 

3. Boundary Conditions. The c e l l mass communicates with 
the surroundings through i t s boundaries. Since the f l u x of 
nutr i e n t s , waste and other agents can profoundly a f f e c t develop
ment, the conditions at the boundary are quite important. This 
w i l l manifest i t s e l f mathematically i n the s e n s i t i v i t y of the 
system to the boundary conditions on the d e s c r i p t i v e v a r i a b l e s . 

The relevant boundary conditions that are to be imposed 
depend c r i t i c a l l y on both the nature of the boundary and the 
environment. In the l a t t e r regard we take the simplest case here 
wherein the environment i s assumed constant i n space and time. 
This i s a t y p i c a l s i t u a t i o n because the environment i s often 
quite w e l l s t i r r e d and furthermore the d i f f u s i o n and io n i c 
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mobi lity c o e f f i c i e n t s i n the environment are often much larger 

than those w i t h i n the mass. F i n a l l y we s h a l l assume that the^ 

mass i s surrounded by an outer membrane with f l u x r e l a t i o n s Κ 

taken to be p o s i t i v e when directed into the c e l l mass. Le t t i n g 

η be a unit outward normal to the outer membrane (see Figure l ) 

we have 

where S(r) = 0 determines the shape of the c e l l mass, i ^ e . the 

location of the boundary membrane. The dependence of Κ on the 

external conditions has been repressed here. The theory i s 

developed further i n the section on patterns generated by the 

outer membrane and Réf. Î3. 

A Nonlinear Integral Operator Model of E f f e c t i v e Transport

In many d i f f e r e n t i a t e d 

scale of the order of 

view that c e l l type i s f i x e d by i n t e r n a l c e l l composition, the 

weak gradient approximation of the previous section cannot be 

applied to these systems. In t h i s section we develop a theory 

that does not r e l y on such a small gradient approach by i n t r o -

ducing an averaging operator i n favor of the usual d i f f u s i v e f l u x 

term of the Turing theory. 

1. I n t e r i o r C e l l s . To formulate the theory we must 

consider c e l l s at boundary separately from i n t e r i o r c e l l s that 

are surrounded by other c e l l s . We take such an i n t e r i o r c e l l to 

be crudely described by a sphere of radius R . The concentrations 

C i n t h i s c e l l change due to reaction rates and due to f l u x 

across i t s surface. This l a t t e r contribution i s simply 2[ 
appropriately summed over a l l neighbor contributions. Thus we 

get^ a rate equation for the^ concentration of each species, 

£(r,t), i n the c e l l about r: 

Here £ i s the c e l l to c e l l f l u x discussed near equation (50) and 

3 i s the f l u x c o n t r i b u t i o n for d » 1, 2, 3 
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dimensional systems. A unit vector η (depending on an angle φ 

for d « 2 and on sph e r i c a l angles 9,0 i n the case d = 3) i s used 
to average ÎJ over a l l neighboring c e l l s i n the present continuum 

model (η - n($), η(θ,0) for d = 2, 3 r e s p e c t i v e l y ) . 

Rapid chromatographic reactions may be accounted for as i n 

the case of the small gradient theory. This and charge n e u t r a l i t y 

lead to 

The f u n c t i o n a l F[£,V*] has the same structure as 3 of (66) except 

that the zero fluxes fo

the f i x e d s i t e concentration

values Y^(c) ; A i s given in ( 5 ^ ) . 

2. Boundary C e l l s . A c e l l on the boundary has one w a l l 

i n contact with the gutside world and hence the f l u x through that 

w a l l i s and not J . Generally we want to replace with Κ 

over that f r a c t i o n of the c e l l surface i n common with the outer^ 

boundary. One method for doing so i s to replace i n (66) by 
in those parts of the d-dimensional sphere surrounding point r 

that s t i c k outside the c e l l aggregate volume. Thus ( 6 7 , 6 8 ) take 

the same form for the boundary points except that F takes on the 

form, f o r d = 3 , 

Here V and V are the volumes of the aggregate and environment 

re s p e c t i v e l y . J i s Î with the bound species concentrations 

replaced by th e i r values Y ^ i j c ) and s i m i l a r l y f o r the r e l a t i o n 

between Κ and K
M

. (Both K^nd J also have a factor (ImR / 3 ) " 1 

incorporated i n them. Similar expressions can be obtained for 

one and two dimensions.) Notice that the device of using the 

Dirac c^elta functions also allows the use of formula (69) at any 
point r inside the aggregate. 

3. General Remarks. These equations f or the dynamics of 

a c e l l mass are i n the form of a nonlinear p a r t i a l integro-

d i f f e r e n t i a l equation. The nonlocal structure and non l i n e a r i t y 

of the transport term allows for short length scale v a r i a t i o n on 

the order of a c e l l diamater that models the c e l l u l a r nature of 

the aggregate. Equations of a s i m i l a r form a r i s e i n the work of 
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Cowan and coworkers (U5) i n the theory of neuronal interactions 
i n the br a i n . These equations have been shown to y i e l d a great 
vari e t y of se l f - o r g a n i z i n g phenomena and hence such phenomena 
are c e r t a i n to a r i s e i n the present theory. F i n a l l y we note that 
i n the l i m i t of small R the theory reduces to the small gradient 
theory. In the section°on b i o e l e c t r i c patterning we s h a l l demon
strate some aspects of se l f - o r g a n i z a t i o n i n t h i s model. 

Patterns Generated by the Outer Membrane. As i n the single 
c e l l case, the outer membrane i t s e l f can generate e l e c t r o 
p h y s i o l o g i c a l patterns, even i n the absence of reactions i n the 
c e l l mass, R = 0 . Such surface induced patterns were f i r s t 
discussed i n the context of r e a c t i o n - d i f f u s i o n patterns i n Ref. 
2k. Since the environment i s taken to be homogeneous thg 
equations ( 5 7 5 6 U ) y i e l d a homogeneous steady state £ , V i f 
solutions of 

can be obtained. 
Let us investigate the onset of steady b i o e l e c t r i c patterns. 

For these steady states dc/dt = 0 , dv/dt = 0 , and hence we must 
solve ( 5 6 , 5 7 ) with (6k) by s e t t i n g dc/àt = 0 i n ( 5 7 ) . B i f u r 
cation theory shows that when a c r i t i c a l value of a parameter 
(such as a bath concentration) a t t a i n s a c r i t i c a l value, small 
amplitude patterns a r i s e from the uniform state (c , V*1 here) i n 
a pattern dictated usually by the equations l i n e a r i z e d about the 
uniform st a t e . The b i f u r c a t i o n condition for t h i s patterning 
onset thus occurs when we can f i n d solutions of 

With t h i s we seek conditions i n v o l v i n g the properties D, M, Ç 
and for which b i f u r c a t i o n to b i o e l e c t r i c patterning can be 
attained. 

The geometry of the c e l l mass e f f e c t s the patterns a v a i l a b l e 
to the system. F i r s t we focus on the simplest case of a 
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s p h e r i c a l mass. Results on more general e l l i p s o i d a l systems 
have been obtained i n Ref. h6 and below. 

1. The Spherical C e l l Mass. For the s p h e r i c a l c e l l mass 
of radius R^ the boundary condition (Jk) becomes 

The dynamics of the problem can then be understood i n terms of 
the s p h e r i c a l harmonic s t a b i l i t y modes: consider solutions of 
the form 

With t h i s (79) and the charge n e u t r a l i t y condition (73) y i e l d 

We have i d e n t i f i e d a p a r t i c u l a r parameter λ on which to study 
the dependence of the system behavior, λ may be a bath con
centration, temperature, or transport c o e f f i c i e n t or R^ for 
example. In order to f i n d n o n t r i v i a l solutions ( ^ m Φ 0> ^ m Φ 
θ) we have the condition 

y i e l d i n g the ^-dependent c r i t i c a l value of λ at which patterning 
of symmetry Ζ might (but does not necessarily) set i n . 

2 . Geometric Mode Mixing. The s p h e r i c a l case i s mis-
leadingly simple. The most noteworthy feature of the degeneracy 
of t h i s case i s that the modes that can lead to patterns are 
single modes of Laplace's equation (r^Y ( θ , 0 ) ) · In more general 
e l l i p s o i d a l geometries, f o r example, t h i s i s not the case and 
the l i n e a r s t a b i l i t y analysis involves i n f i n i t e sums of 
e l l i p s o i d a l harmonics. I t i s very i n t e r e s t i n g that the weight of 
mixing depends on chemistry and hence, unlike i n the degenerate 
case of the sphere, patterns may be determined by k i n e t i c s 
as w e l l as shape i n eccentric cases. 

Perhaps the simplest case displaying geometrical mode mixing 
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Figure 5. Interface structure between 
two cells with interiors labeled I and II. 
The narrow domain of width Δ between the 
cells is labeled Region III. This geometry 
is used to derive equations of multicellular 
electro physiology in the section on bioelec

tric patterning in cell aggregates. 

y 

X 

Figure 6. Prolate spheroidal coordinates used to describe an elongated cell mass. 

The foci are separated by a distance a along the ζ axis. See Morse and Feshback (25) 
for details. Eccentricity of form is found to effect profoundly autonomous current pat
terns. This geometric mode mixing phenomenon leads to patterns that can be controlled 
by the chemical kinetics in a manner not found for simple, highly symmetric geometries 

like the sphere or cube. 
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i s that of the prolate spheroid shown in F i g . 6 . I t i s most 

convenient to introduce prolate spheroidal coordinates (25) 
defined as follows: 

ξ = (r + r )/a, 1 <: ξ < ξ 
1 2 Ο 

η = (r - r )/a, -1 £ η * 1 
1 2 

ê = tan"
1

( y / x ) , 0 £ φ <; 2π 

(83) 

where the prolate e l l i p s o i d a l boundary i s given by ξ = ξ = 

constant. ° 

In these coordinates Laplace
1

s equation separates such that 

functions of the form Ρ (ξ)P. (Τ])(sin)
m

#
 s a t i s f

y
 i t :

 where the 

Ρ are the associated Legendre functions Thus for thi s

i n t e r i o r problem ( i . e . 

general solution of the

6c 

6 V . 

cosnurj + 

b, 

( 3
m

 J 

s i n - f Ρ (η)Ρ (ξ) 
) Jim £m 

where c- m, , §- m

 a n d

 are to be determined by the 

boundary conditions. In our c a l c u l a t i o n s we s h a l l need to deter-

mine the normal d e r i v a t i v e η·ν at the prolate spheroid and we 

s h a l l a lso need to integrate over the surface of the l a t t e r . 

Using Ref. 25 the surface area element duo on the spheroid and 

normal deri v a t i v e are given by 

dci) = h h dOd<73 

n

'
7 =

 Κ i f ' 
ι s_ 

where the metric h-factors are given by 

(85) 

(86) 

, h =2- fe-D(l-Tf). (87) 

With (85,87) the boundary conditions (7*0 and charge n e u t r a l i t y 

constraint (73) become 

1 h 

77 y fDÎa-, cosm$ + b sinnvr}) + Mc (™ cosnvr) + ΒΛ sinnur))} 

p

\ ( l )
p (Ή) = 7 {C(a. cosmtf + b sinrn-) + 
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cosm,i+ Β einm0)}P (ξ )P (η) 

J l i - c o e - + - . l i u n i l P ( Ç ) P (η) - 0 . (88) 

Equations for the {a, , b, , α* , 0, } can be obtained using the 

orthogonality r e l a t i o n s 

S y - v - - - ' - s - - - - v - ' - ( 8 9 ) 

and s i m i l a r l y for cos s i n . The r e s u l t for terms l i k e cosm<£ 

sinm
1

- for a l l m,m' give zero. The normalization N- m i s a con-

stant. With t h i s 

+

 Jfe\j -

aP,, (¦ ) ni / - ̶ι 

ΐ , . = . V / g - i J - V F F P . J - P - J - . (91) - o-n. Ν Ι-"» ο 1
 1 - m 

-m ο ο -

A s i m i l a r equation arises with a-- •+ - and o/ -» 0 f o r the s i n 
terms. Also m u l t i p l y i n g the charge n e u t r a l i t y condition i n (88) 
by , m, (Tl)cosm f0/h- and then fdu) we get 

L*%m = - m = 0 . (92) 

Thus the condition for f i n d i n g marginally stable modes that 
correspond to a s p a t i a l pattern i s that ( 9 0 , 9 2 ) have n o n t r i v i a l 
s o l u t i o n s . This happens i f the determinant of the i n f i n i t e d i 
mensional matrix Ω formed by w r i t i n g (92) i n the general form 
ΩΨ = 0 (where ψ = {V, , &A : I = 0 , 1, 2 , . . . } has zero determi-
nant. 

The most important differences between the prolate spheroid 
and the sphere i s that Tj-1 , i s diagonal ( T-\t i s zero for Ji Φ £') 
for the sphere but not for the spheroid. Toints of marginal 
s t a b i l i t y of the system are obtained by fi n d i n g the eigenvalues 
of the i n f i n i t e dimensional matrix Ω and fi n d i n g which values of 
system parameters a given eigenvalue passes through zero. The 
corresponding eigenvector ψ w i l l y i e l d the form of the marginally 
stable pattern when inserted in t o ( 8 5 ) . This demonstrates the 
in t e r e s t i n g concept of geometric mode mixing. The b i f u r c a t i o n of 
patterns i n these systems has no t r i v i a l r e l a t i o n to the natural 
harmonics (here the prolate spheroidal harmonics Ρ (ξ)Ρ. (Τ]) 
(sinî

11

-) f°
r t n e

 system. The systems for which moae mixing occurs 

may be deduced f a i r l y generally. For example, i f the system 

outer boundary can be used to describe a concentric set of sur-

faces f = constant and orthogonal c u r v i l i n e a r coordinates ξ , 

¦ λ , ¦_ Introduced, then mode mixing w i l l not occur i f the
 1 
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corresponding metric factor h i s independent of the coordinates 
£ 2 , ξ 3 f i x i n g points on the boundary surface. Examples are found 
from Morse and Feshback (2_5.) ; for example, s p h e r i c a l , cubic and 
c y l i n d r i c a l c e l l masses w i l l not demonstrate mode mixing whereas 
more general e l l i p s o i d s w i l l . 

B i o e l e c t r i c Patterning in the I n t e g r a l Operator Formalism. 

1. Linear S t a b i l i t y A n a l y s i s . Patterns can be studied i n 
the i n t e g r a l operator formalism. Here we demonstrate a s t a b i l i t y 
analysis on an i n f i n i t e two dimensional t i s s u e . Under homo
geneous culture conditions the system has a uniform steady state 
c n , V given by 

R(c h, V h) = 0 , y Y + V z.[ch. + γ ' ς ( _ * Π = 0 . (93) 
ο Τ  j j j 

We allow R to depend on voltage because i n a two dimensional 
medium R must contain terms from the exchange of molecules with 
the culture medium with which the sheet of c e l l s i s i n contact. 
Defining the culture medium to have voltage V -then V in R.(ç_,v) 

i s the voltage within a c e l l minus V , i . e . v(r) i s the voltage 

drop fr-om the culture medium to the i n t e r i o r of a c e l l surrounding 

point r. 

Small deviations ôç_, ÔV from the homogeneous state evolve 

with the l i n e a r i z e d equations. I£ i s easy to stynj that pertur-

. - . . c . i . i _ .c λ Λ zt+ik-r P T T - zt+ik.r Λ , 
bâtions of the form 6c = ce , 6V = Ve evolve such 

that 

= 0, detE = 0 

fei)
 +

 f ( k 2 ) J ( 2 ) - z i 
E(z,k) = 

i ( l ) " I P =(2) ̃ So' 

( 9 Ό 

i ( 5 ) + f ( - ) i ( 1 + ) 

(95) 

3J 

SR 3J 
- ( 3 ) " W - ( Ό ~ W 

Λ2π 
f d c 2 ) 

o wo 
d0cos[kR cos0] 

(96) 

and j(ç_, ç_f , V, V') i s the modified membrane f l u x as discussed for 
the nonlinear i n t e g r a l operator model of e f f e c t i v e transport. 
In th i s theory only p h y s i c a l l y i n t e r e s t i n g perturbations can 
be studied on the length scale of a c e l l diameter (R ) or greater; 
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hence 

0 < k < 2TT/R. (97) 

Strong deviations from a Turing type r e a c t i o n - d i f f u s i o n theory 
are expected to occur when the pattern length i s of order of the 
c e l l s i z e , i . e . near the upper l i m i t of ( 9 7 ) · 

This c a l c u l a t i o n demonstrates the analysis of the formation 
of patterns i n the i n t e g r a l operator formalism. Indeed b i f u r c a 
tion techniques also follow through f a i r l y straightforwardly. 

2 . Traveling Waves. We now show that constant v e l o c i t y 
waves in th i s model can be studied i n terms of time delay 
equations. Sustained o s c i l l a t o r y or pulse wave propagation seems 
to control slime mold slug motion and c e r t a i n aspects of chick 
embryo development. 

A constant v e l o c i t
the frame of reference movin
v e l o c i t y ν the concentration £ and voltage V must be functions of 
the single coordinate ρ = χ - vt where the plane wave i s taken to 
move along the χ d i r e c t i o n . With t h i s ( 6 7 , 6 8 ) become 

l ( c ( p ) , c(p+R ), V(p), v(p+R )) + J ( c ( p ) , c(p-R ) , 
0 0 ο 

V(p), V ( p - R )) + v - i + R(c(p), V(p)) = 0 (98) 
o d Ρ 

z*[c(p) + Y e q ( c ( p ) ) ] + y Y = 0 . (99) 
- - Ο Τ 

This set of equations i s a nonlinear eigenvalue time delay 
d i f f e r e n t i a l equation. Such equations, even for one v a r i a b l e , 
often have periodic or chaotic solutions and, from the 
physics of the problem are a l s o c e r t a i n of having p u l s e - l i k e 
solutions in some systems. 

I t i s clear that a l l the richness of r e a c t i o n - d i f f u s i o n 
systems should p e r s i s t i n the more accurate nonlinear i n t e g r a l 
operator model. The important difference i s , however, that very 
rapid v a r i a t i o n s , and posssibly d i s c o n t i n u i t i e s i n the slope of 
£ or V, should be allowed i n the i n t e g r a l operator d e s c r i p t i o n . 

Imposed F i e l d E f f e c t s . In t h i s section we have set f o r t h a 
set of equations to describe pattern formation i n a m u l t i c e l l u l a r 
e l e c t r o p h y s i o l o g i c a l system. A c e n t r a l goal of the theory i s to 
study the e f f e c t s of applied e l e c t r i c f i e l d s . This i s done by 
imposing appropriate boundary conditions on the equations 
developed here. For example, assume we subject a one dimensional 
tissue to f i x e d i o n i c currents I . . Then i f the tissue i s i n the 
i n t e r v a l 0 χ __; L along the χ a x i s , the boundary conditions for 
the e l e c t r o - d i f f u s i o n model of the small gradient theory, i . e . 
(6k), are replaced by J = I at χ = 0 , L - . One expects the r i c h 
ness of e f f e c t s to include h y p e r p o l a r i z a b i l i t y , induction of new 
phenomena and imperfect b i f u r c a t i o n s to be found i n these systems 
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and preliminary r e s u l t s indicate t h i s to be the case (-2.). Since 
most t h e o r e t i c a l r e s u l t s on the effects of applied f i e l d s on non
li n e a r systems have been done on reaction transport physico-
chemical systems, we s h a l l now b r i e f l y review that subject to 
more e x p l i c i t l y demonstrate the realm of the possible. 

Signal Propagation Under Imposed E l e c t r i c F i e l d s 

The i n t e r a c t i o n of reaction and transport may lead to the 
unattenuated propagation of signals i n some systems maintained 
out of equilibrium. These signals usually consist of v a r i a t i o n s 
in composition but may also involve v a r i a t i o n s i n temperature, 
pressure or the physical state of a c o n t r a c t i l e f i b e r as i n the 
case of slow waves on smooth muscle. The wave forms that a r i s e 
range from pulses and periodic trains to fronts; and w i t h i n each 
class great variety may

In most cases thes
hence two i n t e r e s t i n g p o s s i b i l i t i e s a r i s e : ( l ) these waves can 
be affected by applied e l e c t r i c f i e l d s and (2) the strong ten
dency towards charge n e u t r a l i t y and the possible presence of 
membranes may lead to strong e l e c t r i c a l disturbances i n associa
tion with the propagating compositional disturbance. In t h i s 
section we review some recent work on the response of reaction-
transport waves (1 0 - 1 - ) and f i n d strong v a r i a t i o n s of wave velo
c i t y and p r o f i l e with applied f i e l d , induction of new types of 
waves not found i n the f i e l d free medium ( l l ) , a n n i h i l a t i o n of 
waves beyond c r i t i c a l f i e l d strengths ( l l - l k ) and new two 
dimensional wave forms with free ends ( 15) » 

Experimental Evidence for the Phenomena i n Chemical Wave 
Systems. Although these phenomena were o r i g i n a l l y predicted 
t h e o r e t i c a l l y , we f i r s t consider the experimental evidence. 
Using a modification of Winfree's excitable pulse propagating 
version (-l) of the Belousov-Zhabotinskii (BZ) mixture (52), i t 
has been found that e l e c t r i c a l e f f e c t s can be observed (1 5). The 
experiments were carried out by subjecting the medium to two 
p a r a l l e l electrodes and observing the voltage dependence of the 
properties of waves induced between them. The modifications 
of the BZ-Winfree medium were needed to get r i d of spectator 
ions which increased the conductivity so high that joule heating 
simply boiled the medium when f i e l d s s u f f i c i e n t l y large to see 
i n t e r e s t i n g e f f e c t s were applied. 

Key findings are shown i n Figures 7-9· Figure 7 consists of 
three snapshots taken at regular temporal i n t e r v a l s . At t = 0 a 
c i r c u l a r wave reached a given radius and the e l e c t r i c f i e l d was 
turned on. In the case shown part of the c i r c u l a r wave going 
most d i r e c t l y toward the negative electrode was found to 
disappear 1 The part of the c i r c l e propagating generally toward 
the p o s i t i v e electrode was found to speed up. In f a c t the 
eventual arc or crescent shaped object continues to grow and the 
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Figure 7. Evolution of circular wave in Β Ζ medium. 
At time zero (top) the circular wave is subject to a plane parallel electric (ohmic) field. 
The part of the circle propagating towards the negative electrode is annihilated beyond 
a critical field strength and a crescent wave is observed to propagate (bottom). Note the 
free ends which are stabilized by the applied field and which become Winfree spirals 

when the field is turned off. (See Ref. 13 for details.) 

I I I I l _ 
-1.0 -0 .5 0.0 0.5 1.0 

E/E Q 

Figure 8. Velocity response function ν(Έ) yielding the velocity of BZ waves, nor
malized to the field-free velocity v,/0), as a function of the applied field E, nor
malized to the annihilation field Ea beyond which plane waves that would have 
propagated toward the negative electrode are destroyed. The smooth curve is that 
predicted by the theory outlined herein, and the dots are experimental values from 

Ref. 13. 
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free ends on the negative electrode side are found to be stable. 
These crescent waves and t h e i r free ends are a purely e l e c t r i c a l 
phenomenon. I t i s w e l l known that a free end i n the absence of 
an applied f i e l d w i l l c o i l i n t o a Winfree s p i r a l (51)* But i n 
the presence of the applied f i e l d the end i s prevented from 
c o i l i n g since, i f i t does so, i t gets cut back as i t swings into 
the a n n i h i l a t i n g d i r e c t i o n - - i . e . propagation e s s e n t i a l l y towards 
the negative electrode. 

A quantitative measure of the i n t e r a c t i o n of chemical waves 
and steady e l e c t r i c f i e l d s i s the v e l o c i t y response curve, i . e . 
a plo t of the dependence of a plane wave v e l o c i t y on the 
e l e c t r i c f i e l d applied along the d i r e c t i o n of propagation. Note 
that i n Figure 8 the curve measured f o r a modification of the BZ 
medium terminates at around 10 volts/cm ( f o r waves propagating 
toward the negative electrode) since for larger f i e l d s the waves 
are a n n i h i l a t e d . Furthe
found i n Ref. where
developed to make the measurements are given. 

Theory of Wave-Field Interaction i n BZ Medium. A model of 
the mechanisms behind the BZ reaction has been set f o r t h by 
F i e l d , Koros and Noyes (55) (FKN) and more recently t h i s 
mechanism has been modified to incorporate more processes (5-·) » 
We have ca r r i e d out an analysis of the FKN model to determine 
the e f f e c t s of e l e c t r i c f i e l d s on BZ chemical wave propagation 
(12). Three reductions of the FKN k i n e t i c s were studied. The 
reductions were based on various assumptions regarding the 
existence of wide separations of time scales present i n the 
system. One reduction, studied by Murray (55)* i s a two species 
model and leads to front propagation only. The evocative 
Oregonator three species reduction does not support pulses using 
experimentally known rate constants. A more recent reduction, 
based on assumptions of the r e l a t i v e time scales of the FKN 
k i n e t i c s , was termed the "iUator." This model supports pulses 
using measured values of rate c o e f f i c i e n t s and w i l l be focused on 
here. Details of the Murray or Oregonator reductions are given 
i n Ref. 12 and w i l l not be discussed further here. 

1. General Considerations. The conti n u i t y equations for 
a column vector £ of species taking place i n a reaction-
d i f f u s i o n wave phenomenon take the form 

I7 = Dv-c - ME-Vc + R(c) (lOO) (jt — — — — 
w-here D and M are matrices of d i f f u s i o n and mob i l i t y c o e f f i c i e n t s , 
Ε i s the applied (assumed constant) e l e c t r i c f i e l d and R i s the 
column vector of chemical reaction rates. The simplest wave 
phenomenon to study i s that for plane waves of constant p r o f i l e 
and v e l o c i t y . Assuming such a wave to be propagating i n the x-
di r e c t i o n with v e l o c i t y ν in the presence of an e l e c t r i c f i e l d Ε 
in the x - d i r e c t i o n , we have 
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where ' denotes an ordinary d e r i v a t i v e with respect to a 
coordinate ρ = χ - vt i n the Galilean fram f i x e d to the wave. 

The plane wave equation (101) i s parametrized by the elec
t r i c f i e l d strength Ε· Thus the p r o f i l e c_(p,E) depends on E. 
Most experimentally accessible i s the v e l o c i t y response function 
V ( E ) y i e l d i n g the dependence of the wave v e l o c i t y on the elec
t r i c f i e l d as, for example, i n Figure 8. 

2. Wave Propagation i n Reduced FKN Mechanisms. The f u l l 
FKN mechanism has many species. However, there are a number of 
rather f a s t reactions. Using scalings on concentrations and 
rate c o e f f i c i e n t s for concentrations of i n t e r e s t to wave 
propagation, i t has been shown that the FKN mechanism may be 
reduced to a three variabl
i t i s found that the thre
following equations of motion for a wave propagating at constant 
dimensionless v e l o c i t y c: 

Here χ i s proportional to [HBrO ], y « [Br""|, ζ « [oxidized form 
of c a t a l y s t , most re l e v a n t l y C e + 4 for the present approximations 
(36) 1, T| oc applied e l e c t r i c f i e l d . A l l other q u a n t i t i e s are 
given constants except c which i s the v e l o c i t y eigenvalue of the 
nonlinear system of equations. Matched asymptotic (boundary 
layer (37)) techniques were used to show (38) that BZ wave 
propagation could be understood i n terms of a Stefan moving 
boundary problem. (A Stefan problem i s one i n which the domain 
on which the equations operate i s to be determined as, for 
example, with a melting ice cube—see c i t a t i o n s i n Ref. 8̂. f° r 

more d e t a i l s . ) The moving boundary turns out to be the i n t e r 
face between domains wherein χ and y are a l t e r n a t i v e l y very 
small. Where y and ζ are small χ obeys the Fisher equation 
except that the Fisher v e l o c i t y c = 2 that was believed to be 
relevant (22.) turns out to be too high because the boundary 
conditions f o r BZ propagation are not those usually used for 
the Fisher equation since χ i s confined to a s e m i - i n f i n i t e 
i n t e r v a l as shown i n Figure 9 · When ζ i s appreciable the auto-
c a t a l y t i c χ ( F i s h e r - l i k e ) moving boundary wave front dynamics 
does not operate. Since ζ (the metal c a t a l y s t ) i s p o s i t i v e i t 
tends to be pushed into the front (as i t i s being produced by 
the +2fx term i n (ΚΑ·) behind the χ front) when a wave i s pro
pagating towards the negative electrode. Thus we might expect a 
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slowing down of waves propagating toward the negative electrode 
as the voltage i s increased. The mathematical analysis and the 
experiments show that the s i t u a t i o n i s a c t u a l l y more i n t e r e s t i n g 
than t h i s l i t t l e hand waving argument might have us believe. The 
io n i c d r i f t v e l o c i t y of an ion i s the mobility of that ion times 
the applied f i e l d . The theory predicts that when the oxidized 
metal ion d r i f t v e l o c i t y increases beyond the f i e l d free wave 
v e l o c i t y , the wave i s annihilated suddenly from a f i n i t e amplitude 
and v e l o c i t y to no wave at a l l . This i s a s t r i c t l y nonlinear 
response phenomenon. 

This a n n i h i l a t i o n phenomenon can be used to explain the 
crescent wave seen to be developing i n Figure 7· The part of the 
i n i t i a l l y c i r c u l a r wave propagating toward the negative electrode 
with component of e l e c t r i c f i e l d normal to the wave front greater 
than the a n n i h i l a t i o n f i e l d must be destroyed. Results of the 
theory for the dependenc
shown i n Figure 10 wher
In both mechanisms a n n i h i l a t i o n occurs at the knees of the curve 
but the v e l o c i t y responses d i f f e r i n o v e r a l l appearance. 

5. General Remarks on Wave-Field Interactions. E l e c t r i c 
f i e l d e f f e c t s on s i g n a l propagation are quite varied. They stem 
from the f a c t that since d i f f e r e n t ions have d i f f e r e n t m o b i l i t i e s 
and charge they can be driven quite d i f f e r e n t l y , p o t e n t i a l l y 
s i g n i f i c a n t l y d isturbing the balance of composition attained 
i n the f i e l d free r e a c t i o n - d i f f u s i o n p r o f i l e . This leads to the 
p o s s i b i l i t y of creating new wave phenomena s i g n i f i c a n t l y 
d i f f e r e n t from f i e l d free wave propagation. Thus d i r e c t i o n 
r e v e r s a l , a n n i h i l a t i o n , creation of new types of waves and 
enhancement of propagation are a l l possible. 

I t i s not known yet whether these e f f e c t s are important i n 
any examples of b i o l o g i c a l s i g n a l propagation although the 
p o t e n t i a l richness of phenomena here makes i n v e s t i g a t i o n of such 
a p o s s i b i l i t y a tempting future area of i n v e s t i g a t i o n . A key 
factor i n making these phenomena be accessible i s to insure that 
the background i o n i c conductivity i s s u f f i c i e n t l y small so that 
large enough f i e l d s can be attained without b o i l i n g the system 
due to ohmic heating. As found i n the experiments on BZ 
mixtures (15) such modifications of the wave medium are some
times a t t a i n a b l e . 

E l e c t r i f i e d Periodic P r e c i p i t a t i o n . In the banded p r e c i p i -
t a t i o n of Pbl from KI and Pb(N0~5 i n a Liesegang experiment (kj) 
d i f f u s i o n drrves the I " ion i n t o 3 t n e P b 2 + gel as seen i n Figure 
11. I t i s observed that the incursion of the banded region 
into the gel slows down and the band spacing gradually increases 
as one proceeds down the tube from the KI s o l u t i o n end. However, 
i f one puts a negative electrode in t o the KI s o l u t i o n and a 
posi t i v e electrode i n the Pb(N0 ) end of the g e l tube, the i o n i c 
d r i f t term w i l l , i n the absence3o¥ p r e c i p i t a t i o n , cause the 
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Figure 9. Approximate x( oz [BrO>]), y(cc[Br']) wave profiles for BZ leading 
wave front as described

and 38, and the section

Field (V/cm) 

Figure 10. Comparison of velocity response of Oregonator and IUator models for 
two cases: (1) catalyst is Mn2+/Mn3* (top curves); (2) catalyst is Fe(phen)3

2+/Fe-
(phen)3

3+ (bottom curve). ( ) IUator predictions; ( ) the FKN-consistent 
Oregonator solution (see Ref. 1 2 for details). 
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coprecipitates ( i " , Pb 2 +) to move toward each other at constant 
(but d i f f e r e n t ) v e l o c i t i e s . This makes i t plausible that the 
r e s u l t i n g p r e c i p i t a t i o n bands w i l l become periodic--i'.e. with 
equal spacing—under c e r t a i n ranges of applied p o t e n t i a l . 

In Figure 12 the r e s u l t of the above e l e c t r o - p r e c i p i t a t i o n 
banding experiment i s shown. Note that for the many bands 
observed, the spacing i s constant, unlike the zero voltage 
experiment shown schematically i n Figure 1 1 . 

The theory of f i e l d free p r e c i p i t a t i o n banding i s i n some
what of a state of controversy. The t r a d i t i o n a l Ostwald-Prager 
theory i s based on an interplay of nucleation and d i f f u s i o n and 
r e l i e s on the cross d i f f u s i o n geometry of the coprecipitates ( U 8 ) . 
However i n recent experiments (--9* 5θ) i t was shown that 
spontaneous patterns evolve from a homogeneous s o l as shown i n 
Figure 13. To account for t h i s phenomenon a new theory was 
developed based on the competitio
of d i f f e r e n t sizes (]±2,
larger p a r t i c l e s , due to surface tension, have an equilibrium 
s a l t concentration which i s lower than that of smaller 
p a r t i c l e s . Thus a patch of the system with s l i g h t l y larger 
average p a r t i c l e s i ze w i l l lead to an i n f l u x of s a l t and hence 
growth at the expense of the p a r t i c l e s i n the neighborhood. This 
leads to an i n s t a b i l i t y in the state of the homogeneous s o l 
and consequent development of s p a t i a l pattern. The theory also 
allows for sequential banding i n the Liesegang configuration. 

Currently, we are attempting to provide a u n i f i e d theory 
that incorporates both nucleation and competitive p a r t i c l e growth. 
We s h a l l then examine the e l e c t r i c a l e f f e c t s . This should not 
only provide a basis of explanation of the electro-banding 
phenomenon, but perhaps more importantly, provide a means of 
discr i m i n a t i n g between the two mechanisms of band f o r m a t i o n — i . e . 
how they i n t e r p l a y and which dominates. Indeed the competitive 
p a r t i c l e theory could explain the phenomenon of secondary banding 
as follows. Secondary banding i s the development of bands from 
an i n i t i a l l y uniform single band of the Liesegang experiment. 
But a single Liesegang band can be conceived of as a region of 
uniform s o l . A uniform s o l i s , according to the competitive 
p a r t i c l e theory, unstable to pattern formation. In t h i s picture 
the r e g u l a r i t y of the secondary bands i s a consequence of the 
existence of a small gradient i n p a r t i c l e s i ze across the i n i t i a l 
band. Such a small gradient in the competitive p a r t i c l e theory 
leads to r e g u l a r i t y of banding--!.e. not random as the patterns 
of Figure I3. 

Since phase t r a n s i t i o n s take place i n b i o l o g i c a l systems, as 
for example i n membranes, i t may be quite f r u i t f u l to investigate 
p r e c i p i t a t i o n bands and t h e i r e l e c t r i c a l manifestations i n b i o l o 
g i c a l systems, e s p e c i a l l y the a b i l i t y of e l e c t r i c a l f i e l d s , 
possibly generated by the organism i t s e l f , to regularize a 
pr e c i p i t a t i o n pattern. 
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Figure 11. Schematic Liesegang experi
ment to show that the normal
band spacing to increase down
The main difference between Figures 11 
and 12 is that in the regularizing condi
tions, the electromigration dominates dif

fusion. 

Figure 12. Schematic Liesegang experiment to show that the normal trend is for 
band spacing to increase down the tube. The main difference between Figures 11 
and 12 is that in the regularizing conditions, the electromigration dominates dif

fusion. 
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Figure 13. Swirl (a) and halo (b) patterns obtained in a supercooled Pbl2 experi
ment. Width of photographs represents 7.5 mm. 
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Growth, Inherent Asymmetry and Other Effe c t s 

Perhaps the key issue i n the study of e l e c t r i c a l e f f e c t s i n 
development i s to determine to what degree the observed e l e c t r i c 
f i e l d s are an inherent part of a developmental process or merely 
a consequence of i t . To conclude our discussions we now address 
some facets of th i s question. 

Inherent Asymmetry as an Imperfection. Much i s made i n the 
developmental l i t e r a t u r e and i n p a r t i c u l a r i n c r i t i q u e s of the 
invocation of Turing mechanisms, that, for example, eggs are 
inherently asymmetric. I t i s stressed i n these discussions that 
t h i s inherent asymmetry or pattern i s what f i x e s the l a t e r 
developmental a x i s , for example. In th i s regard the location of 
the point of entry of the sperm i s believed key. However, 
recent experiments involvin
seems to put some doub
dogma ( 3 6 ). The question we wish to address here i s to what 
extent these inherent asymmetries are causes or simply pertur
bations of more fundamental organizational phenomena. 

The concepts of h y p e r p o l a r i z a b i l i t y and of imperfect 
b i f u r c a t i o n s come to bear most heavily on thi s issue. Near a 
point of i n s t a b i l i t y of a system to pattern formation i t i s very 
s e n s i t i v e to small perturbations. Thus any inherent asymmetry 
w i l l i n some sense be greatly amplified. Q u a l i t a t i v e l y speaking, 
the h y p e r p o l a r i z a b i l i t y concept would say that the response of 
the system to the inherent asymmetry w i l l not only be large, but 
w i l l be i n a p a r t i c u l a r form--typically of the inherent symmetry 
of the patterning modes of the s t a b i l i t y analyses which are most 
long l i v e d . Thus, for example, i f there i s some granule or 
perhaps l o c a l i z a t i o n due to ce n t r i f u g a t i o n i n Fucus that i s 
found to f i x the axis of p o l a r i z a t i o n , then i s thi s not ju s t an 
imperfection that selects among the inherent degenerate patterning 
modes and not the determining factor i n deciding pattern symmetry? 
To study t h i s i t i s useful to consider the case of a weak 
asymmetry as an imperfection and use the machinery of imperfect 
b i f u r c a t i o n theory. The analysis of c e l l s i n external gradients 
or imposed e l e c t r i c f i e l d s discussed e a r l i e r c a r r i e s over quite 
straightforwardly here ( 5 l ) . Consider a single s p h e r i c a l c e l l 
with a small asymmetry due to the i n t e r n a l d i s t r i b u t i o n of s i t e s 
of reaction or b a r r i e r s to transport. Let t h i s asymmetry be 
analyzed i n terms of the complete set of solutions τ&Υ-- °f 
Laplace's equation. Then i f the Ζ = 1 patterns would a r i s e i n 
the imperfection free system the cubic equations f or the mode 
amplitudes found i n (36) (dy-/dt = θ) w i l l become 

-2av- - Σ b - V γ. , Y l + 1 = 0 (105) T l v _L±t ν Tlm Tlm' γ 1ν ν m+m =v 

where I i s a measure of the degree to which the imperfection i s 
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of symmetry i - l , v . For example, i f the imperfection i s the 
point of entry of the sperm, taken to be the "north pole," then 
I - = 0 and the b i f u r c a t i o n diagram looks exactly as i n Figure k 
wnere h i s to be interpreted as I , the axis being f i x e d along 
the north/south pole. 0 

Thus for a weak imperfection i n a system near c r i t i c a l i t y we 
see than an imperfection i n the presence of a pattern formation 
mechanism effects the pattern only i n regards to i t s o r i e n t a t i o n 
but not i t s inherent configuration. Indeed the amplitude of the 
mode i s somewhat alte r e d but we notice that the mode i t s e l f ( i n 
the weak imperfection case) i s unchanged, ( i t i s the s t a b i l i t y 
mode that, for example, f i x e d the r a t i o s of the i n d i v i d u a l ion 
currents i n the Fucus problems (7.)·) 

In order to resolve the issue of whether the observed pat
tern i s due to an inherent asymmetry or a Turing type s e l f -
organization mechanism
former can, i n f a c t , explai
currents and other d e t a i l s of the pattern. 

Growth i n Developmental B i o e l e c t r i c s . Growth and changes of 
geometry are very important features of many developmental 
processes. The f a c t that geometry profoundly a f f e c t s the elec
t r i c f i e l d of a system and that the growth dynamics i s strongly 
affected by the d i s t r i b u t i o n of molecules, many of which are 
ions, suggests a p o t e n t i a l mechanism fo r the presence of mor
phological i n s t a b i l i t y driven by a feedback loop involving the 
e l e c t r i c f i e l d i n a n o n t r i v i a l way. This i s , i n f a c t , w e l l 
known i n e l e c t r o p l a t i n g where the tendency for the smooth p l a t i n g 
state to become unstable to the growth of bumps i s an i n d u s t r i a l 
nuisance. 

The mechanisms for coupling morphology changes to e l e c t r i c 
f i e l d s i n b i o l o g i c a l systems can be quite complex. For example, 
the invasion of nerves into a growing limb i s known to promote 
growth; nerves i n culture are found to grow along e l e c t r i c f i e l d s 
( 8 , 52.). This and other mechanisms of morphological i n s t a b i l i t y 
coupling b i o e l e c t r i c s and evolving geometry are presently under 
in v e s t i g a t i o n ( 5 2 ). Indeed since small bumps can profoundly 
a f f e c t the current density into the bump, i t appears that t h i s 
mechanism i s a strong d r i v i n g and c o n t r o l l i n g force for the 
a b i l i t y of systems to grow limbs, sprout roots or other e s s e n t i a l 
features ( 8 , 2 2 , 2 8 , 2.). 

The Future. True advances i n t h i s f i e l d can only come i f 
det a i l e d model making and experimentation are c l o s e l y coordin-
ated. Since so many ef f e c t s are usually going on at the same 
time, responsible bookkeeping i n the form of d e t a i l e d mathemati
c a l descriptions are needed to keep track of and organize the 
data i f issues of mechanism of development or organization are to 
be resolved. A promising case i n th i s regard i s the formulation 
of a detailed model of Fucus (-."X) capable of explaining the 
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published Fucus data. What i s now needed f o r the Fucus problem 
i s more experiments directed at probing the predictions of the 
model so as to proceed i n an orderly way towards r e f i n i n g the 
present picture and, indeed, checking i t s v a l i d i t y . We are quite 
enthusiastic that t h i s can be done suc c e s s f u l l y becasue of the 
physico-chemical o r i e n t a t i o n of some investig a t o r s i n this area. 

A very challenging and important f i e l d of t h e o r e t i c a l re
search i s i n regards to the e f f e c t s of high frequency e l e c t r i c 
f i e l d s as reviewed i n Refs. 52.5 2ίΐ· The pioneering experimental 
work of P i l l a (5*0 seems to connect these e f f e c t s to c e l l sur
face processes. I t has also been shown that these e f f e c t s are 
s t r i c t l y nonlinear i n nature opening up the i n t e r e s t i n g theoret
i c a l area of nonlinear response of membrane systems. 

Enthusiasm i n science should always be tempered with humil
i t y . The 19-7 study by Lund (28) and the work of many i n v e s t i 
gators over the l a s t centur
t r i c forces i n developmen
hope that recent advances i n the theory of nonlinear equations, 
and the contributions of Turing, w i l l enable the o r e t i c i a n s , i n 
c o l l a b o r a t i o n with experimentalists, to make a r e a l contribution 
here i n order to complement the evergrowing body of very i n t e r 
esting experimental data. The p o t e n t i a l medical applications of 
the f i e l d to the c o n t r o l of regeneration and wound healing (as i t 
i s already being used i n bone healing (22.)) m-kes i n t e r e s t i n 
t h i s f i e l d of great relevance. 
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The success of molecular biology i s based on the d e r i v a t i o n 
of the d e t a i l e d molecula
molecules such as enzymes
expressed that the a c t i v i t y of b i o l o g i c a l systems can be under
stood i n terms of standard chemical reactions, based on a know
ledge of structure, i n conjunction with d i f f u s i o n of molecules. 
I t must be pointed out, therefore, that b i o l o g i c a l systems ex
h i b i t s e n s i t i v i t i e s , at times, that equal those of the best 
a v a i l a b l e modern instrumentation. 

As an example we mention the s e n s i t i v i t y at low l i g h t i n t e n 
s i t i e s of the human v i s u a l system which according to a ca r e f u l 
analysis by Rose (jL) i s close to the t h e o r e t i c a l l i m i t . The sys
tem thus can be considered as an image converter of the highest 
possible s e n s i t i v i t y , though i t uses materials of quite a d i f 
ferent nature from those used by technologists. 

In a more general sense, b i o l o g i c a l systems receive energy 
through metabolism (or l i g h t ) , and use a part of t h i s energy to 
develop and maintain a complex organization. In simple physical 
systems, i n general, supply of random energy leads to an increase 
i n temperature. Exceptions a r i s e i n the case of machines which 
require complex arrangements. More simple, i n p r i n c i p l e , i s the 
case of las e r where the supply of energy y i e l d s the well-known 
coherent l a s e r states. 

Long range coherence, moreover, i s a very general concept 
which may ar i s e subject to a few material properties, and i t has 
been proposed, therefore, that b i o l o g i c a l systems make consider
able use of t h i s p o s s i b i l i t y Ç2,43,4). Do b i o l o g i c a l materials, 
from the point of view of physics, possess some common material 
properties? They do i n t h e i r extraordinary d i e l e c t r i c properties 
05). Most remarkable, here, are the strong e l e c t r i c f i e l d s , of 
order 10? volt/m, that are maintained i n a l l b i o l o g i c a l membranes, 
although the only use that c l a s s i c a l biology has made of t h i s i s 
r e s t r i c t e d to nerve membranes. Such f i e l d s , c l e a r l y , lead to a 
strong e l e c t r i c p o l a r i s a t i o n of a l l materials i n a membrane; 
o s c i l l a t i o n of these materials then lead to e l e c t r i c p o l a r i s a t i o n 
waves. 
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Coherent E l e c t r i c P o l a r i s a t i o n Waves 

E l e c t r i c p o l a r i s a t i o n waves can be c l a s s i f i e d i n terms of 
t h e i r normal modes. In general, these normal modes form bands, 
though i n some cases i s o l a t e d modes may also e x i s t . The lowest 
frequency of a l l these modes i s d i f f e r e n t from zero. A band of 
normal modes covering a frequency range between and u^, 

i s assumed to be i n very strong i n t e r a c t i o n with the rest of the 
system which i s treated as a heat bath wtih temperature T. I t i s 
e s s e n t i a l that not only f i r s t but also second order terms i n t h i s 
i n t e r a c t i o n are of importance, whereas terms leading to an i n t e r 
action between the modes of p o l a r i s a t i o n wave are considered n e g l i 
g i b l e . These are the mai
exh i b i t i n order to be
mode under the influence of random supply of energy a r i s i n g from 
metabolic processes. For l e t n^ be the number of quanta i n the 
mode with frequency ω^, l e t s^ be the rate of supply of energy to 
t h i s mode, and l e t and χ^£ = χ», D e appropriate t r a n s i t i o n pro
b a b i l i t i e s , then the rate of change of n^ s a t i s f i e s the k i n e t i c 
equation ( 2 , 4 0 

where 

A formal stationary s o l u t i o n of (2) can be e a s i l y presented (6) 
though we s h a l l give here only the s o l u t i o n f o r the s i m p l i f i e d 
case i n which a l l are equal to φ, and a l l χ ^ equal to χ, 

where 

and 
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Thus μ = 0 i n thermal equilibrium (s=0), when (4) becomes a 

Planck d i s t r i b u t i o n , and 

Now from (2) i t can be shown that for s u f f i c i e n t l y large s, 

the t o t a l number of quanta Ν=Ση^ increases proportionally to the 

t o t a l rate of supply s. Equation (4) then shows that a c r i t i c a l 

rate of supply S Q , e x i s t s , such that for S > S Q something analogous 

to E i n s t e i n condensation of a Bose gas must occur. This implies 

that μ, which acts as chemical p o t e n t i a l , must approach very 

c l o s e l y such that the occupation, n^, of becomes very large. 

Since ω-̂  represents a normal mode, i t follows that t h i s e x c i t a -

t i o n i s coherent. 

The above observation has been confirmed with the use of a

number of more s p e c i f i

using a f i n i t e number 

Consequences 

The p o s s i b i l i t y of coherent e x c i t a t i o n , discussed i n the pre-

vious s e c t i o n , rests on the introduction of the non-linear χ-

terms. For i f χ=0, then (6) y i e l d s μ=0 and the p o s s i b i l i t y of 

coherent e x c i t a t i o n disappears. When the e x c i t a t i o n i s achieved, 

on the other hand, then the system i s capable of c o l l e c t i v e be-

haviour and can e x h i b i t properties that at f i r s t sight do not 

appear to be inherent i n the unexcited system. Most important 

i s a frequency-selective long-range i n t e r a c t i o n of such excited 

systems (15,4) which may lead, i t has been suggested, to c o n t r o l 

of c e l l d i v i s i o n i n an organ, to long-range a t t r a c t i o n (e.g. of 

enzyme and substrate) and to other consequences. Once such at-

t r a c t i o n has been achieved, of course, the usual short-range 

chemical i n t e r a c t i o n s w i l l take over. These, together with the 

s p a t i a l rearrangements due to long-range i n t e r a c t i o n , w i l l , i n 

general, lead to new frequencies which, i f excited, w i l l lead to 

the a t t r a c t i o n of d i f f e r e n t groups, so that a u n i d i r e c t i o n a l 

development of the system may be anticipated. 

Amongst possible frequencies, lO^O-lOU Hz has been estimated 

for polar membrane v i b r a t i o n s , higher frequencies, up to 10l3-

l O
1

^ Hz, for proteins, lower frequencies (16), of order 10^ Hz, 

for RNA. These frequency regions include those corresponding to 

mi l l i m e t e r and centimeter electromagnetic waves, and i t may be 

expected then that b i o l o g i c a l processes that make use of e l e c t r i c 

v i b r a t i o n s i n these frequency regions may be influenced by ex-

t e r n a l l y applied electromagnetic waves. This should p a r t i c u l a r l y 

a r i s e when the relevant s i z e of the material i s small compared 

with the vacuum wavelength. Otherwise, however, external r a d i a -

t i o n w i l l i n t e r a c t with o p t i c a l l y - a c t i v e modes only, and i t i s 

u n l i k e l y that those modes are relevant for b i o l o g i c a l purposes. 

In such cases, i n t e r a c t i o n i s r e s t r i c t e d to surface e f f e c t s and 

e f f e c t s of i r r e g u l a r i t i e s . 
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Consider now a complex b i o l o g i c a l process that i s i n i t i a t e d 
by the consequences of strong e x c i t a t i o n of a c e r t a i n mode, lead
ing to s e l e c t i v e long-range i n t e r a c t i o n . Let t-4 be the time re
quired f o r t h i s process, and l e t t 2 be the time of the subsequent 
chains of b i o l o g i c a l processes. The t o t a l rate R thus i s 

R = 1 
t-L + t 2 (8) 

Now the f i r s t process requires coherent e x c i t a t i o n , which i n 
turn requires the rate of energy supply s to be larger than the 
c r i t i c a l SQ. Thus t4 •> °°, i . e . , R -> 0, i f s < SQ. When s > SQ 
then we s h a l l assume 

1 (s - s 0 ) n (9) 

where η = 1, and _a i s a
that 

R = l (s - s Q ) n 
t 2 ( a / t 2 ) + (s - s 0 ) n , s 4 s 0 (10) 

i . e . , R i s a s t e p - l i k e function whose value becomes l / t 2 , indepen
dent of s when s i s very large. 

Consider now that the system i s preparing for the p a r t i c u l a r 
process by supplying energy at a rate s f i < S Q , say s B = SQ - Δ. 
Then, i f the relevant frequency region i s i n the microwave or 
millimeter-wave region, and i f electromagnetic energy i s supplied 
at a rate s m > Δ, then the process w i l l take place, i . e . , i t w i l l 
be triggered by the ex t e r n a l l y supplied energy. The dependence 
i n t h i s i n t e n s i t y w i l l again be s t e p - l i k e , with the step s t a r t i n g 
at the rate s m = Δ, which might be very low. A s l i g h t modifica
t i o n of the s m-independent region w i l l a r i s e when the absorption 
of the external wave i n the system i s relevant. This case has 
been treated i n (6). As a whole, however, these processes are 
characterized by t h e i r s t e p - l i k e dependence on i n t e n s i t y , and by 
t h e i r r e s t r i c t i o n to c e r t a i n frequency regions. Furthermore, as 
f i r s t discussed i n (12), equation (2) implies that a c e r t a i n non-
n e g l i g i b l e time of i r r a d i a t i o n w i l l be required to approach the 
stationary state. 

Experiments 

Electromagnetic waves may, under c e r t a i n circumstances, t r i g 
ger b i o l o g i c a l events with the use of r e l a t i v e l y low i n t e n s i t i e s , 
as discussed above. To test t h i s p o s s i b i l i t y experimentally, i t 
i s required to investigate the triggered b i o l o g i c a l event i n i t s 
dependence on the i n t e n s i t y , frequency, and duration of the ap
p l i e d r a d i a t i o n . A great number of experiments at a si n g l e f r e -
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quency (usually 2450 MHz) do e x i s t ; they are not s u i t a b l e to test 
the theory, though some of them do e x h i b i t e f f e c t s at very low 
i n t e n s i t i e s so that thermal action i s u n l i k e l y . 

In a report of the USSR Academy of Science (January 1973) 
(17) the required set of experiments have been c a r r i e d out on a 
number of b i o l o g i c a l materials with the use of coherent mil l i m e t e r 
waves, vacuum wave length 6-7 mm, a large range of i n t e n s i t i e s 
and of duration of i r r a d i a t i o n , as required to test the theory. 
They confirm, quite i n general, the t h e o r e t i c a l r e s u l t s and can 
thus be considered as confirmation of the theory (18). Subse
quently experiments on the influence of the growth of yeast c u l 
tures have exhibited the existence of narrow frequency resonances 
(19), and recently, Grundler (20) , working with very high r e s o l u 
t i o n , has .been able to demonstrate conclusively the existence of 
very narrow resonances. 

Repro d u c i b i l i t y o
and t h i s may be due to a
a narrow p o s i t i v e maximum adjunct to two negative minima. As a 
consequence, working with lower r e s o l u t i o n w i l l average over these 
and y i e l d no noticeable e f f e c t . Other parameters, however, of 
both physical and b i o l o g i c a l nature are l i k e l y to be relevant; 
investigations to determine these are i n progress. 

At higher frequencies, the laser-Raman e f f e c t a f f o r d s , i n 
p r i n c i p l e , the p o s s i b i l i t y of detecting non-thermal e x c i t a t i o n 
of v i b r a t i o n s . These would be found from a higher than thermal 
r a t i o of anti-Stokes to Stokes l i n e s . The Raman e f f e c t i n b i o 
l o g i c a l systems has recently been reviewed by Webb (21). Un
fortunately only two relevant measurements have been c a r r i e d out, 
so f a r , but both demonstrate non-thermal e x c i t a t i o n . A d i f f i c u l t y 
a f f e c t i n g r e p r o d u c i b i l i t y a rises here from the e f f e c t of a laser 
beam on a b i o l o g i c a l system as discussed i n (21), i n the case of 
i n d i v i d u a l c e l l s . The best way to avoid t h i s appears to be the 
use of a flow instrumentation so that each c e l l i s subjected to 
the l a s e r beam for a very short period only (22). 

F i n a l l y , one may question whether the activated polar v i b r a 
tions i n i n d i v i d u a l c e l l s can be expected to have exactly the same 
frequency for a l l c e l l s . For assume that, through a f l u c t u a t i o n , 
a water molecule or a hydrogen ion i s attached to the v i b r a t i n g 
region i n one c e l l but not another. The non-homogenuous part of 
the a r i s i n g f i e l d w i l l then a l t e r the relevant frequency by an 
amount which i s small compated with t h i s frequency but may w e l l 
be of order of the frequency distance between resonances r e 
ported i n (19) and (20). 

NOTE ADDED IN PROOF 
Meanwhile l i t e r a t u r e has been found (e.g., B.L. Epel i n 

Photophysiology 84, 209, 1973) according to which v i s i b l e l i g h t 
i n h i b i t s various b i o l o g i c a l processes i n Ε c o l i . Also experimen
t a t i o n with flow instrumentation has begun and appears to y i e l d 
i n t e r e s t i n g r e s u l t s which w i l l be published i n due course by 
F. D r i s s l e r . 
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ABSTRACT 
The model leading to the excitation of coherent electric 

vibrations in biological systems is reviewed and the experimental 
evidence for it is briefly discussed. 
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13 
Coherent Modes in Biological Systems 
Perturbation by External Fields 

FRIEDEMANN KAISER 
Institute of Theoretical Physics, University of Stuttgart, Pfaffenwaldring 57, 
7000 Stuttgart - 80, West Germany 

In recent years considerable attention has been given to 
understanding both the stability of biological systems and their 
interactions with nonionizin
aim a special effort has been made by many authors using either re
fined experimental techniques or a modelling approach. The problem 
has gained increasing interest both, through rather exciting ex
perimental results and through theoretical considerations (1). 

Well documented biological effects exist, arising from irra
diations at very low intensities where thermal effects certainly 
are to be excluded (vid. Refs. 2, 3 for details). The reported 
nonthermal effects occur in certain frequency regions only. They 
usually exhibit saturation at rather low intensities. In addition, 
these effects might be masked by thermal ones. In these cases the 
energy transfer from the radiation to the system varies slowly 
with frequency and is largely determined by dielectric losses. 

A detailed and very successful investigation of the complex 
structure has shown that there exists no spatial order in these 
systems (vid. Ref. 3, chapter 2 for details). However, it is well-
known in modern physics that, besides spatial order, other types 
of order do exist, e.g. order of motion. In many cases this type 
of order can be described by long range coherence. 

As early as 1967 Frohlich (4) emphasized that biological sys
tems exhibit a relative stability for some modes of behaviour. In 
their active state (in vivo) these modes remain very far from 
thermal equilibrium. One manifestation of the stable behaviour is 
a coherent excitation, which means that a single mode is strongly 
excited. Fröhlich has suggested that coherent oscillations (as a 
special realization of long range coherence) ought to be of great 
importance in biological systems (4, 5). 

To give an interpretation of the specific behaviour and sta
bility of biological systems, one should primarily look for basic 
physical ideas, which may serve as working models to establish phy
sical theories for a description of order and function. The idea 
of making models is suggested by the enormous complexity, which 
characterizes biological systems. With the aid of models it is 
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possible to pass over the complexity of the system by r e s t r i c t i n g 
to the relevant mechanisms which might be responsible for both, 
the i n t e r n a l function and the i n t e r a c t i o n with an external s t i 
mulus. 

From our point of view, the following basis seems appropriate 
for t h e o r e t i c a l considerations: 
1. the functional complexity of b i o l o g i c a l systems necessitates 

the a p p l i c a t i o n of macroscopic theories, e.g. the concepts of 
Synergetics (6) and D i s s i p a t i v e Structures (_7), 

2. the existence of some modes of behaviour very far from ther
mal equilibrium requires nonlinear i n t e r a c t i o n s between the 
relevant subunits, 

3. the s p e c i f i c modes, which are thermally decoupled from the 
remaining part of the system, must be s t a b i l i z e d by a s u i 
table energy and/ or matter input, 

4. the i n t e r a c t i o n wit
transport i n s t a b i l i t i e
ons), which can lead to new stable or unstable states of 
function w i t h i n the system. 
I t should be stressed that Frohlich's concept of coherent 

o s c i l l a t i o n s agrees with these four rather general requirements. 
However, i t should be emphasized that t h e o r e t i c a l physics can only 
provide us with the relevant concepts, which can point to a number 
of p o s s i b i l i t i e s , but i t cannot predict i n which way the system 
has evolved. The actual state of function can only be found i n 
close c o l l a b o r a t i o n with experiments. 

General Concept and Theoretical Basis 

Nonlinear Systems, N o n l i n e a r i t i e s play a dominant r o l e i n 
physics and many other d i s c i p l i n e s . For example, a l l material laws 
have a nonlinear c h a r a c t e r i s t i c . In many cases, the u s u a l l y applied 
l i n e a r i z a t i o n procedures are suitable and w e l l established methods, 
which might lead to s a t i s f y i n g r e s u l t s . However, nonlinear systems 
can e x h i b i t a behaviour, which i s completely absent i n the regime 
of l i n e a r dynamics. Both, the development and the maintenance of 
such a behaviour seem to be provided by a general mechanism: non
l i n e a r d i s s i p a t i o n . 

D i s s i p a t i o n as an organizing f a c t o r can only occur under cer
t a i n conditions, necessary prerequisites are: energy input (open 
system), nonlinear dynamics and s t a b i l i z a t i o n f a r away from ther
mal equilibrium i . e . beyond the regime of l i n e a r i r r e v e r s i b l e ther
modynamics (vi d . the requirements of Chapter I ) . 

O s c i l l a t i n g phenomena and hysteresis behaviour ( b i - , m u l t i -
s t a b i l i t y ) are the most important phenomena i n systems fa r from 
thermal equilibrium, excluding s p a t i a l structures (patterns, 
t r a v e l l i n g waves). Examples of both types of temporal structures 
can be found i n a l l d i s c i p l i n e s where nonlinear dynamics play a 
s i g n i f i c a n t r o l e . In biophysics i t appears that d i s s i p a t i o n pro
vides a general mechanism and may also account for the functional 
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s t a b i l i t y and s p e c i f i c s e n s i t i v i t y of cooperative systems to en
vironmental influences. 

Nonlinear O s c i l l a t i o n s (Limit Cycles). We want to r e s t r i c t 
ourselves to nonlinear o s c i l l a t i o n s of l i m i t cycle type (LC), 
which means that we are only dealing with selfsustained o s c i l l a 
t i o n s . This type of nonlinear o s c i l l a t i o n s can only occur i n non-
conservative systems, i t i s a periodic process, which i s produced 
at the expense of a nonperiodic source of energy w i t h i n the sys
tem. 

I t should be stressed that o s c i l l a t o r y phenomena are w e l l -
known i n biology. They span a wide range of periods, reaching from 
f r a c t i o n s of seconds (neuronal and EEG a c t i v i t i e s ) and minutes 
(biochemical o s c i l l a t o r s ) to hours and days (ci r c a d i a n rhythm...). 
Besides these cooperative o s c i l l a t i o n s on an i n t r a - , i n t e r - and 
supercellular l e v e l , the usual o s c i l l a t i o n s on a microscopic basis 
(e.g. e l e c t r o n i c t r a n s i t i o n s
r o t a t i o n a l relaxation,...

E x t e r n a l l y driven l i m i t cycles can e x h i b i t a great v a r i e t y of 
behaviour. Quite generally, one gets a nonlinear superposition of 
an i n t e r n a l nonlinear o s c i l l a t i o n with an external o s c i l l a t o r y per
turbation. D e t a i l s of the r e s u l t i n g behaviour (including sub- and 
superharmonic o s c i l l a t i o n s , entrainment, quenching...) depend on 
both, the frequency and i n t e n s i t y of the applied f i e l d s and on the 
i n t e r n a l nonlinear k i n e t i c s of the considered system. 

To extend the special concept of coherent e l e c t r i c o s c i l l a 
tions to further phenomena, we assume two rather general postu
l a t e s : 
1. observable b i o l o g i c a l o s c i l l a t i o n s must be stable l i m i t cyc

les or coupled sets of nonlinear modes of t h i s type, 
2. stable l i m i t cycles are a proper d e s c r i p t i o n for coherent os

c i l l a t i o n s i n active systems. 
To include the d e s c r i p t i o n of e x t e r n a l l y driven o s c i l l a t i n g sys
tems, a t h i r d postulate i s suggested: 
3. e x t e r n a l l y driven l i m i t cycles are a suitable basis for a des
c r i p t i o n of the e f f e c t s of external f i e l d s on b i o l o g i c a l and r e 
lated systems. 

The l i m i t cycle concept reveals a possible explanation of the 
s p e c i f i c s e n s i t i v i t y of b i o l o g i c a l systems to a weak external s t i 
mulus through the following mechanism: the i n t e r n a l LC represents 
a storage of (metabolic) energy, which can be used to b u i l d up a 
si g n a l , whereas the e x t e r n a l l y supplied f i e l d energy (with appro
p r i a t e frequency and i n t e n s i t y ) only causes the LC to collapse. 
This t r i g g e r e f f e c t of the external signal makes pl a u s i b l e the 
existence of nonthermal e f f e c t s i n i r r a d i a t e d b i o l o g i c a l systems, 
though the external energy supply i s too weak to create a response 
of the system. 

The LC concept has been applied to describe c o l l e c t i v e chemi
c a l and physicochemical reactions with an o s c i l l a t o r y k i n e t i c s , 
c i r c a d i a n and cardiac rhythm, brain function and rhythm etc. De
t a i l s of t h i s concept may be found i n a recent a r t i c l e (8), where 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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a large number of both, t h e o r e t i c a l model o s c i l l a t o r s and experi
mentally found o s c i l l a t o r y phenomena have been presented. 

Models 

To give an i l l u s t r a t i o n of our concept, we want to present 
some rather simple model systems. These models are examples of a 
t y p i c a l nonlinear behaviour and they might perhaps serve as an 
explanation of some s p e c i f i c e f f e c t s found i n experiments ( v i d . 
Refs. J_, 24 3). I t should be emphasized that the models are rather 
speculative. However, they are based on both, the physical proper
t i e s and the relevant physical laws, which determine the dynamics 
of the system under consideration. 

Model 1 : Generalized Van der Pol O s c i l l a t o r 

The Van der Pol o s c i l l a t o
example of a l i m i t cycle o s c i l l a t i o n . I t has i t s o r i g i n i n non
l i n e a r e l e c t r i c c i r c u i t s . We take a generalized version of i t , 
which i n i t s normalized form reads: 

X - μ(1 - X 2 + αΧ 4 - βΧ 6) Χ + Χ = F(t) (1) 

(" = 4— , Χ = amplitude of o s c i l l a t i o n , e.g. a measure for time de
pendent p o l a r i z a t i o n i n membranes, bonding state of ions etc.; 
α, β = 0 i s the usually applied Van der Pol l i m i t ) . 

The r.h.s. of the equation represents the external d r i v e ; f or 
s i m p l i c i t y we r e s t r i c t to a harmonic one, F(t) = F cos Xt. 

Without the external f i e l d , two stable o s c i l l a t i o n s with f r e 
quencies ω. and and amplitudes Xj and x4 e x i s t ; an unstable LC 
i s situated between the two LCs. The stable o s c i l l a t i o n s are shown 
i n Figure 1. By external means and by parameter v a r i a t i o n s the sys
tem can be driven from one stable o s c i l l a t i o n to the other one, 
e x h i b i t i n g a threshold and e x c i t a b i l i t y . Furthermore, the external 
f i e l d can lead to a complete collapse of the small amplitude os
c i l l a t i o n . The closer the external frequency λ i s to the i n t e r n a l 
one, u)j, the smaller i s the c r i t i c a l f i e l d strength F q c, which i s 
necessary for the breakdown of the small o s c i l l a t i o n and the sub
sequent t r a n s i t i o n to the other one. For F >F , the system can 
only e x i s t i n the large amplitude state. TRis°state i s stable with 
respect to F, but there e x i s t s a region, where p a r t i a l quenching 
of the o s c i l l a t i o n can occur. 

In the resonance region the system o s c i l l a t e s with the exter
nal frequency λ and with an increased amplitude (entrainment r e 
gion). Far away from resonance, the i n t e r n a l free o s c i l l a t i o n s are 
present. This behaviour i s completely absent i n systems, where no 
self-sustained o s c i l l a t i o n s can e x i s t . A t y p i c a l example of such a 
system i s a nonlinear conservative system. The resonance diagram 
has been drawn i n Figure 2 f o r both, the small and the large ampli
tude o s c i l l a t i o n . 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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- . 0 : : J 

Figure 1. X(t) — t (amplitude as a function of time) and X(t) — X(tJ (phase-
plane) computer diagram of the generalized Van der Pol oscillator with F 0 == Ο = λ 
for 4 different values of initial conditions. Both the small and large amplitude oscil

lations are shown. 

Figure 2. Resonance diagram (steady-
state amplitude ν as a function of the de
tuning parameter (1 — λ2)/(λμ)) for 3 
different values F G (FO1 < FO2 < FO3). 
Note the instability region of the small 

limit cycle. 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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The r e s u l t i n g frequency and the steady state amplitude for 

both o s c i l l a t i o n s are given i n Figure 3 as a function of the ex-

t e r n a l f i e l d amplitude for a c e r t a i n frequency λ. The t r a n s i t i o n 

from one LC to the other one occurs below that point, where the 

l a t t e r LC gets entrained (F <F ). 
• oc oc · 

The important r e s u l t i s that, whereas the small o s c i l l a t i o n 

can be influenced by very weak external f i e l d s , leading to a to-

t a l collapse of the LC, the large amplitude cycle i s rather s t a -

ble against perturbations. This means that the system can be d r i -

ven from a perturbable state to a nearly unperturbable one. Typi-

c a l examples of entrained or perturbed o s c i l l a t i o n s are given i n 

Figure 4. 

A multiple LC model has been suggested by the author (9) to 

explain some rather i n t e r e s t i n g experimental r e s u l t s with respect 

to Ca^
+

 - e f f l u x measurements i n the ELF- and microwave i r r a d i a t e d 

brain. On the basis of 

stable and o s c i l l a t i n g 

the frequency and i n t e n s i t y s p e c i f i c behaviour of t h i s model, both, 

the frequency and i n t e n s i t y windows (which are the dominant featu-

res of the experiments) receive a possible explanation. However, a 

physical basis for our mathematical model i s s t i l l l acking. Work 

towards t h i s d i r e c t i o n i s going on. 

Furthermore, the concept of e x t e r n a l l y driven l i m i t cycles can 

y i e l d an explanation of the extremely narrow frequency ranges of 

these e f f e c t s . One can e a s i l y show that the nonlinear damping 

term vanishes, i f one averages over one period of o s c i l l a t i o n . 

This means that the energy supply per cycle i s consumed during one 

period, i . e . the i n t e r n a l damping gets compensated by i n t e r n a l 

energy sources. A stable i n t e r n a l o s c i l l a t i o n with f i x e d frequency 

r e s u l t s . 

Model 2: Coherent O s c i l l a t i o n s i n Membranes 

Frohlich's suggestion that long range coherence might be im-

portant i n b i o l o g i c a l systems, has found a profound demonstration 

and v e r i f i c a t i o n i n two model c a l c u l a t i o n s . In the coherent o s c i l -

l a t i o n model he has shown that a Bose condensation-like e x c i t a t i o n 

r e s u l t s , i f a set of nonlinearly coupled o s c i l l a t o r s i s pumped by 

external energy supply above a c e r t a i n threshold (5). In the high-

p o l a r i z a t i o n model he has been able to show that metastable h i g h l y -

polarized o s c i l l a t i n g states can e x i s t i n d i e l e c t r i c materials of 

suitable properties. Both, a few rather e x c i t i n g experimental r e -

s u l t s and some model c a l c u l a t i o n s on a strongly physical basis 

seem to support these ideas (vid. Réf. 1 for d e t a i l s ) . 

Recently F r o h l i c h has extended h i s ideas to give a possible 

explanation of the extraordinary high s e n s i t i v i t y of c e r t a i n b i o -

l o g i c a l systems to very weak external e l e c t r i c and magnetic signals 

(2). The model i s a combination of both, a nonlinear chemical re-

a c t i o n , which i s based on long range i n t e r a c t i o n s , and a f e r r o e l e c -

t r i c term, which represent the s p e c i f i c d i e l e c t r i c properties of 

membranes. The model equations read: 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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Figure 3. Steady-state amplitude ν and 
steady-state frequency o> of both limit 
cycles as a function of the external field 
strength F 0 for a fixed and arbitrary ex
ternal frequency λ. For F0 = F o r , the 
small limit cycle becomes unstable; for 
F0 = Foc, a complete entrainment results. 
( ) v; ( ) ω; (a) y ο = X 2 , ω0 = ω2; 

(b) V1 = Xj, <J)0 = Mt). 
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Figure 4. Oscillation and phase-plane diagrams (see Figure 1) of the externally 
driven limit cycles for 4 different values of the external field strength F 0 and for a 

fixed external frequency λ with λ < (F, < F 2 < F 3 < F,;. 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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ν = γ σ + α Α σ ν + ( c 2 e ~ r V - d 2) ν + F(t) (2) 

σ = - β ν - α Α σ ν 

with ν=Ν-γ|αΑ, a=S-g|aA, α,β,γ>0. 

Ν, A are the concentrations of excited and unexcited enzyme mole
cules, V, σ are the corresponding excess concentrations i . e . the 
deviations from chemical equilibrium. S i s the number of substrate 
molecules per unit volume, γσ r e s u l t s from the long range i n t e r 
a c t i o n , βν and αΑσν ori g i n a t e from the nonlinear enzyme-substrate 
reactions. Aside from "chemical" terms we have an ad d i t i o n a l " d i 
e l e c t r i c " term which consists of two parts: a term describing the 
system's tendency to become f e r r o e l e c t r i c , i . e . 

2 2 
2 -Γ ν /c e V (2a

2 
and f r i c t i o n a l losses ( e l e c t r i c r e s i s t e n c e s ) , i . e . - d V. F r e s u l t s 
from the i n t e r a c t i o n of the system with i t s surrounding. Equs. (2) 
have been investigated i n great d e t a i l (11, 12, 13). The most im
portant r e s u l t i s the existence of a LC, representing a chemical 
lowfrequency o s c i l l a t i o n to which corresponds an e l e c t r i c v i b r a t i o n 
due to the highly polar states of c e r t a i n enzymes. I t should be 
stressed that the high frequency coherent dipole o s c i l l a t i o n i s 
contained i n the parameters of the equations. In a d d i t i o n , the mo
del f i t s w e l l to our requirements and postulates of the LC concept. 

We only want to present some r e s u l t s for the e x t e r n a l l y driven 
system. We confine ourselves to a harmonic e l e c t r i c f i e l d , F (t) 
= F cos Xt. Again one has to investigate the competition between 
an i n t e r n a l nonlinear o s c i l l a t i o n and an external o s c i l l a t o r y 
f i e l d . 

Figure 5 shows the unperturbed LC with a fi x e d frequency U)Q 

and a steady state amplitude V , respectively. The complete beha
viour of the perturbed system i s given i n the resonance diagram 
Figure 6. One gets a s l i g h t l y asymmetric diagram. Remarkable i s the 
extreme increase of the amplitude i n the resonance region (entrain-
ment regime), a quenching behaviour close to the high frequency 
side of the resonance peak ( i . e . p a r t i a l suppression of the o s c i l 
l a t i o n ) and free o s c i l l a t i o n s with the i n t e r n a l frequency outside 
these regions. This behaviour i s well-known for self-sustained 
o s c i l l a t i o n s . However, contrary to the r e s u l t s of our model 1, the 
system can be driven into a completely unstable s i t u a t i o n , which 
leads to the collapse of the o s c i l l a t o r y state. Summing up, one 
finds a series of t r a n s i t i o n s , which for a fi x e d frequency λ and 
an increasing f i e l d F y i e l d s the scheme: 

unperturbed free L8 multifrequency and multiamplitude o s c i l 
l a t i o n s (quasiperiodic state) -> t r a n s i t i o n to a new LC with f r e 
quency λ (entrainment) -> collapse of the LC ( i n s t a b i l i t y ) and 
onset of t r a v e l l i n g waves(nonlinear response s i g n a l ) . 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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Figure 6. Resonance diagram (steady-
state amplitude ν as a function of the 
external frequency λ) for different values 
of Fa (Fo1 < Fft2 < Fo3 < F0>l). The 
dashed part of Curve 4 is unstable; all 

resonance curves are asymmetric. 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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A s i m i l a r scheme can be given for a varying external frequen-

cy. Typical examples of perturbed o s c i l l a t i o n s are shown i n Figure 

7. Figure7e demonstrates that a f t e r some o s c i l l a t i o n s with increa-

sing amplitude (transients) the system gets unstable. The d i f f e r e n t 

regions of behaviour have been drawn i n Figure 8. 

The c r i t i c a l strength F , which i s necessary for the LC to 

collapse and to create a response s i g n a l , i s given by the external 

as w e l l as by the i n t e r n a l parameters. Predominant are the d i e l e c -

t r i c ones(c^, d^), since these parameters determine the frequency 

and amplitude of the i n t e r n a l o s c i l l a t i o n . We have been able to 

show that pulsed and modulated external f i e l d s can only s h i f t the 

i n s t a b i l i t y point towards smaller or higher values of the c r i t i c a l 

f i e l d strength per cycle. Q u a l i t a t i v e changes i n the o v e r a l l be-

haviour of the driven LC system are impossible. 

The relevance of the model i s a matter of controversal discus-

sions. Though the chemica

one should r e a l i z e tha

be replaced by an other one. The important step i s the combined 

existence of both, a special chemical k i n e t i c s and a related e l e c -

t r i c behaviour. Both terms can be modified, but they must be based 

on physical laws and the extraordinary d i e l e c t r i c properties of the 

material. 

Model 3: Extended High-Polarization Model 

The possible existence of highly polarized metastable states 

i n b i o l o g i c a l model membranes has led us to a preliminary model 

for s p e c i f i c i n t e r a c t i o n s i n membranes (14). We have assumed that 

biomolecules are capable of nonlinear p o l a r i z a t i o n o s c i l l a t i o n s , 

when they are s u f f i c i e n t l y excited by metabolic energy or by ex-

t e r n a l means, e.g. e l e c t r i c f i e l d s . R e s t r i c t i n g to the case of two 

i n t e r a c t i n g molecules for s i m p l i c i t y , the dynamics of the system 

i s given by a set of nonlinear d i f f e r e n t i a l equations for the po-

l a r i z a t i o n P. of the molecule i : 

ι 

y. P. has been introduced as a phenomenological damping term to 

prevent the system from becoming unstable, when only a very small 

amount of energy i s supplied and to account for always present loss 

processes. y.(R) P. r e s u l t s from the dipole-dipole i n t e r a c t i o n , i . 

e. Y-.(R) P,f>,;hign er coupling terms have been neglected. We have 

r e s t r i c t e d è o^the f i r s t three odd powers i n P. , these terms cor-

respond to a symmetric nonlinear p o t e n t i a l . 

The two molecule model may be viewed as a s t a r t i n g point to 

discuss the dynamics of highly p o l a r i z a b l e biomolecules i n mem-

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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100.00η V 
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Figure 7. Oscillation and phase-plane diagrams of the externally driven limit cycle 
of the coherent oscillation model. 

(a) Xj < ω0, F0 < For; (b) λ2 = ω0, Fn < Fnr; (c) X2 = ωη, F„ -» For; (d) λ3 > ω0, F0 < 
For; (e) λ3 > ω,„ F 0 — For: collapse of oscillation (ω0 = frequency of unperturbed limit 

cycle; Figures (a)-(d) belong to Region III, Figure (e) to Region IV of Figure 8). 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



13. KAISER Perturbation by External Fields 231 

Figure 7. Continued 
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Figure 7. Continued 
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Figure 7. Continued 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



234 BIOLOGICAL EFFECTS OF NONIONIZING RADIATION 

iSO.OOn 

100.OOi 

Î V 

ΟΡ

- s o . o o H 

-100.00
J 

- s o . o f c 

150.00η V 

-100.00 

Figure 7. Continued 
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branes. Depending on both, the i n i t i a l condition ( t o t a l energy) and 
the e x t e r n a l l y supplied energy (given by the frequency and inten
s i t y of the external e l e c t r i c f i e l d ) , the o s c i l l a t o r s can be s t a 
b i l i z e d i n a highly polar o s c i l l a t i n g state. For each molecule 
three types of stable states (P4 =0, ±P. j +0) are possible, 
i f there i s no coupling between 1tSe molecules. Consequently three 
types of stable o s c i l l a t i o n s can e x i s t : 
a. o s c i l l a t i o n s around P. with small amplitudes (the u s u a l l y 

found l i n e a r behaviour) 0 

b. o s c i l l a t i o n s around P. with large amplitudes (giant dipole 
o s c i l l a t i o n s with zero'mean value) 

c. nonlinear o s c i l l a t i o n s around ±P4 j (with nonzero mean value). 
The three types of o s c i l l a t o r y behaviour are shown i n Figure 9, 
with P. .and P. , writ t e n as Ρ and P., respectively. P. . must 

l.o ... ι-1 , , 0 i f - . i , l 
not necessarily be a stabl
able and perhaps more probable
α. and β.. 

Energy can be exchanged from one o s c i l l a t o r to the other one, 
a t y p i c a l s i t u a t i o n i s given i n Figure 10. This behaviour can ex
p l a i n functional changes of i r r a d i a t e d systems: the highly pola
r i z e d molecule A absorbes a d d i t i o n a l energy, which i s transferred 
p a r t i a l l y to molecule B. A f t e r some transient periods, Β i s highly 
excited and i t can e x h i b i t a new function. A d i r e c t e x c i t a t i o n of 
molecule Β may be forbidden, whereas A i s already s t a b i l i z e d i n the 
highly polar state by i n t e r n a l means. 

Furthermore, a t y p i c a l nonlinear resonance behaviour of non-
self-sustained o s c i l l a t o r s r e s u l t s , i t includes hysteresis e f f e c t s 
( b i s t a b i l i t y ) and t r a n s i t i o n s to a new state (upper curve i n F i 
gure 11). This new state can either be a small or a large ampli
tude o s c i l l a t i o n ; i n both cases a stable state of non-zero p o l a r i 
zation (P. .) i s included. Provided that the system i s prepared i n 
a c e r t a i n state, small external influences can drive i t into a 
state with a completely d i f f e r e n t v i b r a t i o n . A possible r e a l i z a t i o n 
i s given i n Figure 11, the system can jump from one resonance curve 
to the other one. However, since we are dealing with a l i n e a r l y 
damped, but otherwise conservative system, the response of the sys
tem i s predominantly governed by the i n i t i a l conditions. No compe
t i t i o n between i n t e r n a l and external o s c i l l a t i o n s i s possible, the 
r e s u l t i n g o s c i l l a t i n g state i s completely determined by the exter
nal constraints. 

Model 4: Local E x c i t a t i o n Model 

The possible existence of strong e x c i t a t i o n s of some modes of 
behaviour might allow for energy storage mechanism i n c e r t a i n b i o 
l o g i c a l subunits. Some years ago we discussed the p o s s i b i l i t y of 
e x c i t i n g some or at least one a d d i t i o n a l degree of freedom by a 
fl u x of energy through the system. For a simple model system (a 
li n e a r chain of molecules to which a singular degree of freedom i s 
coupled), we have found that the single mode gets strongly excited, 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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Figure 8. Regions of different behavior 
of the externally driven
Model 2 (see Figures 5-7): (I)
tion (limit cycle with ω0); (II) quasi-peri
odic oscillation; (III) entrainment (limit 
cycle with λ); (IV) unstable region -» on

set of traveling waves. 

Figure 9. Schematic of possible types of 
oscillations for Model 3 (potential VfPj 
as a function of polarization P); (I) har
monic oscillations (linear regime); (II) 
nonlinear oscillations with a large ampli
tude, < Ρ > r = 0; (III) nonlinear oscil
lations around the stable states ±Plf with 

< Ρ >Ty40. 
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Figure 11. Resonance diagram (computer plot of the steady state amplitude of 
one oscillator as a function of the external frequency λ) for 4 different values of the 
damping term μ(μ = 0.5; 1.2; 1.3; 2.0) ((I) oscillations around P0, (II) oscillations 

around Pj ) 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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Figure 12. Excitation of the singular mode Ns as a function of the external pump 
parameter (phonon flux Φ) of the local excitation model (Model 4). Both the steady-
state excitation (hysteresis) and the possible oscillations on the hysteresis are shown. 

In Biological Effects of Nonionizing Radiation; Illinger, K.; 
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when the f l u x exceeds a c r i t i c a l value. In ad d i t i o n , there i s a 
hysteresis i n the dependence of the number of ex c i t a t i o n s Ν on the 
pump power or f l u x Φ (15). 

The steady state r e s u l t s are shown i n Figure 12. For Φ 4 * t n e 

single mode gets strongly excited, i . e . the energy i s p r e f e r e n t i a l 
l y channeled into t h i s mode (Bose condensation-like e x c i t a t i o n ) . 
I f , by i n t e r n a l means, the system i s near Φ 4 only a small amount 
of energy i s necessary to drive the system into the highly excited 
state. Furthermore, we have been able to show that o s c i l l a t i o n s on 
the hysteresis are possible for Φ 4 ύ Φ < Φ 4· A de t a i l e d inspec
t i o n of the transport equations (generalizeS nonlinear P e i e r l s -
Boltzmann equations for phonons) shows that nonlinear k i n e t i c s , 
d i s s i p a t i o n and energy supply v i a transport are indispensable for 
such a behaviour to occur. 

A de s c r i p t i o n of the rather complicated transport formalism i s 
beyond the scope of t h i
poses the important r e s u l
a single mode. Contrary to the r e s u l t s of the other models with a 
Bose condensation-like e x c i t a t i o n , the coherently excited mode i s 
the mode with the highest and not with the lowest frequency. 

Conclusions 

Interaction with External F i e l d s . The models considered ex
h i b i t cooperative behaviour through nonlinear i n t e r n a l o s c i l l a t i o n s 
(models 1, 2, 4) or through nonlinear resonances (model 3). This 
makes p l a u s i b l e the existence of e f f e c t s , when the system i s driven 
by weak external f i e l d s of appropriate frequency. 

On the basis of Frohlich's suggestions and the properties of 
b i o l o g i c a l systems (vid. models 2, 3) one may take into account the 
following possible i n t e r a c t i o n s of an electromagnetic f i e l d with 
b i o l o g i c a l systems (16, 17): 4 
1. the membrane i n t r i n s i c e l e c t r i c f i e l d ( 10 V/cm), which i s 

responsible for the metastable highly polarized s t a t e , 
2. the coherent e l e c t r i c o s c i l l a t i o n s ( 1 0 l 0 - 1 0 1 2 Hz), leading 

to c o l l e c t i v e biochemical reactions through long range i n t e r 
actions, 

3. the r e s u l t i n g ELF branch (10 - 100 Hz region), which may des
cribe EEG a c t i v i t i e s . 

I t should be stressed that the d i f f e r e n t regions are not indepen
dent from each other, i n t e r a c t i o n s are not r e s t r i c t e d to the above 
frequency regions and to membranes. 

General 

Our models may be viewed as a rather speculative and very sim
p l i f i e d version of any actual s i t u a t i o n , nevertheless they may 
serve as a s t a r t i n g point to get more insi g h t into the function of 
b i o l o g i c a l systems and t h e i r i n t e r a c t i o n s with external f i e l d s . As 
a r e s u l t of these models, the l i m i t cycle concept seems to be a 
relevant basis for t h e o r e t i c a l i n v e s t i g a t i o n s . 
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We would l i k e to comment p a r t i c u l a r l y on four remarkable as-

pects of t h i s concept: 

1. nonlinear o s c i l l a t i o n s are the r e s u l t of cooperativity i n com-

plex systems; they are intimately l i n k e d with nonequilibrium 

constraints and i r r e v e r s i b i l i t y , 

2. l i m i t cycles e x h i b i t a pronounced behaviour with respect to 

the frequency and i n t e n s i t y of an external stimulus; they are 

capable of explaining extreme s e n s i t i v i t i e s by a mere t r i g g e r 

action of the external s i g n a l , 

3. nonlinear systems ( i n an o s c i l l a t i n g or b i s t a b l e state) can 

be driven to a new state of order or function; i n c e r t a i n ca-

ses, extremely small changes of the external constraints are 

s u f f i c i e n t f o r the t r a n s i t i o n s , i . e . very weak perturbations 

can create d r a s t i c changes, i f one applies the appropriate 

frequencies, 

4. both, the general 

concept of coheren

(metabolic energy, b i o l o g i c a l pump) to create and s t a b i l i z e 

the active state. 

I t should be emphasized that the relevance of the concept can only 

be checked by very accurate experimental i n v e s t i g a t i o n s . To esta-

b l i s h a clear p i c t u r e , i t i s absolutely necessary to measure both, 

the frequency and the i n t e n s i t y dependence of the e f f e c t s . In ad-

d i t i o n , the measurements should include the duration of i r r a d i a -

t i o n and both, an increase and decrease i n the applied f i e l d i n -

t e n s i t y to detect possible hysteresis e f f e c t s . 

From a t h e o r e t i c a l point of view, one has to solve the pro-

blem of the onset of a propagating pulse a f t e r the LC collapse. 

This necessitates the introduction of space dependent va r i a b l e s and 

of appropriate boundary conditions. This problem has already been 

discussed for model 2 (13). 
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14 
The Response of Biochemical Reaction Systems to 
Oscillating Stimuli 

L. K. KACZMAREK 

Division of Biology, California Institute of Technology, Pasadena, CA 91125 

In this paper I shall discuss, in a general way, some basic 
dynamical properties of biochemical reaction schemes that are 
subjected to an externa
first part of this paper will deal with the ways in which a weak 
external oscillating stimulus is able to alter the concentrations 
of metabolites in a biochemical system. This part will, in 
particular, consider what happens when the reaction system already 
oscillates in a limit cycle mode due to non-linearities in its 
reaction kinetics. It will be shown that such an autonomous 
biochemical oscillator may exhibit an enhanced sensitivity to a 
narrow range of externally applied frequencies. 

The second part of this paper will examine the behavior of 
"labeled" metabolites in a system that is forced to oscillate. A 
labeled metabolite is defined as one that closely resembles the 
natural metabolite and is, therefore, subject to the same cata-
bolic reactions as the natural metabolite. The addition or 
formation of the labeled form is, however, considered to be an 
unique event and there is no resynthesis of the labeled form 
through anabolic reactions. Examples of the labeling of metabo
lites include a) the addition of a trace amount of radioactively 
labeled metabolite, b) the impairment of the function of macro
molecules through external radiation, or c) chemical modifications 
of enzymes or membrane receptors by their binding to exogenous 
agonists, antagonists or toxins. It will be shown that the flux of 
labeled metabolites through a pathway whose rate is forced to 
oscillate may be markedly enhanced relative to the same system at a 
stationary steady state, even though the mean concentrations of 
metabolites in the oscillating and stationary states may be the 
same. 

The Perturbation of Non-linear Reaction Schemes By 
Oscillating Stimuli 

If an external perturbation is able to influence the rate of 
any step in a biochemical reaction, changes in the concentration of 
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reactants w i l l take place. For l i n e a r reaction schemes, the 
magnitude of the change i n concentration i s a simple function of 
the strength and duration of the perturbation. I f the external 
perturbation o s c i l l a t e s i n time, the concentrations of the metab
o l i t e s w i l l be forced to o s c i l l a t e . 

For nonlinear reaction schemes, maintained f a r from chemical 
equilibrium, a v a r i e t y of more i n t e r e s t i n g i n t e r a c t i o n s are 
possible (J_) · These include threshold phenomena i n which a small 
t r a n s i t o r y external perturbation may induce a permanent change i n 
the steady state concentrations of metabolites. In such a case the 
magnitude of the change may be independent of that of the stimulus 
beyond a c e r t a i n threshold value. Nonlinear reactions may also 
display a form of resonance when the perturbation o s c i l l a t e s i n 
time. This can be i n f e r r e d by examining the s t a b i l i t y properties 
of l i n e a r i z e d forms of nonlinear reaction schemes (2, 3). A 
complete description o
requires numerical computation
r e s u l t s of some computations i n which a nonlinear reaction scheme 
that i s capable of autonomous o s c i l l a t i o n s was perturbed by an 
o s c i l l a t i n g stimulus applied over a range of frequencies (5). 

The model used for t h i s analysis comprises three reaction 
steps interconnecting four reactants, A, X, Y, and B. 

(1) 

The rate constants k-j, k_<|, k4 and k_g may be considered to 
incorporate the e f f e c t s of enzymes that catalyze these steps and 
whose concentrations remain constant and i n excess of the concen
t r a t i o n s of A, X, Y and B. The three reaction steps may therefore 
represent b i o l o g i c a l i n t e r a c t i o n s such as i o n i c binding, protein-
l i p i d i n t e r a c t i o n s , membrane transport of metabolites or ions, or 
changes i n the conformations of proteins. The ringed arrow on the 
second step denotes that molecules of the species Y i n t e r a c t i n 
such a way as to enhance the c a t a l y s i s of X to Y. This p o s i t i v e 
cooperativity i s represented by making the rate constants for the 
second step exponentially dependent on the concentration of Y. The 
strength of the cooperative i n t e r a c t i o n i s given by the constant η. 
For the analysis of the frequency s e n s i t i v i t y of t h i s reaction 
scheme, I s h a l l consider the back reaction rates for the second and 
t h i r d steps, i . e . , Q and k.4 to be vanishingly small. Then, 
assuming that the reaction system i s an open one such that the 
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concentrations of A and Β are maintained constant, the k i n e t i c 
equation f or the time evolution of the concentrations X and Y 
within a fixe d volume are 

This pa i r of equations can generate a va r i e t y of i n t e r e s t i n g 
dynamical behaviors including multiple stationary states, l i m i t 
cycle o s c i l l a t i o n s , and co-exist i n g stationary and o s c i l l a t i n g 
states f or a si n g l e set of parameters (5). When these parameters 
are themselves forced to o s c i l l a t e , the resultant X , Y t r a j e c t o r i e s 
may become highly complex. How to quantitate the s e n s i t i v i t y of 
such a reaction scheme to external perturbations at d i f f e r i n g 
frequencies may therefor
here i s to examine th
parameters at which multiple steady states e x i s t , one of these 
being a stable l i m i t cycle o s c i l l a t i o n and another being a 
stationary stable steady state. Beyond a f i n i t e threshold value, a 
perturbation to one state induces a t r a n s i t i o n to the other state. 
The e f f i c a c y of d i f f e r i n g frequencies of external perturbation to 
induce a t r a n s i t i o n from the o s c i l l a t i n g l i m i t cycle state to the 
other stationary state can then be examined. 

Figure 1 shows YQ, the steady state value of Y , as a function 
of Ρ with other parameters held constant. Over a range of values 
of P, three steady states co-exist. The s t a b i l i t y of these states 
has been examined by normal mode analysis (5) and unstable states 
are depicted by the broken l i n e . Over the range of values of Ρ 
associated with the a s t e r i s k s , the "upper" steady state has the 
ch a r a c t e r i s t i c s of an unstable focus and computer in t e g r a t i o n of 
equations (2) and (3) demonstrates the existence of a stable l i m i t 
cycle around t h i s state. This region can therefore provide the 
required co-existence of a stable l i m i t cycle and a stationary 
state. 

The phase plane plot of Figure 2 i l l u s t r a t e s the behavior of 
the concentrations of X and Y within t h i s region. I n i t i a l concen
t r a t i o n s of X and Y corresponding to a point above the broken l i n e 
w i l l evolve i n time to the l i m i t cycle. The broken l i n e represents 
the separatrix of the middle unstable steady state which has the 
s t a b i l i t y c h a r a c t e r i s t i c s of a saddle point. I n i t i a l values for X 
and Y corresponding to a point below the separatrix w i l l evolve to 
the stable state to the r i g h t of the diagram. 

An external o s c i l l a t i n g perturbation may be introduced i n t o 
t h i s reaction scheme by allowing one of the rate constants to be a 
function of time, f or example, 

f = k,A - k .X - Pe n YX at ι -1 

at 3 

(2) 

(3) 

k 1 = [1+g s i n (u>t+0)] 

Ρ = Ρ· [1+g s i n 
(4) 

or (5) 

with g < 1 
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Figure 1. Steady-state value of Y in Equations 2 and 3 as a function of Ρ for the 
parameters k,A = 1.0, k.j = 1.0, k3 = 3.0, and η = 16.0 (5). (( ) Unstable 
states; (*) the region for which numerical integration revealed a stable limit cycle.) 

5 

Y 

Biophysical Chemistry 

Figure 2. Representation of the behavior of X and Y in the phase plane for Equa
tions 2 and 3 with parameters k,A = 1.0, k_, = 1.0, k3 = 3.0, η = 16.0, and Ρ = 

0.077 (5). 
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In the context of the present symposium, t h i s perturbation 
could be considered to r e s u l t from the i n t e r a c t i o n of an external 
o s c i l l a t i n g e l e c t r i c f i e l d with a reaction step i n v o l v i n g a 
charged species. 

Numerical i n t e g r a t i o n of equations (2) and (3) with i n i t i a l 
values for X,Y on the l i m i t cycle and with one of the rate 
constants o s c i l l a t i n g as i n equation (4) or (5) may r e s u l t i n a 
t r a n s i t i o n of the X,Y t r a j e c t o r y across the separatrix towards the 
stationary state. The occurrence of a t r a n s i t i o n i s dependent on 
the parameters g, ω and 0. For extremely small amplitude pertur
bations (g + 0 ) , the t r a j e c t o r y continues to o s c i l l a t e close to 
the l i m i t cycle. As g i s increased, however, t r a n s i t i o n s may 
occur. The time taken f o r a t r a n s i t i o n i s then p r i m a r i l y a 
function of the frequency of the perturbation. The time from the 
onset of the o s c i l l a t i n g perturbation to the time at which the 
t r a j e c t o r y a t t a i n s th
Figure 3 as a function
stant. The arrow marks the minimum value for At which occurs when 
the frequency of the external perturbation exactly equals that of 
the unperturbed l i m i t cycle i t s e l f . The second minimum occurs at 
the f i r s t harmonic of the l i m i t c y cle. Q u a l i t a t i v e l y s i m i l a r 
r e s u l t s are obtained when numerical i n t e g r a t i o n i s c a r r i e d out 
with d i f f e r i n g values for g and 0. 

Using the a b i l i t y to displace the t r a j e c t o r y of a l i m i t cycle 
across a f i x e d boundary (the separatrix) as a measure of s e n s i 
t i v i t y to an external perturbation, i t can therefore be seen that 
nonlinear o s c i l l a t i n g reaction systems are able to respond most 
s e n s i t i v e l y to a range of e x t e r n a l l y applied frequencies close to 
t h e i r endogenous frequency. 

The Flux of Labeled Metabolites Through O s c i l l a t i n g Reactions 

I s h a l l now turn to the behavior of labeled metabolites i n 
reaction systems where rates are forced to o s c i l l a t e . The previous 
section dealt with the i n t e r a c t i o n of external perturbations with 
a nonlinear reaction system. An enhanced f l u x of labeled compounds 
through a reaction pathway may, however, occur even when a l i n e a r 
reaction system i s made to o s c i l l a t e and when the imposed o s c i l 
l a t i o n produces no change i n the mean concentrations of the 
metabolites (6). 

Consider f i r s t the formation and catabolism of a metabolite 
according to the following k i n e t i c equation for the time evolution 
of i t s concentration X with a f i x e d volume. 

4| = a ( t ) - 0(t)X (6) 

A l l anabolic reactions are represented here by the term α 
whereas βΧ represents a l l c a t a b o l i c reactions. In the most general 
case, α and β could each be functions of other metabolites and of X 
i t s e l f and are always p o s i t i v e . I n i t i a l l y , however, I s h a l l 
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Figure 3. Frequency sensitivity of Equations 2 and 3 with the parameters A = 

1.0, k., = 1.0, k, = 3.0, η = 16.0, Ρ = 0.077, and with k, g/verc by Equation 4 

fk/ = 7.0, g = 0.075, φ = 0) (5). 

The abscissa is the logarithm of the stimulating frequency o>. Initial values for X and Y 
are points on the unperturbed limit cycle (see Figure 2) and the ordinate At is the time 

computed for the trajectory to approach the lower stationary state. 
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consider them to be independent of X. I f we disregard the case of 
random changes i n α or 3, there are two general types of steady 
state solutions f o r equation (6) as t 0 0. I f α and 3 are 
represented as time-independent constants, the concentration X 
w i l l reach an unique stationary steady state value as t -> «>. On 
the other hand, i f the parameters α and/or 3 o s c i l l a t e r e g u l a r l y i n 
time a steady state o s c i l l a t i o n w i l l be forced i n X. 

For the o s c i l l a t i n g system, the mean chemical f l u x α i s given 
by 

Τ Τ 
5 = ψ / a ( t ) d t = ψ / 3(t)X(t)dt (7) 

0 1 0 
where Τ i s the period of o s c i l l a t i o n . S i m i l a r l y , for the mean 
value, X, of the concentration X 

X = 4 / X(t)dt (8) 
0 

Now consider that at time t = 0 some proportion R(0) of the 
concentration X i s present as i t s labeled form. Assuming that the 
rates of catabolism and anabolism are unaffected by l a b e l i n g , the 
disappearance of labeled X i s given by 

Jjf = -3(t)R (9) 

with the so l u t i o n 
R(T) = R(0)exp {- / 3(t)dt} (10) 

0 
In the case that the system i s free of perturbations or 

o s c i l l a t i o n s at i t s steady state 

(11) 

and equation (10) becomes 

R(T) = R(0) exp { =ψ] (12) 
Λ 

This exponential decay rate for R i n a stationary system w i l l 
now be compared with that for a system i n which X o s c i l l a t e s due to 
o s c i l l a t i o n s i n α or 3. F i r s t , i f the o s c i l l a t i o n s are driven 
s o l e l y by the anabolic term α and the rate of catabolism S remains 
time-independent, inspection of equations (6-10) shows that, for 
the steady state o s c i l l a t i o n , r e l a t i o n s (11) and (12) hold true. 
That i s , the rate of removal of labeled compounds remains inde
pendent of the o s c i l l a t i o n s i n α and X. On the other hand, i f the 
rate of reaction through which the f l u x of R i s occurring i s made 
to o s c i l l a t e , i . e . , i f 3(t) o s c i l l a t e s , 4 w i l l be a function of 
th i s o s c i l l a t i o n . I f 
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X(t) = X + x ( t ) 

where x(t) i s a periodic function whose i n t e g r a l vanishes over the 
period Τ and x(t) <<X i t can be shown (6) that 

Τ 
R(T) £ R(0) exp { -2* . | 3 / x

2 ( t ) d t } (13) 
X X Q 

2 
Because χ (t) must always be p o s i t i v e , a comparison of 

equations (12) and (13) indicates that the rate of removal of R 
w i l l be enhanced by these small amplitude o s c i l l a t i o n s of un
defined waveform. S i m i l a r l y , f o r the case of sin u s o i d a l o s c i l 
l a t i o n s i n X 

X(t) = X +  s i n ) ; I x J < X 

i t may be shown {6) tha

R(T) = R(0) exp { - j 9

a T A (14) 2 2 
X1 

Again the argument of the exponent here must always be more 
negative than that of equation (12) for the stationary state 
i n d i c a t i n g an enhanced removal of labeled metabolites due to the 
o s c i l l a t i o n s . For the case of very large o s c i l l a t i o n s i n X(t) such 
that x-j •> X, equation (14) shows that complete removal of R occurs 
with one period of o s c i l l a t i o n . This can also be shown to be true 
for large o s c i l l a t i o n s of undefined waveform (6). 

Although these arguments have been presented for reaction 
systems whose rates are forced by an external o s c i l l a t o r , they 
remain true for autonomous biochemical o s c i l l a t i o n s where α and β 
are nonlinear functions of metabolite concentrations. That i s , 
the rate of removal of a labeled compound through a reaction step 
whose rate i s o s c i l l a t i n g due to nonlinear k i n e t i c s w i l l be 
enhanced over an equivalent system that maintains the same mean 
chemical f l u x and mean concentrations of metabolites but does not 
o s c i l l a t e . This has been demonstrated numerically (6) on the 
reaction system ( 1 ) from the previous section using the f u l l 
k i n e t i c equations 

g = 4 A - k 4 X - Pe n YX + (15) 

where Κ = ·| (17) 
The removal of labeled X and Y from the system i s given by the 

equations 
dR Pe n YR 
" i = " k - i R x - P e " \ + — i f 2 ( 1 8 ) 
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where Rx, R Y represent the proportions of labeled X and labeled Y, 

respectively. This system i s compared with an analogous linear 

system i n which the second reaction step which converts X to Y 

exhibits no cooperativity, i . e . , η = 0. Denoting the concen-

trations of X and Y and the proportions of labeled compounds in 

such a lin e a r system by lower case l e t t e r s provides a set of 

equations 

this set of equations (20-24) describes a non-oscillating system 

that, at steady state, maintains the same mean chemical flux as the 

nonlinear system of equations (15-19) and whose steady state value 

for χ i s equal to X , the mean value of X i n the nonlinear system. 

Figure 4A shows XQ the stationary state value of X for the 

nonlinear system as a function of P. With this set of parameters 

no multiple steady states exist but the steady states marked by the 

broken l i n e are unstable and evolve to stable l i m i t cycles. The 

amplitude of the l i m i t cycles i s shown i n Figure 4B. 

With i n i t i a l conditions R x(0) = 1, R Y(0) = 0, r (0) = 1, r (0) 

= 0 i t i s now possible to compare the rate of removal of R x an ï 

in the nonlinear and linear systems. When the nonlinear system 

o s c i l l a t e s (Figure 5A), i t can be seen that at the end of one 

o s c i l l a t i o n and at a l l times thereafter R x < r x (Figure 5B). The 

ra t i o of R^ to r x at the end of one period of the o s c i l l a t i n g 

system i s given in Figure 4C for the same range of values of Ρ as 

in Figures 4A and 4B. When the nonlinear system does not o s c i l l a t e 

the removal of R x and r x from the two systems proceeds at the same 

rate. When the nonlinear system evolves to a l i m i t cycle, however, 

R X(T) i s very much less than r x ( T ) indicating a profound enhance-

ment of the removal of labeled X i n the nonlinear system even 

though both systems maintain the same mean chemical flux and mean 

metabolite concentration X . 

When 
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Figure 4. (6). 
(A) Steady-state value of X in Equations 15 and 16 as a function of P. Unstable states 
are indicated by the broken line. (B) Magnitude of the stable limit cycle oscillations 
associated with the unstable stationary states in A. The magnitude of the oscillation is 
expressed as the difference between the maximum and minimum values for X. (C) Ratio 
of label RX(T) remaining in this oscillating system (Equations 15-19) to vJT), the label 
remaining in a corresponding nonoscillating system that maintains the same chemical 
flux and mean metabolite concentration (Equations 20-24). Abscissa for all three graphs 
is at the bottom and in all cases the other parameters are k,A = 1.0, k ί — 1.0, k3 = 3.0, 

k.3B = W6, η = 10.0, K = 106, Rx(0) = 1, RY(0) = 0, rx(0) = l,and Ty(0) = 0. 
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a) x_(t)— 
. 6 - , χ - - - -

-30-1 

American Journal of Physiology 

Figure 5.(6). 
(A) Stable limit cycle in X(t) is the numerically determined solution to Equations 15 and 
16 for the parameters k,A = 1.0, k_, = 1.0, k, = 3.0, k.3B = 10'6, η = 10.0, Κ = ΙΟ6, 
and Ρ = 0.22. The broken line gives X for this oscillation (Equation 8). (B) Logarithm 
of R x is shown as a function of time for the system of Equations 15—19 with the same 
parameters as in A and with Rx(0) = 1, RY(0) = 0. The dotted line gives the logarithm 
of r x as a function of time with the same parameters for Equations 20-24, and with 

Tx(0) = l,ry(0) = 0. 
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Discussion 
Al l biological cells have evolved to respond to their ex

ternal environment in a specific way. Sensory cells respond to 
stimuli of a particular sensory modality while nonsensory cells 
respond in a specific manner to stimuli that are chemical or 
electrical changes in their extracellular environment often pro
duced by other cells of the same organism. The f i r s t part of this 
paper showed that i t would be possible for a cell to be "tuned" by 
means of a cellular oscillator of biochemical origin, to respond to 
only a discrete range of frequencies of stimuli. The period of a 
biochemical oscillator may range from fractions of a second to many 
hours. A stimulus impinging on the oscillator may markedly alter 
the concentration of reactants when its frequency matches that of 
the oscillator but produce l i t t l e or no change at other frequen
cies. 

The second part o
oscillations or the occurrence of autonomous oscillations in a 
biochemical pathway can enhance the flux of labeled compounds in 
that pathway. This feature can prove to be useful to the experi
mentalist. Suppose that a biochemical system is exposed to a weak 
external oscillating stimulus. If the frequency of oscillation is 
high, i t may not be possible to determine i f the concentrations of 
metabolites are being forced to oscillate at the same frequency. 
If, however, the metabolites can be labeled, e.g., by the addition 
of trace amounts of radiolabeled compounds, the flux of these 
labeled compounds may be markedly enhanced relative to the unper
turbed system, indicating that forcing of the metabolite concen
trations is taking place. For example, using radiolabeled calcium 
ions, i t has been possible to show an enhancement of calcium fluxes 
in avian forebrain in response to weak amplitude-modulated VHF 
fields. This effect is most sensitive to a range of imposed 
frequencies close to 16 Hz, suggesting that the field interacts 
with an endogenous oscillation at this frequency (7). 
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15 
Nonlinear Impedance and Low-Frequency 
Dispersion Effects of a Polyelectrolyte Under 
High Sinusoidal Fields 

CHIA-LUN J. HU and FRANK S. BARNES 
Department of Electrical Engineering, University of Colorado, Boulder, CO 80309 

In understanding the electrical characteristics of biological 
materials such as tissue which is a complex, inhomogeneous, aniso
tropic, and nonlinear material
understand the electrical properties of the simpler biological 
fluids. Additionally since the fields in the vicinity of mem
branes may be quite large (~2x104 volts/cm) it is important to 
understand the high field behavior as well as the more commonly 
measured small signal characteristics. 

Most biological solutions are polyelectrolytes consisting of 
polymer ions (enzyme or protein ions) and small counter ions (Na+, 
K+, Ca + + , etc.). These polyelectrolytes are generally good con
ducting mediums. Therefore, it is usually very hard to apply high 
sinusoidal voltages to these mediums if one wishes to see their 
behavior under high fields because the ohmic heating will raise 
the temperature and damage the medium before any other phenomena 
can be observed. To avoid the ohmic heat damage, the usual tech
nique is to use short pulses. The nonlinear conductance and other 
behavior of many electrolytes under high pulsed fields are gener
ally classified as Wien effects. However, there exists a problem 
that the results under pulse excitation cannot generally be used 
to derive the results under high sinusoidal fields because the 
superposition principle is not applicable when the medium behaves 
nonlinearly. With the technique to be described, both the magni
tude and the phase of the medium impedance under high sinusoidal 
fields are measured as functions of frequency, voltage, and con
centration of the medium. 

Since the two major results we obtained in our experiments 
are a nonlinear impedance and a low frequency dispersion effect 
of polyelectrolytes under high fields, it is logical for us to 
provide the readers with some background review in the field of 
nonlinear effects and high-field dispersion effects of electro
lytic solutions. Most of the studies in these fields were devoted 
to Wien effects and DFW dispersion theory which are briefly dis
cussed here. A detailed discussion of these two groups of studies 
with their recent developments is reported in a separate review 
chapter in Nonlinear Electromagnetics. 
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There are two effects discovered by Wien and others i n a 
period from 1927 to 1931. They found that under high pulsed 
f i e l d s , there i s a s i g n i f i c a n t increase of conductivities i n many 
strong electrolytes ( f i r s t Wien effect) and even stronger increase 
of conductivities i n some electrolytes with much weaker ionic 
strengths (second Wien e f f e c t ) . This nonlinear conductance effect 
i s explained by the decrease of ionic-cloud dragging on the heavy 
ions d r i f t e d under high f i e l d s . Since their discovery, many i n 
vestigations were subsequently carried out using different experi
mental schemes. On the other hand, around the same time, Debye, 
Falkenhagen and Williams reported some experimental and theoretical 
studies of certain electrolytes that show a ramp increase of con
ductivity under constant high pulses when frequency i s scanned 
across a certain region. This was explained by the ionic cloud 
relaxation effect. Both of these groups of high voltage experi
ments were carried out b
heat damage to the medium

Thin-Film I-V Sampling Technique 

In contrast to the pulse technique reported i n the l i t e r a t u r e 
for observing nonlinear and other effects under high f i e l d s , we 
designed a t h i n - f i l m structure as shown in Figure 1 for applying a 
moderate sinusoidal f i e l d (about 500 V/cm, peak to peak) to the 
medium. We cover a standard microscope s l i d e with two pieces of 
aluminum f o i l (about 0.5 mil or 1.3xl0~ 3 cm thick) with 2 mm 
spacing between them. Then we cover the whole s l i d e with scotch 
tape, except for a small exposed area near the center as shown i n 
Figure 1 (1 mm χ 4 mm of f o i l i s exposed on each side. No tape i s 
used i n the 2 mm χ 4 mm gap). A small drop of polyelectrolyte 
(sodium polystyrene sulfonate or NaPSS) or saline (0.9% s a l t i n 
d i s t i l l e d water) i s then placed onto the exposed area and i t i s 
spread around to form a " t h i n - f i l m " impedance by putting a piece 
of cover glass on top of i t . The cover glass and the s l i d e are 
then clamped i n place by two special c l i p s . Now, i f we apply a 
d.c. or an a.c. voltage across the two pieces of aluminum f o i l as 
shown, the impedance of this t h i n - f i l m e l e c t r o l y t i c " c e l l " can be 
measured as shown late r and i t ranges from 4 ΚΩ (a.c.) to 200 ΚΩ 
( d . c ) , depending on the frequency of the excitation voltage and 
the l i q u i d medium used. The high impedance shown here i s the re
sult of the t h i n - f i l m structure or the thin cross-section of the 
sample. Also the large surface to volume ra t i o used here reduces 
the temperature r i s e s i g n i f i c a n t l y because of thermal conduction 
across the large surface. The small amount of heat generated i s 
conducted away e f f i c i e n t l y through the aluminum f o i l and the cover 
glass which are placed i n direct contact with the solution. 

To measure the impedance of the thin-film electrolyte we used 
a current and voltage sampling ( i - v sampling) method as shown i n 
Figure 1. Because the impedance across the electrolyte s l i d e 
(about 200 ΚΩ d.c.) i s much higher than the current sampling 
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r e s i s t o r (r = 10Ω to 50Ω) which i s connected i n series i n the c i r 
c u i t , the presence of t h i s small sampling r e s i s t o r i n the c i r c u i t 
w i l l not s i g n i f i c a n t l y a f f e c t the i and ν across the s o l u t i o n . 
Therefore, the current i through the e l e c t r o l y t e can be monitored 
by monitoring Ξ r i across the sampling r e s i s t o r . S i m i l a r l y , 
the voltage drop across the sample s l i d e can be monitored by moni
toring (through a lOx attenuation probe) the voltage drop across 
the generator because these two voltage drops are approximately 
equal. The monitoring device we use i s a dual-trace oscilloscope 
(Tektronix 561). By c a l c u l a t i n g the amplitudes and phases of the 
i - v curves shown on t h i s o s c i l l o s c o p e , we can determine the com
plex impedance ζ of the e l e c t r o l y t e sample. (Note: For the 
case of nonlinear impedance, as shown by the non-sinusoidal i 
under the s i n u s o i d a l ν i n the f i r s t p i c t u r e of Figure 2, etc., we 
take the impedance to b  defined b  th  r a t i f th  amplitude f 
the maximum points i n th
bration factor i n s e r t e d ,  phas
between these two maximum points. This i s r e a l i z e d as being tech
n i c a l l y d i f f e r e n t than that obtained from a Fourier analysis of 
the waveform. However, the v : i r a t i o s t i l l provides useful i n 
sight i n t o the physics of the l i q u i d . ) Figures 2, 3 and 4 are the 
i - v curves monitored by the o s c i l l o s c o p e at various frequencies, 
various applied voltages, and various r e l a t i v e concentrations of 
the NaPSS soluti o n s . Figures 5 and 6 are the dispersion and the 
nonlinear c h a r a c t e r i s t i c s calculated from Figures 2-4. For ex
ample, i n the t h i r d p i c ture on the top row of Figure 2, the 
admittance Y i s calculated as 

(2.7div.xl0 ma/div.)/(2 div.x50 v/div.) · exp j(0.2 div./1.8 div.) 

χ 360° =2.7 e J 4 0 ° / Z 

ο 
where Z Q Ξ 10 ΚΩ . This i s indicated by the 10.0 KC points of 
the ρ = 1.0, ν = 100 ν or Ε = 500 v/cm , y , θ curves shown i n 
Figure 5. In general, i t i s seen from Figures 5 and 6 that ad
mittance tends to increase as any of the following parameters 
increases: frequency, voltage, and concentration of the s o l u t i o n . 

The r e p r o d u c i b i l i t y of these data i s checked by repeating the 
experiments with the same applied voltages, same frequencies, but 
fresh polymer samples. By averaging the measured data under the 
same conditions, we see that the f l u c t u a t i o n of the amplitude 
measurements i s less than 10% of the average amplitude, and that 
of the phase measurements i s less than 30% of the average value. 
The main reason for these f l u c t u a t i o n s occurring i s found to be 
due to the v a r i a t i o n of the thickness of the t h i n f i l m . That i s , 
although the t h i n - f i l m samples prepared here are clamped between 
the covering glass and the microscope s l i d e as mentioned e a r l i e r , 
i t i s found that when the clamping p o s i t i o n or the clamping pres
sure i s changed, the i - v curves on the os c i l l o s c o p e w i l l change. 
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Figure 1. Experimental setup 

Figure 2. The i - v curves for NaPSS under 100 V, 50 V, 20 V; P = 1.0. Left 
column: 0.1 KC; middle column: 1.0 KC; right column: 10.0 KC. Vertical scale 
(upper trace is for i ; lower trace is for w): top row: i in 10 ma/div., ν in 50 V/div.; 
middle row: i in 4 ma/div., ν in 20 V/div.; bottom row: i in 2 ma/div., ν in 10 

V/div. 
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Figure 3. The i-v curves for NaPSS under 100 V, 50 V, 20 V; P = 0.5. Fre
quency and voltage scales are the same as in Figure 2; i scales are 2.5 ma/div., 

1 ma/div., 0.5 ma/div., from top to bottom. 

Figure 4. The i-v curves for NaPSS under 100 V, 50 V, 20 V; P — 0.1. Fre
quency and voltage scales are the same as in Figure 2; i scales are 5/3 ma/div., 
2/3 ma/div., 1/3 ma/div., from top to bottom. For 10 KC displays (last column) 

chopper mode is used because alternation mode is not stable. 
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p*\.0 p*C5 p = 0.\ 

O.IKC I.OKC IO.OK

Figure 5. Dispersion characteristics (Nomenclature: (v) applied voilage (peak to 
peak); (P) relative concentration of NaPSS; (Y) admittance of the sample in mho; 
(Y) normalized admittance of the sample; (Z0) normalization factor in ohm; (Θ) 

angle of Y). 

p=\.0 p-O. 5 ρ-Ο. I 

Figure 6. Nonlinear characteristics ( nomenclature as in Figure 5) 
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This indicates that a change of the th i n - f i l m thickness w i l l 
affect s i g n i f i c a n t l y the i-v relations of the t h i n - f i l m sample. 
This i s of course to be expected theoretically, because the cur
rent i s p a r a l l e l to the th i n - f i l m surface and the resistance of 
the sample i s inversely proportional to the cross-section of the 
thin-film. Therefore, a change of say 10% of the thickness, which 
may not be detected by naked eyes at a l l , w i l l change the admit
tance of the sample by also 10%. Following this l i n e of thought, 
we designed a special device as shown i n Figure 7 for hoping to 
get better control on the l i q u i d f i l m thickness. The base of this 
device i s made of an aluminum plate. A i s the s l i d e guide milled 
out of the plate for s i t t i n g the microscope s l i d e . Β and C are 
two clamps fixed on the base plate. The ends of these clamps are 
screwed onto the base plate. The central screw on each clamp i s 
a p l a s t i c screw for holding the s l i d e t i g h t l y i n place. D and Ε 
are two micrometer-typ
the s l i d e . The travelin
accurately by the d i a l reading on the head of this screw as shown 
in the enlarged part of Figure 7. By adjusting the micrometer 
screws to the same d i a l readings every time we have a fresh sample 
we can then obtain much better control on the l i q u i d f i l m thick
ness. Indeed, using this device, we have obtained ζ data with 
amplitude variation less than 6% and phase variation less than 3° 
around the average values shown i n Figures 5 and 6. 

Results 

There i s a build-up phenomenon observed after the turn-on of 
the voltage. That i s , at high f i e l d s of 500 v/cm, the i or cur
rent curve i s sinusoidal at the beginning. But i t starts to 
deform to the non-sinusoidal curves shown i n Figures 2-4 i n a time 
less than f i v e minutes, depending on the voltage, the frequency, 
and the sample used. At steady state, i f the frequency or the 
voltage i s swept, the non-sinusoidal i curve i s usually symmetri
cal with respect to the peak of the ν curve when frequency i s 
lower than 50 Hz. But when frequency i s increased at fixed f i e l d 
strengths, the leading and the t r a i l i n g parts of the i curve start 
to r i s e at different rates. The leading part always rises faster 
than the t r a i l i n g part. Eventually, at high frequencies, the i 
curve becomes sinusoidal but with i t s peak shifted forward i n 
time. See, for example, the top row of Figure 2. The s h i f t of 
this peak and the change of the i curve depend also on the applied 
voltage as well as on the concentration of the solution as can be 
seen by comparing pictures row to row i n Figures 2-4. On the 
other hand, when the frequency i s kept fixed and the voltage i n 
creased, the current waveform changes from a pure sinusoidal wave
form at low voltage to a non-sinusoidal waveform with considerable 
harmonic content at high voltages. 

Figure 8 i s the i - v curves of a 0.9% saline sample under 
500 v/cm. The s l i d e and the electrodes used are the same as those 
used i n the polyelectrolyte measurements. It i s seen that the 
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Figure 8. The i-v curves for saline un
der 100 V of various frequencies. Verti
cal scale of upper trace: i in 1/3 ma/div.; 
vertical scale of lower trace: ν in 50 V/ 
div. Frequency = 0.1 KC, 1.0 KC, 10.0 

KC from top to bottom. 
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nonlinearity and the dispersion are not s i g n i f i c a n t as compared to 
those in the polyelectrolyte. 

To check the temperature r i s e i n the l i q u i d sample under high 
f i e l d s , we have t r i e d two preliminary approaches. F i r s t , we used 
a radiometer designed i n our Instrument Development Laboratory. 
A special IR bandpass f i l t e r i s used i n the radiometer which 
allows us to calibrate the reading of the meter by facing the 
meter input window against an icy water surface. The angular i n 
put aperture of this instrument i s very sharp which thus allows a 
temperature measurement on a selected small area. In spite of 
some noise and s t a b i l i t y problems of the instrument, the increment 
temperature of the solution under a medium applied voltage (40 V 
peak to peak) i s seen to be around 8°C. The second method we 
used to measure the solution temperature i s to insert a fine-wire, 
Ε-type thermocouple into the solution. This thermocouple i s made 
by Omega Company i n Connecticut
inches or half a mil. Th
end of this thermocouple i s measured by an HP d.c. micro-volt
meter. This measurement i s done when the applied voltage i s 
temporarily switched off such that the thermo-electric output i s 
not affected by the large applied voltage. The reference junction 
of this thermocouple i s exposed to room temperature environment, 
hence the voltmeter reading can be taken d i r e c t l y as proportional 
to the temperature increment of the sample i f the s l i g h t non-
l i n e a r i t y of the thermocouple response i s neglected. The measured 
temperature increments of our samples (p = 1.0) under high applied 
f i e l d s are shown i n Table I. 

It i s seen from these measurements that the highest steady 
state temperature r i s e i s about 27°C when 100 volt sinusoidal 
voltage i s applied across the 2 mm gap where the l i q u i d sample i s 
deposited. The time required for the steady state temperature to 
decay to 1/3 of i t s i n i t i a l value after the applied voltage i s 
turned off i s seen to be 20 seconds to 1 minute. 

We have also carried out some preliminary measurements, by 
using Kerr e f f e c t , on time constants for the alignment of the 
macromolecules in the NaPSS solution under high f i e l d s . We use a 
pair of crossed polarizers placed around the sampling s l i d e and 
pass a He-Ne laser beam through the sample as shown i n Figure 9. 
When a high a.c. voltage i s applied to the aluminum electrodes on 
the s l i d e , the output He-Ne intensity increases slowly but s i g n i 
f i c a n t l y as detected by an RCA 1P22 photomultiplier tube. This 
increase eventually approaches a l i m i t l e v e l and the time constant 
for reaching this l e v e l i s about the same as that for the current 
wave form to reach the a.c. steady state. This seems to indicate 
that the build-up phenomenon mentioned e a r l i e r i s probably due to 
the molecular alignment and not due to the thermal equilibrium 
effect. 

Summarizing the experimental data, we have the following re
sults on the polyelectrolyte NaPSS. In the range of 
0.1 KHz < f < 10.0 KHz and 100 v/cm < Ε < 500 v/cm (peak to peak): 
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TABLE I 

Applied voltage V 20 V peak to peak 

Frequency f 10 1 0.1 KH

Steady state thermo
couple output ν , 

th 
0.1 mv 0.2 mv 0.4 mv 

ΔΤ at steady state 1.7°C 3.3°C 6.7°C 

Applied voltage V 40 V peak to peak 

Frequency f 10 KHz 1 KHz 0.1 KHz 

Steady state thermo
couple output ν 0.2 mv 0.6 mv 1.3 mv 

ΔΤ at steady state 3.3°C 10°C 21.7°C 

Applied voltage V 100 V peak to • peak 

Frequency f 10 KHz 1 KHz 0.1 KHz 

Steady state thermo
couple output ν , 

th 
0. 6 mv 1.0 mv 1.4 ~ 1.6 mv 

(not stable) 
ΔΤ at steady state 10°C 16.7°C 23.4° ~ 26.6°C 
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1. admittance Y increases as frequency increases; 

2. Y increases as applied voltage increases; 

3. Y increases as concentration increases; 

4. i always leads ν by an angle less than 40°; 

5. there i s a d e f i n i t e build-up format for the current wave
form which takes one to f i v e minutes to reach the steady-
state a f t e r the voltage i s turned on; 

6. the time constants i n t h i s build-up seem to be correlated 
to the time constants for a l i g n i n g the macromolecules under 
high f i e l d s as detected by our Kerr e f f e c t experiments; 

7. higher harmonics i
quencies and high voltages; 

8. there i s no such s i g n i f i c a n t nonlinear and dispersion 
e f f e c t s when s a l i n e i s used as samples; 

9. the steady-state temperature r i s e ΔΤ i n the sample under 
500 v/cm i s around 27°C. For lower applied f i e l d s , AT fs 
are much lower than t h i s . 

In addition to these r e s u l t s , we have observed also another 
i n t e r e s t i n g phenomenon, i . e . , resonance of polymer impedance under 
high i n t e n s i t y but low frequency f i e l d s (1 KHz to 10 KHz). At 
the present time, we are checking the r e p r o d u c i b i l i t y of t h i s 
phenomenon. We hope to publish t h i s i n a subsequent a r t i c l e . 

Discussion 

Because the nonlinear and the dispersion data of our experi
ments are obtained at CW si n u s o i d a l f i e l d s of le s s than 500 v/cm, 
while the Wien e f f e c t s and the high voltage dispersion e f f e c t s 
reported i n the l i t e r a t u r e were investigated under pulse e x c i t a 
tions of 10 to 200 KV/cm strengths, we f e e l that the theories 
discussed i n Wien e f f e c t s and high voltage dispersion e f f e c t s may 
not be completely s u i t a b l e for explaining a l l the phenomena we 
observed. The following are some other possible mechanisms which 
we can think of that may r e l a t e to the experimental r e s u l t s we 
obtained. 

Non-Newtonian F l u i d . Many viscous mediums, for example, 
most lubr i c a n t s used i n automobiles are non-Newtonian f l u i d s . 
That i s , t h e i r v i s c o s i t i e s depend on the shearing v e l o c i t y and 
many of them decrease as v e l o c i t y increases (up to a ce r t a i n 
l i m i t ) . (Note: This i s why most automobiles are most e f f i c i e n t 
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at 20 to 55 miles/hour, because the v i s c o s i t y of the lu b r i c a n t i s 
minimum i n a c e r t a i n range of shearing v e l o c i t y corresponding to 
these speeds (1).). At low voltages, the v e l o c i t y of current 
carrying ions i n an e l e c t r o l y t e i s very low and v i s c o s i t y v a r i a 
t i o n i s small. Therefore, the resistance of the medium i s a con
stant independent of the applied voltage. But when the voltage i s 
high, the v e l o c i t i e s of ions are higher. For Wien*s experiments 
using 100 KV/cm pulses, the v e l o c i t i e s of c e r t a i n ions are calcu
l a t e d by Debye and Falkenhagen, as around 1 meter/sec (2). The 
no n l i n e a r i t y of v i s c o s i t y may thus play an important r o l e i n the 
nonlinear impedance and other related phenomena under high f i e l d s . 
Both Wien 1s experiments and our experiments show that when voltage 
increases, i n general, resistance of the medium decreases, which 
i s compatible to the nonlinear nature of the v i s c o s i t i e s exhibited 
i n many l u b r i c a n t s . Of course, more quantitative studies (for 
example, measuring the
various shearing speeds
nonlinear v i s c o s i t y indeed contributes to the nonlinear impedance 
phenomenon we observed. 

Space Charge E f f e c t . Space charge e f f e c t of e l e c t r i c a l 
properties of l i q u i d s have been studied i n at le a s t two aspects. 
One i s the "concentration e f f e c t " i n electrochemistry and the 
other, the "SCLC e f f e c t , " or, the space-charge-limited-current 
e f f e c t i n l i q u i d c r y s t a l s . We would l i k e to discuss these two 
ef f e c t s separately i n the following. 

(1) Concentration E f f e c t i n Electrochemistry. In a bulk e l e c t r o 
l y t i c c e l l , the resistance of the l i q u i d layers near any of the 
electrodes i s generally nonlinear and current-dependent, because 
the i o n i c concentrations near the electrodes are generally inhomo-
geneous due to e l e c t r o l y s i s and contact p o t e n t i a l s . This space 
charge, or concentration e f f e c t , as usually c a l l e d i n e l e c t r o 
chemistry Ç 3 , , w i l l contribute a modification or an over-voltage 
to the t o t a l voltage between the electrodes i n the c e l l s . That 
i s , the voltage between the electrodes i s deviated from that of 
the ( l i n e a r ) Ohm's law by an over-voltage which, i n part, i s con
tr i b u t e d by the space charge near the electrodes. This modifica
t i o n i n a bulk e l e c t r o l y t i c c e l l i s generally very small because 
the bulk part of the l i q u i d i n the c e l l i s s t i l l homogeneous. But 
when the two electrodes are placed very close to each other as 
those shown i n Figure 1 here, the l i q u i d between the electrodes 
may be inhomogeneous everywhere. Therefore, the space-charge i n 
duced n o n l i n e a r i t y may be very prominent because of t h i s inhomo-
genity of the ion d i s t r i b u t i o n . 

(2) SCLC i n L i q u i d C r y s t a l s . The conductivity of a l i q u i d crys
t a l medium i s generally much smaller than that of an e l e c t r o l y t e , 
because i t s p h y s i c a l properties are closer to those of an i n s u l a 
tor or a semiconductor. The co n d u c t i v i t i e s of many l i q u i d 
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crystals were measured by several people i n the la s t decade (5-8) 
and they generally show si g n i f i c a n t nonlinear and temperature 
dependent behaviors. Shaw and Kuffman reported a one-dimensional 
space charge theory, similar to the one used in insulator break
down ef f e c t s , for explaining the nonlinear resistance behavior of 
l i q u i d c r y s tals. The agreement between the theory and the experi
ments are quite good for several l i q u i d crystals. But, Yoshino, 
etc., found experimentally several other cases which are quite 
apart from Shaw's theory. ShawTs theory l i e s i n the fact 
that mobility of electrons or ions in an in s u l a t o r - l i k e medium i s 
generally small, hence space charge may build up easily i f charge 
i s "injected" into the medium by high applied f i e l d s . The result 
of this i s a nonlinear resistance effect i n the bulk medium. 
Although polyelectrolyte i s a good conductor i n contrast to the 
insulator-like l i q u i d c r y s t a l , yet the space charge calculation 
used to explain the d.c
s t i l l be adopted to th
dance effects reported i n this a r t i c l e because the qualitative 
behaviors of the two are quite similar. 

Thermal-Chemical Ef f e c t . Although the heating problem i n our 
experiments i s much reduced as compared to that in the bulk sys
tems, there i s s t i l l a temperature r i s e i n the medium. But this 
temperature r i s e reaches a steady-state due to the balance between 
heat generation and heat conduction. This steady-state tempera
ture i s lower than the i r r e v e r s i b l e damage threshold of the medium 
such that the medium i s not permanently damaged. Because of this 
temperature r i s e more giant molecules w i l l be decomposed into 
polyions which w i l l result i n an increase of conductivity of the 
medium. This increase of conductivity w i l l i n turn generate more 
ohmic heat and produce more decomposition — consequently, a 
nonlinear conduction mechanism exists. (Note: some years ago, 
the authors published a paper on the thermal-chemical effects i n 
bio-mediums under laser heating (9). The mechanism described 
there can be adopted to the thermal-chemical decomposition effect 
here with only s l i g h t modification.) We have done some indepen
dent experiments on bulk samples of beef flank to check this 
thermal-chemical effect on the medium conductivity. The method 
we used i s the same i- v sampling technique as described above. 
In spite of the rather poor reproducibility, we found that the im
pedance does decrease as the temperature r i s e s . The temperature 
r i s e can be f e l t by touching the meat sample and i t can reach to 
a very high l e v e l such that the meat can be seen to have been 
permanently damaged. The result of this experiment on one ty p i c a l 
meat sample i s shown i n Figure 10. The polyelectrolyte experi
ments reported above may be partly contributed to by the same 
mechanism described here. 
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SOURCE 

Figure 9. Kerr effect experiment
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Figure 10. Impedance of a beef flank sample with fiber along current direction 
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Conclusion 

In summarizing our r e s u l t s , we have shown 

(1) A new t h i n - f i l m technique for reducing the ef f e c t s of ohmic 
heating on measurements of the i - v (or current-voltage) 
c h a r a c t e r i s t i c s of conductive l i q u i d s at s i n u s o i d a l f i e l d s 
up to 500 v/cm. 

(2) The i - v sampling technique used here provides a real-time 
oscilloscope display of the i - v c h a r a c t e r i s t i c s . This allows 
us to measure both amplitude and phase of the medium imped
ance at a.c. steady state. I t also allows us to monitor the 
build-up phenomenon as w e l l as the continuous v a r i a t i o n of 
the i waveform when f or V i s swept. 

(3) For p o l y e l e c t r o l y t
e f f e c t s and s i g n i f i c a n t dispersion e f f e c t s i n audio frequency 
range were recorded q u a n t i t a t i v e l y . Figures 5 and 6 
summarize these r e s u l t s . Q u a l i t a t i v e behaviors of these 
phenomena are also summarized at the end of the Results 
section. These phenomena were not observed s i g n i f i c a n t l y i n 
s a l i n e solutions as shown i n Figure 8. 

Abstract 

A simple t h i n f i l m technique has been developed to measure 
the e l e c t r i c a l properties of p o l y e l e c t r o l y t e solutions under 
sin u s o i d a l e l e c t r i c f i e l d s of 100-500 v/cm at frequencies of 
.10-10 KHz. Ohmic heating i s l a r g e l y avoided by the rapid trans
fer of heat to the electrodes and by the high surface to volume 
r a t i o s . The r e s u l t i n g temperature i s not s u f f i c i e n t to damage the 
medium. Current and voltage wave forms are monitored d i r e c t l y so 
that dispersion and nonlinear phenomena of the medium can be 
viewed d i r e c t l y as functions of frequency, voltage, and concentra
t i o n of the s o l u t i o n . Possible mechanisms f o r the observed 
phenomena are discussed. 
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With few exceptions, plant and animal cells maintain internal 
concentrations of cations that differ sharply from levels in the 
surrounding fluid. Typically
selective intracellular accumulation of K  and the extrusion of 
Na+. The lipid bilayer or plasma membrane forms the essential 
skeleton of the cell against free ionic movement in either 
direction. Transmembrane movement of ions is said to occur 
through pores or channels which are highly hydrophobic and behave 
selectively towards different ionic species. Removal of Na+ from 
the interior of the living cell involves active transport by 
"pumps" that require metabolic energy. To a first approximation, 
these ionic relationships in the "resting" condition of the cell 
have been effectively modeled on the basis of ionic equilibrium 
states, as expressed in the Goldman and Nernst equations (1). 
These equations offer an adequate basis for the development of 
the negative membrane potential of 70 to 90 mV. Excitation as 
a process characterizing nerve and muscle cells is associated 
with a transient reduction or abolition of this membrane poten
tial , and in some cases with a temporary "overshoot" or reversal 
of its polarity. Just as for the membrane potential, these major 
but transient perturbations in the production of action poten
tials have been adequately modeled in dynamics of ionic 
equilibria by Hodgkin and Huxley (2). 

The Hodgkin-Huxley model elegantly describes major ionic 
phenomena in excitation of the squid giant axon. Its subsequent 
application to motor nerve cells of the mammalian spinal cord (3) 
was based on some of the first microelectrode records from within 
nerve cells, which disclosed with striking clarity the hyperpolar-
izing and depolarizing shifts in membrane potential associated 
with activation of inhibitory and excitatory synaptic nerve fiber 
endings on the surface of the cell. Interest and excitement 
occasioned by these findings were universal, but scarcely justi
fied the giant intellectual leap in the inference that the 
neurobiologist held within his grasp "the neurophysiolgical basis 
of mind." In the interim, it has become clear that we should 
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approach an understanding of s t r u c t u r a l and functional substrates 
of brain as the organ of mind i n more subtle ways, placing renewed 
emphasis on neglected or discarded aspects of i t s tissue organiza
t i o n . Even so, we may remain baffled and confused by apparent 
c a u s a l i t y that we would a t t r i b u t e to brain maps and models of 
p a r t i c u l a r regions or systems, since for example, any one brain 
region may be depicted i n terms of molecular biology of i t s 
synaptic transmitter substances, or of the immunological i d e n t i t y 
of i t s membrane surface glycoproteins, or of the extent of den
d r i t i c branching of i t s neurons, or of the " l o c a l c i r c u i t r y " of 
i t s i n t r i n s i c neuronal networks, or by the major afferent and 
efferent paths connecting i t with other cerebral n u c l e i . We 
have come to recognize the importance of h i e r a r c h i c a l organization 
i n these superimposable schemata that depict a p a r t i c u l a r brain 
region. 

Nevertheless, i t i
considered the p o s s i b i l i t
i n brain tissue through modulation of t h e i r shared electrochemical 
environment; whether t h i s be by altered c a t i o n i c concentrations 
i n the e x t r a c e l l u l a r medium, or by changing the binding of opioids 
and other peptides at receptor s i t e s on c e l l surface glycopro 
t e i n s , or by possible s u s c e p t i b i l i t y of an i n d i v i d u a l cerebral 
neuron to the weak o s c i l l a t i n g electrochemical f i e l d that sur
rounds i t as the electroencephalogram (EEG). This o s c i l l a t i n g 
p e r i c e l l u l a r f i e l d appears to a r i s e p r i n c i p a l l y by "leakage" 
from the multitude of f i n e d e n d r i t i c branches that spread from 
the small c e l l body of t y p i c a l cerebral neurons. Though weaker 
by about s i x orders of magnitude than the e l e c t r i c gradient of 
10 5 V/cm across the l i p i d b i l a y e r of the c e l l membrane, evidence 
from a wealth of experiments that have mimicked these o s c i l l a t i o n s 
i n b r a i n , bone and pancreatic tissue unequivocally confirm t h e i r 
capacity to modify i n t e r r e l a t e d c e l l surface receptor mechanisms 
that include ion binding c h a r a c t e r i s t i c s , hormonal binding a b i l i t y 
and immunological c a p a c i t i e s . This growing body of evidence from 
quite disparate tissues suggests that c e l l - t o - c e l l communication 
through weak electrochemical perturbations i n the p e r i c e l l u l a r 
environment may be a quite general b i o l o g i c a l property. The 
effectiveness of such weak s t i m u l i i n t r i g g e r i n g a cascade of 
i n t r a c e l l u l a r processes at f a r higher energy l e v e l s implies a 
series of a m p l i f i c a t i o n mechanisms before or during the trans
membrane coupling of the i n i t i a l stimulus. At le a s t a p a r t i a l 
answer to t h i s a m p l i f i c a t i o n and extension of the weak t r i g g e r i n g 
event at the membrane surface may l i e i n cooperative processes 
w i t h i n and around those glycoprotein molecules that form a 
s p e c i f i c receptor s i t e . In seeking an understanding of aspects 
of these elemental processes of i n t e r c e l l u l a r communication, 
there i s a modest prospect that they may ultimately be equated 
with the processes by which storage of experience and i t s r e c a l l 
occur i n brain t i s s u e . 
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Imposition of weak electromagnetic f i e l d s o s c i l l a t i n g or 
modulated at low frequencies i s a valuable t o o l i n studies of 
transductive coupling of p e r i c e l l u l a r electrochemical s t i m u l i to 
c e l l u l a r mechanisms. Observed s e n s i t i v i t i e s involve responses to 
s t i m u l i f a r weaker than those i n i t i a t i n g massive i o n i c perturba
tions characterizing e x c i t a t i o n according to the Hodgkin-Huxley 
model. Some of these responses also show sharply lowered 
thresholds i n c e r t a i n narrow ranges of frequency and amplitude. 
J o i n t l y , these data indicate that these s e n s i t i v i t i e s are based 
on nonequilibrium reactions. Further supporting evidence comes 
from studies of membrane phase t r a n s i t i o n s that show sharp 
thermal dependence. 

Nonlinear Transitions i n C e l l Membrane States 

As discussed below
structure emphasizes th
protein material external to the l i p i d b i l a y e r i n a wide range of 
functions. These functions range from modulation of transmembrane 
ion fluxes through membrane ion channels to formation of receptor 
s i t e s f or antibody molecules. These c a p a b i l i t i e s depend i n great 
measure on the polyanionic terminal structure of these stranded 
protrusions. C l e a r l y , the two examples c i t e d present extremes i n 
the complexities of membrane organization. Nevertheless, both 
types of process e x h i b i t s i m i l a r sharp t r a n s i t i o n s as a function 
of temperature that are consistent with cooperative processes. 

The accumulation of potassium i n smooth muscle shows a c r i t i 
c a l thermal t r a n s i t i o n that can be described i n terms of a coop
erative accumulation process (4). Steady-state l e v e l s of 
potassium and sodium of taeniae c o l i of guinea-pig are c r i t i c a l l y 
affected by varying temperature i n the narrow range 12° to 17°C. 
E l e c t r o l y t e d i s t r i b u t i o n w i t h i n these muscle c e l l s undergoes 
abrupt readjustment around a c r i t i c a l temperature. For both 
cations, the c r i t i c a l temperature, T c, i s 13.8°C i n the presence 
of 5 mM external potassium. T c decreases to 10.0°C with an 
external potassium concentration of 10 mM (Figure 1). These 
findings are i n good agreement with the following p r e d i c t i v e 
model of a cooperative mechanism. 

Using a cooperative adsorption isotherm developed by Ling (5) 
to derive a cooperative absorption isotherm that e x p l i c i t l y 
r elates i n t r a c e l l u l a r potassium content to external potassium 
concentration, R e i s i n and G u l a t i (4·) have expressed the coopera
t i v e isotherm for the i n t r a c e l l u l a r potassium as a function of 
K ex/Na e x. This isotherm K a (j i s defined 

K a d = F T / 2 {[ « - D 2 + ( D 

where F T represents the amount of fi x e d negative charge s i t e s on 
the membrane surface ( i n μΜ/g) which can in t e r a c t cooperatively 
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Figure 1. (A) Effect of temperature on the steady-state potassium (O) and sodium 
(Φ) contents of taenia coli smooth muscle fibers. The high sodium content above 
17°C is mainly attributable to the large extracellular space in smooth muscles. 
(B) Effect of Kr.r on T r for the thermal transition, developed from theoretical curves 
derived from Equations 1 and 3 (see text). For these curves, the potassium levels 
in the sorbitol space (2.15 μmol/g at 5mM K r r , and 4.3 \xmol/g at WmM Kcx) 

were added to the theoretically calculated values. (4) 
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with cations; ξ i s defined as K§a->K4Kex/Naex» w n e r e K§a-»K i s t n e 

i n t r i n s i c equilibrium constant ( s e l e c t i v i t y r a t i o of potassium 
over sodium); K e x and N a e x are the external potassium and sodium 
concentrations; and η i s a function of the energy of nearest 
neighbor i n t e r a c t i o n s , and gives a measure of cooperation among 
s i t e s . When the potassium concentration approaches H F-j., Eq. 1 
can be rearranged 

I n / K a d 4 = η In Κ 6χ + η 1 η Κ 4 ( 2 ) Fa T- Kad / Na, ex 
I f F T and η are not s i g n i f i c a n t l y affected by temperature, Eq. 2 
can be d i f f e r e n t i a t e d with respect to the r e c i p r o c a l of absolute 
temperature 

81n[K /F  K ]  η 
3(1/T

ΔΗ°° 
Na->K 

(3) 

where 
- R T . l n K 4 K = F°° = ΔΗ°° - TAS 0 0 (4) 

and AF°°, ΔΗ°° and S°° are changes i n the i n t r i n s i c free energy, 
i n t r i n s i c enthalpy, and i n t r i n s i c entropy, r e s p e c t i v e l y , f o r the 
exchange of potassium by sodium on adsorptive s i t e s . The r e l a 
tionship i n Eq. 3 emphasizes that for an adsorptive process there 
must be a c r i t i c a l thermal t r a n s i t i o n . In non-cooperative 
mechanisms (when η = 1), thermal t r a n s i t i o n s also occur, but for 
a f i x e d value of ΔΗ°° the cooperative t r a n s i t i o n i s steeper by a 
factor of n. Reisen and G u l a t i conclude that t h i s model c o r r e c t l y 
predicts the behavior of smooth muscle around the t r a n s i t i o n 
temperature with respect to c e l l e l e c t r o l y t e l e v e l s as a function 
of temperature, and i n pr e d i c t i n g a lower t r a n s i t i o n temperature 
when K e x i s raise d . For sodium-rich frog muscles, the reaccumu
l a t i o n of potassium to a steady state condition i s rela t e d to K e x 

by a sigmoidal cooperative curve for experiments performed at 0°, 
10O and 25°C (6)_. 

Accumulation of potassium w i t h i n the c e l l by a cooperative 
process i s a transmembrane event. However, there i s also good 
evidence that movement of potassium ions through membrane channels 
i s modulated by the binding of calcium ions at channel s i t e s ~ 
the "plug i n the bath" model (7). Membrane surface glycoproteins 
with polyanionic terminal strands o f f e r a broad and powerful sub
s t r a t e f o r these c a t i o n i c i n t e r a c t i o n s . Competition between 
hydrogen and calcium ions at these s i t e s has been modeled as the 
i n i t i a l transductive step i n e x c i t a t i o n (8). 

These same surface glycoproteins have been modeled as recep
tors f o r antibody molecules and i n the binding of l e c t i n mole
cules, such as concanavalin A. On the lymphocyte membrane, 
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cross l i n k i n g between s i t e s i n these processes recodes the sur
face i n length and i n area by "patching" and "capping." Patching 
and capping are i n h i b i t e d by p r i o r treatment of the c e l l surface 
with l e c t i n molecules, a process described as anchorage modula-
t i o n (9, H)> 11). Patching and capping occur at a more complex 
l e v e l of s t r u c t u r a l organization than i n simple cation binding to 
a polyanionic substrate. By comparison, the dimensions of Y-
shaped antibody molecules or of tetravalent concanavalin A 
molecules, and the s i z e of r e s u l t i n g patches and caps, a l l bespeak 
processes on a g a l a c t i c scale. Yet these, too, are calcium 
dependent and exh i b i t sharp thermal t r a n s i t i o n s i n the range 
20-25°C, consistent with cooperative processes. They are 
dependent on metabolic energy supplied from w i t h i n the c e l l , 
and t h i s requirement for nonequilibrium conditions also supports 
a cooperative model. 

Tissue S e n s i t i v i t i e s an
to Weak EM Fi e l d s 

For the squid axon, the transmembrane current density to pro
duce a nerve impulse has a threshold around 1.0 mA/cm2. Many 
nerve c e l l s , including the motor nerve c e l l s of the mammalian 
sp i n a l cord, require a s i m i l a r current density through the 
membrane of the c e l l body to induce f i r i n g . The neuronal 
membrane offe r s a resistance of 2000-5000 Ω/cm2. By contrast, 
tissue f l u i d surrounding nerve c e l l s i n brain and other nervous 
ganglia has a much lower s p e c i f i c resistance i n the range 
5-25 Ω.αιΓ1. Thus, i n the context of eith e r i n t r i n s i c t i s sue 
f i e l d s generated by the leakage of b i o e l e c t r i c a c t i v i t y from 
c e l l s to the f l u i d that surrounds them, or i n ef f e c t s a t t r i b u t a b l e 
to t i s s u e components of environmental EM f i e l d s , transmembrane 
paths do not form a preferred pathway for tissue current flow, 
and only a small f r a c t i o n of the t o t a l tissue current a c t u a l l y 
penetrates c e l l membranes. Based on d i f f e r e n t i a l conductance 
c h a r a c t e r i s t i c s c i t e d above, these transmembrane components would 
be about three orders of magnitude less than those i n the extra
c e l l u l a r space. Thus, i f we assume a transmembrane current 
density of 1.0 mA/cm2 at threshold for nervous e x c i t a t i o n , a 
current density of 1.0 A/cm2 i n e x t r a c e l l u l a r f l u i d would be 
necessary to achieve t h i s transmembrane l e v e l . 

We may extrapolate from these basic considerations i n two 
ways. We may evaluate the e x t r a c e l l u l a r e l e c t r i c gradients 
associated with i n t r i n s i c or imposed tissue f i e l d s against the 
magnitude of the gradients i n the membrane p o t e n t i a l , both i n 
rest i n g conditions and i n association with modification of the 
membrane p o t e n t i a l during synaptic e x c i t a t i o n . In t h i s way, we 
may appraise the p r o b a b i l i t y of d i r e c t e f f e c t s of e x t r a c e l l u l a r 
tissue f i e l d s i n e x c i t a t i o n of nerve c e l l s . A second approach 
w i l l consider the observed b i o l o g i c a l s e n s i t i v i t i e s to these 
f i e l d s . This w i l l lead to the crux of our current dilemma. A 
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r a p i d l y widening series of observations i n c e l l s of bone (12, 13, 
14) and blood (15), as w e l l as i n nervous tissue (16, 17, 18) 
have confirmed s e n s i t i v i t i e s to electrochemical gradients i n 
f l u i d around these c e l l s as much as s i x orders of magnitude less 
than the e l e c t r i c a l gradient across the c e l l membrane (the mem
brane p o t e n t i a l ) . What are the mechanisms by which these weak 
o s c i l l a t i n g electrochemical gradients are coupled to the vast 
tides of cations known to move across the c e l l membrane i n the 
ensuing stages of excitatory depolarization and i n h i b i t o r y 
hyperpolarization? Hitherto, the l a t t e r processes have held 
pride of place i n a l l models of e x c i t a t i o n , despite the very 
large t r i g g e r i n g energies necessary for t h e i r i n i t i a t i o n . The 
clear evidence for effectiveness of s t i m u l i much weaker than 
those producing c e l l membrane depolarization through massive 
d i r e c t perturbation of i o n i c e q u i l i b r i a raises a second question. 
What i s the s i g n i f i c a n c
for i n t e r n a l communicatio
are they u t i l i z e d i n c e l l - t o - c e l l communication i n defining 
aspects of homeostasis, or i n modulating s e n s i t i v i t y to the 
myriad e x t r i n s i c electrochemical and neurohumoral s t i m u l i that 
constantly pervade a tissue? Recent studies provide p a r t i a l 
answers to some of these questions, and also point the way to 
needed future research. 

B i o e l e c t r i c Organization of Nervous Tissue. The membrane 
p o t e n t i a l of 70 mV i s developed across the l i p i d b i l a y e r of the 
c e l l membrane. This layer i s approximately 40 8 t h i c k , so that 
the transmembrane e l e c t r i c gradient i s of the order of 10 5 V/cm. 
This extraordinary d i e l e c t r i c strength i s not e a s i l y r e p l i c a t e d 
i n a r t i f i c i a l materials. I t i s noteworthy that the r e s t i n g 
membrane p o t e n t i a l maintains t h i s d i e l e c t r i c b i l a y e r w i t h i n a 
factor of two of e l e c t r i c a l breakdown (19). Release of neural 
transmitter substances from synaptic terminals on the nerve c e l l 
surface t r a n s i e n t l y s h i f t s the membrane p o t e n t i a l at the s i t e of 
release by a few m i l l i v o l t s . In terms of an altered transmem
brane gradient, t h i s s h i f t i s of the order of 1.0 kV/cm. 

Cerebral cortex has an i n t r i n s i c o s c i l l a t i n g f i e l d i n the 
e x t r a c e l l u l a r f l u i d , the EEC I t appears to or i g i n a t e p r i n c i 
p a l l y i n the enormously branched dendrites that characterize 
cerebral neurons. Measured over c e l l u l a r dimensions, the EEG 
has a t y p i c a l gradient of 50 mV/cm (20, 21), and a frequency 
spectrum from 1 to 100 Hz, with most energy i n the band from 
1 to 20 Hz. Records from i n t r a c e l l u l a r microelectrodes i n many 
but not a l l cerebral neurons display large slow o s c i l l a t i o n s up 
to 15 mV i n amplitude that resemble the EEG from the same c o r t i 
c a l region i n sp e c t r a l analyses. However, with an amplitude of 
20-50 uV, the EEG i s less than 1.0 percent of the amplitude of 
the i n t r a c e l l u l a r neuronal waves from which i t i s derived, due to 
i t s attenuation i n the neuronal membrane. 
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U n t i l recently, e x t r a c e l l u l a r gradients as weak as the EEG i n 
cerebral tissue have not been considered p h y s i o l o g i c a l l y s i g n i f i 
cant i n information t r a n s f e r , nor i n the modulation of tis s u e 
functional states. As discussed below, there i s now good evidence 
that impressed gradients that mimic the EEG, ei t h e r simply as low 
frequency f i e l d s or as RF or microwave f i e l d s amplitude modulated 
at low frequencies i n the EEG range, can e l i c i t a ltered e f f l u x of 
calcium ions and of transmitter substances (22-26). Moreover, 
these weak imposed e x t r a c e l l u l a r f i e l d s are capable of ei t h e r 
modifying or entraining the EEG at the rate of low frequency 
f i e l d components (27, 28), implying that these f i e l d s with 
gradients of 50 mV/cm are capable of influencing the much larger 
membrane p o t e n t i a l of 10 5 V/cm. C l e a r l y , t h i s requires a form of 
transductive coupling with considerable " a m p l i f i c a t i o n " of the 
weak t r i g g e r i n g o s c i l l a t i o n . Possible models of these i n t e r 
actions w i l l be discussed

B i o e l e c t r i c S e n s i t i v i t i e s of Organisms to Environmental 
EM F i e l d s . As background to current research on biop h y s i c a l 
mechanisms that might underlie these s e n s i t i v i t i e s at the molecu
l a r l e v e l , we may enumerate some of the in t e r a c t i o n s reported i n 
whole organisms (for reviews, see Adey, 249, 30) . 

Behavioral e f f e c t s have been reported with t i s s u e components 
of environmental extremely low frequency (ELF) f i e l d s between 
10~ 7 and 10~ 8 V/cm i n the spectrum below 10 Hz. They include 
navigation and prey detection by sharks and rays (31, 32), b i r d 
navigation (33, 34), altered d a i l y b i o l o g i c a l rhythms i n man and 
birds (35, 36), and subjective time estimates i n monkeys (37, 38). 
Rats exposed to 60 Hz 1 kV/m f i e l d s show reduced nocturnal motor 
a c t i v i t y i n the f i r s t 2 or 3 days of exposure and increased 
a l e r t i n g behavior during and following 30 days of exposure to 
these f i e l d s (39). Rays could be trained to seek a food reward 
i n a c i r c u l a r tank i n which the earth's magnetic f i e l d became an 
e s s e n t i a l cue (40). Calculated tissue e l e c t r i c gradients based 
on the rate of the animal's movement through the natural magnetic 
f i e l d were 0.5 yV/cm. These responses faded out with magnetic 
f i e l d s weaker than the natural l e v e l , and were not observed with 
f i e l d s two orders of magnitude greater, suggesting an i n t e n s i t y 
"window." These low frequency perturbations are sensed by tubular 
receptors opening on the ski n of the head. Their extremely high 
w a l l resistance (6 ΜΩ/cm2) contributes to a low-pass frequency 
c h a r a c t e r i s t i c with an e f f e c t i v e upper frequency l i m i t of about 
10 Hz, thus e s t a b l i s h i n g a frequency "window." No such s p e c i a l 
ized electroreceptors are known to e x i s t i n the mammalian periph
e r a l or ce n t r a l nervous systems. However, i n t r a c e l l u l a r f e r r o 
magnetic bodies have been described i n bac t e r i a that orient to 
the earth's magnetic f i e l d (41), i n the thoracic banding of bees 
(42), and i n the s k u l l or muscles of pigeons (see 4k3). The 
possible r o l e of these i n c l u s i o n s i n tissues of bees and pigeons 
i n o r i e n t i n g to environmental magnetic f i e l d s i s not yet known. 
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These behavioral responses to ELF f i e l d s suggest "windowed" 
s e n s i t i v i t i e s to nervous tissue gradients around 10" 7 V/cm, with 
an e f f e c t i v e upper frequency l i m i t between 10 and 100 Hz. This 
tissue component i s produced by f i e l d s i n a i r of 10-100 V/m. I t 
i s approximately s i x orders of magnitude weaker than the EEG 
gradient of 10-100 mV/cm over c e l l u l a r dimensions. Induction 
of EEG l e v e l gradients by environmental low frequency e l e c t r i c 
f i e l d s i s not p r a c t i c a l , by reason of weak coupling of such a 
f i e l d i n a i r to the aqueous conducting medium of tissue (29). 
I t would require an environmental f i e l d of 500 kV/m. However, 
EEG l e v e l f i e l d s are e a s i l y induced i n tissues by weak radio 
and microwave f i e l d s at frequencies of 100-1000 MHz with incident 
energies around 1.0 mW/cm2, and e l e c t r i c gradients i n a i r of 60-
100 V/m. When s i n u s o i d a l l y modulated at ELF frequencies, p a r t i c u 
l a r l y below 20 Hz, they a l t e r cation binding i n cerebral t i s s u e . 
These are also "windowed
re l a t e to the low frequenc

Only a few behavioral studies have so fa r been reported with 
these modulated RF f i e l d s . Chicks exposed to 450 MHz, 1 or 
5 mW/cm2 f i e l d s s i n u s o i d a l l y modulated at 3 or 16 Hz during 
performance of a fixed-time 30 sec schedule of water r e i n f o r c e 
ment showed trends towards longer latency of response (44) . In 
Soviet studies, rabbits and rats c h r o n i c a l l y exposed for 120 days 
to extremely low l e v e l s of 50 or 2500 MHz continuous f i e l d s or 
10 GHz f i e l d s pulsed at 1000 or 20 Hz showed s t a t i s t i c a l l y s i g 
n i f i c a n t a l t e r a t i o n s i n conditioned reflexes with f i e l d i n t e n s i 
t i e s between 1.9 and 2.0 pW/cm2. A 2450 MHz, 1 mW/cm2 microwave 
f i e l d pulsed at 1000/sec had a synergic e f f e c t on the action of 
Valium (chlordiazepoxide) on f i x e d - i n t e r v a l behavior i n rats (46). 

C e l l Membrane Models of Transductive Coupling of Weak EM 
Fi e l d s . The arrangement of stranded glycoprotein molecules out
side the l i p i d b i l a y e r (plasma membrane) of the c e l l membrane was 
noted above. Their organization and functional r o l e have been 
addressed i n a series of membrane models which have developed 
the concepts of "the greater membrane" (47) and the " f l u i d 
mosaic" model (48). The f l u i d mosaic model embraces most of the 
recent data on membrane molecular biology. The phosophlipid 
b i l a y e r of the plasma membrane behaves as a f l u i d whose v i s c o s i t y 
i s modified by the presence of intramembranous p a r t i c l e s (IMPs) 
w i t h i n i t (49). The IMPs range i n molecular weight from about 
300 for the prostaglandins and related "molecular switching" 
molecules to about 50,000 for B-microglobulins associated with 
antibody receptor s i t e s (9). Many of these molecules have both 
external and i n t e r n a l termini. The i n t e r n a l protrusions may 
connect with microtubules and thus with the nucleus of the c e l l . 
Many of the external protrusions are glycoproteins with terminal 
amino-sugars ( s i a l i c acids) that have numerous fixed-charge 
anionic binding s i t e s . The c e l l surface thus becomes a poly-
anionic sheath (50), as described above, with a strong a f f i n i t y 
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for cations, and with C a 2 + and H + more strongly bound than other 
monovalent cations (51). They also p a r t i c i p a t e i n receptor s i t e s 
for neurotransmitter, hormonal and antibody molecules. For 
muscle end-plate, t h i s surface p o t e n t i a l i s t y p i c a l l y about 
-50 mV. When the surface p o t e n t i a l i s modified by increasing 
concentration of divalent cations C a 2 + or Mg 2 +, for example, the 
effectiveness of tubocurarine as an antagonist for a c e t y l choline 
i s reduced (50). Increased divalent cation concentration i n the 
surrounding f l u i d decreases the n e g a t i v i t y of the surface poten
t i a l and thereby lowers the concentration of cations at the 
membrane-solution i n t e r f a c e , suggesting that e f f e c t s of surface 
p o t e n t i a l on c a t i o n i c concentrations at active s i t e s may be 
important i n drug i n t e r a c t i o n s . 

The Singer-Nicolson fluid-mosaic model i s also consistent 
with two major sequences of events i n the transductive coupling 
of a wide range of electrochemica
face. One involves Ca-dependen
intramembranous p a r t i c l e s by which a s i g n a l i s transmitted to the 
i n t e r i o r of the c e l l (9), as for example, i n the a c t i v a t i o n of 
membrane-bound enzymes, such as adenyl cyclase, following binding 
of a hormone molecule or an antibody to a membrane surface recep
tor s i t e . The second concerns electrochemical i n t e r a c t i o n s 
occurring i n the length and area of the membrane surface, and 
probably i n v o l v i n g c r o s s - l i n k i n g between adjoining molecular 
strands, as f i r s t suggested by Katchalsky (51) from i n v i t r o 
studies of Ca ion binding to p o l y v i n y l c h l o r i d e . C l e a r l y , long-
range i n t e r a c t i o n s between charge s i t e s along the membrane sur
face suggest a mechanisms by which weak o s c i l l a t i n g electrochemi
c a l gradients may be sensed and "amplified" as steps i n a coop
erative i n t e r a c t i o n i n v o l v i n g binding and release of Ca ions, 
as discussed below. 

Evidence for Nonequilibrium Aspects of F i e l d Interactions i n 
Brain Tissue, using *+5Ca2+ E f f l u x as an Indicator 

E f f l u x of 4Ca2"*" from i n t a c t , awake cat cerebral cortex 
responds i n a highly nonlinear fashion to changing e x t r a c e l l u l a r 
C a 2 + concentration (53). Increased concentration of C a 2 + 

resulted i n increased e f f l u x of both 4 5 C a 2 + and 3H-GABA, but 
the e f f e c t of a 1 mM increment i n C a 2 + concentration was only 
s l i g h t l y less than that of a 20 mM increment. These i n i t i a l 
observations suggested membrane reactions t r i g g e r i n g the release 
or turnover of calcium. The observed k i n e t i c s are consistent 
with displacement of 4 5 C a 2 + bound to polyanionic s i t e s at the 
surface of the membrane (54). 

C a 2 + + 4 5 C a — M n _ •+ Ca ,45 Ca-M (n-2)-

C a 4 Ca-M (n-2)-_45 C a2+ + C a _ M n -
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where M represents a membrane anionic species. Thus, the e f f l u x 
of Ca2+ from the membrane i s proportional to a high power of the 
concentration of bound C a 2 + . 

This highly nonlinear pattern of autogenic C a 2 + e f f l u x led to 
a series of studies of EM f i e l d i n t e r a c t i o n s with cerebral t i s s u e , 
i n a search for t h e i r o r i g i n s i n cooperative mechanisms (55). We 
proceeded on the premise that i f long-range i n t e r a c t i o n s were i n 
volved at fixed-charge s i t e s on membrane surface macromolecules, 
major changes i n 4 5 C a 2 + e f f l u x might occur with very weak o s c i l 
l a t i n g e l e c t r i c f i e l d s around the c e l l s , and that the magnitude 
of these responses would be comparable with those induced at f a r 
higher l e v e l s of f i e l d i n t e n s i t y . In turn, t h i s led to a search 
for possible "windows" i n the range of f i e l d amplitudes inducing 
a response. A second premise concerning possible long-range 
i n t e r a c t i o n s was that they might occur i n narrow bands of f r e 
quencies as "windows" i
concept arose from possibl
frequencies of i n t r i n s i c EEG rhythms i n brain t i s s u e , and from 
measurements of membrane e l e c t r i c a l t i ssue constants i n non-
excitable c e l l s , including bone and connective t i s s u e . Based 
on these c r i t e r i a , i t was hoped to a r r i v e at the l e v e l s of 
coopérâtivity to be expected i n these membrane ion binding 
mechanisms. Results of these studies have been extensively 
reviewed elsewhere (29, 30). 

Weak, ELF f i e l d s at frequencies from 1 to 75 Hz and 5 to 
100 V/m i n a i r were tested for t h e i r e f f e c t s on 4 5Ca 2+ e f f l u x 
from f r e s h l y i s o l a t e d chick and cat cerebral t i s s u e (23). Tissue 
gradients were estimated to be i n the range of 0.1 yV/cm. F i e l d 
exposures resulted i n a general trend toward a reduction i n the 
release of preincubated i + 5 C a 2 + . Maximum decreases occurred at 
6 and 16 Hz and were i n the range from 12 to 15 percent. 
Threshold f i e l d s were around 10 and 56 V/m i n a i r for chick 
and cat t i s s u e s , r e s p e c t i v e l y , but s e n s i t i v i t y decreased at 
100 V/m. Thus, calcium binding i n chick and cat cerebral t i s s u e 
exhibited frequency and amplitude windows i n responses to these 
extremely weak f i e l d s (Figure 2B). 

I n t r i n s i c o s c i l l a t i o n s of the EEG are about s i x orders of 
magnitude larger than those j u s t described, t y p i c a l l y i n the 
range 10""1 to 10""2 V/cm i n f l u i d surrounding a neuron. E l e c t r i 
c a l stimulation of awake cat cerebral cortex with 200/sec t r a i n s 
of pulses (1.0 msec duration) at t h i s i n t e n s i t y increased c o r t i 
c a l e f f l u x of ** 5Ca 2 + by about 13 percent (26) , and simultaneous 
e f f l u x of the i n h i b i t o r y neurotransmitter GABA rose by about 
12 percent. When fres h l y i s o l a t e d chick cerebral t i s s u e was 
exposed to s i n u s o i d a l l y modulated 147 MHz f i e l d s that also pro
duced EEG l e v e l s of e l e c t r i c gradient i n the t i s s u e , there were 
s t r i k i n g changes i n 4Ca2-*" e f f l u x as the si n u s o i d a l modulation 
frequency covered the spectrum from 0.5 to 35 Hz (22) . No 
eff e c t s were seen from the unmodulated c a r r i e r wave, but the 
4 C a 2 * e f f l u x followed a smooth "tuning curve," with an increase 
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147 MHz EM FIELDS AMPLITUDE MODULATED 
BY ELF SINE WAVES 
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Figure 2. Comparison of (A) Ca  from freshly isolated chick cerebral hemi-
spheres exposed to a weak radiofrequency field (147 MHz, 0.8 mW/cm

2

), ampli-
tude-modulated at low frequencies, and (B)

 45

C
2

+ efflux changes from exposure to 
far weaker electric fields (56 V/m) in the same frequency spectrum from 1 to 32 
Hz. The peak magnitude of the efflux change is similar for the two fields, but oppo-
site in direction. For the radiofrequency field (A), the unmodulated carrier wave 
U had no effect when compared with controls C. Field gradients differ by about six 

orders of magnitude between (A) and (B) (22, 23). 

INTENSITY OF RADIATION, mW/cm* 

Radio Science 

Figure 3. Effects of changing power density of a 147-MHz radiofrequency field, 
sinusoidally amplitude*modulated at 16 Hz, on

 45

Ca
2

+ efflux from freshly isolated 
chick cerebral hemispheres. Ordinate shows mean difference (with S.E.) between 

exposed (\T) and control (Vc) samples (25) · 
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of about 15 percent i n the range from 6 to 20 Hz, and a maximum 
eff e c t at 16 Hz (Figure 2A). A s i m i l a r but sharper e f f l u x curve, 
also peaking i n the range 9-16 Hz, was found i n independent 
studies (25). Blackman e_t al. also reported an amplitude "window" 
for t h i s response at incident f i e l d energies around 1.0 mW/cm2, 
confirmed independently by Bawin, Sheppard and Adey (56) for 
450 MHz f i e l d s s i n u s o i d a l l y modulated at 16 Hz (Figure 3). 

The windowed character of these responses i n frequency and 
amplitude domains unequivocally establishes a series of highly 
nonlinear mechanisms i n the control of cerebral calcium ion 
binding. I t also points to long-range in t e r a c t i o n s r e q u i r i n g 
ordered molecular states that p e r s i s t for appreciable time over 
considerable atomic distances (30, 57, 58). I t i s also clear 
that the l e v e l s of cooperativity i n these i n t e r a c t i o n s must be 
high, since for the ELF f i e l d e f f e c t s c i t e d here, the e f f e c t i v e 
s t i m u l i may appear to b
noise (kT). Though t h i
on models below), both the b i o l o g i c a l thresholds c i t e d above and 
these chemical thresholds for ELF e l e c t r i c and magnetic f i e l d s 
are mutually consistent with s e n s i t i v i t i e s w i t h i n an order of 
magnitude of thermal noise l e v e l s (23, 59). 

The search for a phys i c a l basis for t h i s cooperativity may 
prove d i f f i c u l t . As a prelude to l a t e r discussion of possible 
models, a d d i t i o n a l evidence may be c i t e d on modulation of Ca2+ 
binding and release i n cerebral t i s s u e by other i o n i c species 
(17). Increased i + 5 C a 2 + e f f l u x from chick cerebral hemispheres 
induced by a 450 MHz 0.75 mW/cm2 f i e l d s i n u s o i d a l l y modulated at 
16 Hz was i n s e n s i t i v e to v a r i a t i o n s i n Ca concentration between 
0 and 4.16 mM i n the bathing s o l u t i o n . I t was enhanced by raised 
H* concentrations (0.108 mM HC1), and i n h i b i t e d i n the absence of 
normal l e v e l s of HCO3 ions. L a 3 + ions added to the NaHC03-free 
medium restored e l e c t r i c a l responsiveness, but the 450 MHz f i e l d 
then reduced l + 5 C a 2 + e f f l u x by about 15 percent, compared to the 
t y p i c a l field-induced increase i n e f f l u x of about the same s i z e 
with normal NaHC03 l e v e l s (2.4 mM). These observations suggest 
two conclusions. F i r s t , since lanthanum blocks transmembrane 
movement of C a 2 + i n both d i r e c t i o n s , p e r s i s t i n g e f f l u x changes 
to f i e l d s timulation a f t e r L a 3 + perfusion are interpreted as 
ind i c a t i n g a s i t e at c e l l membrane surfaces for EM f i e l d i n t e r 
actions with C a 2 + binding s i t e s . Second, the influence of H + 

concentration suggests that weak, low-frequency e x t r a c e l l u l a r 
e l e c t r i c gradients may be transduced i n a s p e c i f i c class of 
e x t r a c e l l u l a r negative binding s i t e s normally occupied by C a 2 + 

and susceptible to competitive H* binding. We may further 
hypothesize that, by the windowed character of these i n t e r 
actions, the r o l e of the hydrogen ion may be as a proton i n 
tunneling i n t e r a c t i o n s (59). These cooperative i n t e r a c t i o n s 
i n i s o l a t e d cerebral tissue have suggested two further l i n e s 
of research. 
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Do s i m i l a r i n t e r a c t i o n s occur i n l i v i n g cortex? Can they be 
detected i n u l t r a s t r u c t u r a l elements of the c e n t r a l nervous 
system, such as synaptosomes? The 4Ca2"*" e f f l u x was studied i n 
i n t a c t awake cat cortex, using a c o r t i c a l cup technique (18). 
Tissue f i e l d s measured with a miniaturized, implantable e l e c t r i c 
f i e l d probe were of the order of 500 mV/cm with an incident 
f i e l d of 3.0 mW/cm2, amplitude modulated by a 16 Hz sinewave. 
I r r a d i a t i o n began 60 min a f t e r completion of 90 min incubation 
of the cortex with 4Ca 2" 1 -. Resulting e f f l u x curves were d i s 
rupted by waves of increased C a 2 + e f f l u x . These waves showed 
periods of 10 to 30 min. For a n a l y s i s , the e f f l u x curves were 
treated by s t r a i g h t - l i n e f i t s to the l o g a r i t h m i c a l l y transformed 
data, with two epochs for each curve. One curve covered the pre-
f i e l d - exposure period, the other from 20 min a f t e r f i e l d onset 
to the end of the experiment. Differences associated with the 
wavelike disruptions betwee
control/exposure curve
l e v e l , using one-tailed binomial p r o b a b i l i t y s t a t i s t i c s . In 
p a r a l l e l studies, synaptosomes from male rat cerebral cortex 
with a t y p i c a l diameter of 0.5 ym were incubated at 22°C for 
10 min i n a ph y s i o l o g i c a l s o l u t i o n containing 4 5 C a 2 + (60, 61). 
They were then applied to M i l l i p o r e f i l t e r s and perfused at 
2.0 ml/min for 30 min. In experiments i n which exposure to 
450 MHz f i e l d s (as used i n experiments with i n t a c t cats) began 
when the synaptosomes were applied to the M i l l i p o r e f i l t e r , and 
onset of perfusion was delayed u n t i l 5-10 min l a t e r , continuous 
exposure to a f i e l d of 0.5 mW/cm2 increased the rate constant 
of the 4 C a 2 * e f f l u x curve (p < 0.01). Conversely, i n experi
ments at 34°C, where the synaptosomes were continuously perfused 
from the time of t h e i r a p p l i c a t i o n to the f i l t e r , increased 
4 5 C a 2 + e f f l u x occurred only when f i e l d exposure started 10 min 
a f t e r onset of perfusion. Moreover, slow o s c i l l a t o r y perturba
tions i n 4 5 C a 2 + e f f l u x with periods of 5-10 min followed termina
t i o n of a 10 min f i e l d exposure, resembling those i n i n t a c t 
cortex. We may conclude from these studies that responses seen 
previously i n f r e s h l y i s o l a t e d but non-respiring cortex also 
occur i n the i n t a c t b r a i n , and that they are a property of 
tissue elements s u b s t a n t i a l l y smaller than a whole c e l l . Indeed, 
for a synaptosome with a diameter of 0.5 ym or l e s s , t i s s u e f i e l d 
l e v e l s measured i n the cat's b r a i n i n these studies would not 
exceed a gradient of 25 yV across i t s f u l l diameter, f a r smaller 
than i t s membrane p o t e n t i a l of the order of 50 mV. From the 
viewpoint of a cooperative system, t h i s cooperative macromolecu-
l a r organization at membrane C a 2 + binding s i t e s may be presumed 
f u n c t i o n a l l y e f f e c t i v e over dimensions as small as these, since 
even weaker f i e l d s release both 4 5 C a 2 + and stored transmitter 
substances, such as GABA, apparently from synaptic stores (26). 

Despite t h i s progress i n defining some int e r a c t i o n s with 
weak EM f i e l d s , p a r t i c u l a r l y i n s p e c i a l i z e d preparations of 
is o l a t e d c e l l s and t i s s u e s , we must also take account of recent 
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disclosure of in t e r a c t i o n s between natural opioid peptides, the 
enkephalins and endorphins, and the binding of C a 2 + to c e l l 
membrane surfaces. In the i n t a c t b r a i n , they exert powerful 
modulating influences on states of e x c i t a b i l i t y and associated 
behavior. Their s i t e s of action are now known to extend to 
tissues outside the ce n t r a l nervous system, and to include the 
g a s t r o i n t e s t i n a l t r a c t . In synaptosome f r a c t i o n s , 3-endorphin 
has a regulatory r o l e on C a 2 + movement, i n h i b i t i n g i n f l u x and 
enhancing e f f l u x (62). In t h i n s l i c e s of brain hippocampal 
t i s s u e , excitatory e f f e c t s of 200 nM solutions of (D-Ala 2, Met)-
enkephalin are strongly modulated by high or low C a 2 + concen
tr a t i o n s (63). Since amounts of these substances i n brai n 
tissue s e n s i t i v e l y r e f l e c t s t r e s s f u l experiences, we may hypo
thesize that s e n s i t i v i t y of the i n t a c t subject to weak nonioniz
ing EM r a d i a t i o n , as a re s u l t of modified C a 2 + binding at c e l l 
membrane surface s i t e s
l i n l e v e l s . These may
important determinant of s u s c e p t i b i l i t y to weak f i e l d s (64) . In 
a broader context, we may hypothesize that development of r e a l 
i s t i c safety standards for human exposure, based on needed know
ledge of subtle but presumably important neuroendocrine and 
neurohumoral e f f e c t s induced by these weak f i e l d s , w i l l require 
close attention to possible v a r i a t i o n s i n thresholds a t t r i b u t a b l e 
to these natural opioid substances, occasioned by t h e i r d i u r n a l 
and even seasonal v a r i a t i o n s . 

Evidence for Weak F i e l d E f f e c t s at C e l l Surface Receptor S i t e s 

We have already considered the f l u i d i t y of c e l l membranes, 
and the long-range m o b i l i t y of enclosed proteins and l i p i d s i n 
the plane of the membrane. Imposition of weak EM f i e l d s o f f e r s 
a t o o l for study of both receptor m o b i l i t y and of coupling 
mechanisms between humoral agents and receptor s i t e s . 

Embryonic muscle f i b e r s are i n i t i a l l y s e n s i t i v e to ac e t y l 
choline (ACh) over the e n t i r e membrane surface, but with the 
onset of synaptogenesis, ACh receptors are e s s e n t i a l l y confined 
to the neurotransmitter function. When a steady e l e c t r i c f i e l d 
of 30 mV i s applied across a sin g l e s p h e r i c a l embryonic muscle 
c e l l of Xenopus, ACh receptors aggregate toward the cathodal pole 
of the c e l l w i t h i n 1 hour. The movement i s electrophoretic i n 
nature and r e s u l t s i n formation of stable , metabolically inde
pendent receptor aggregates (65). In contrast, concanavalin A 
receptors, which also accumulate toward the cathodal pole, com
p l e t e l y resume t h e i r general d i s t r i b u t i o n w i t h i n 10 min of 
ending of f i e l d exposure. At 22°C, the average electrophoretic 
mo b i l i t y of the e l e c t r o p h o r e t i c a l l y mobile population of the 
concanavalin A receptors i s about 1.9 χ 10~3ym/sec/V/cm, while 
t h e i r average d i f f u s i o n c o e f f i c i e n t i s 5.1 χ 10~"9cm2/sec (66). 

Apart from displacement of receptors by the f i e l d , i s there 
evidence of a modification of coupling of si g n a l s , usually 
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associated with binding of humoral and hormonal molecules at 
membrane receptor s i t e s , to the chain of i n t r a c e l l u l a r metabolic 
sequences? When cultures of a c l o n a l l i n e of osteoblast c e l l s 
were exposed to pulsed magnetic f i e l d s f a r weaker than those i n 
the myosphere experiments (72 Hz pulse t r a i n , pulse duration 
325 ysec with 5 msec reverse p o l a r i t y , peak i n t e n s i t y 35 gauss, 
induced current density i n culture 1.0 μΑ/cm2, induced e l e c t r i c 
gradient 3 mV/cm), there was a 90-99 percent i n h i b i t i o n of the 
adenyl cyclase response to parathyroid hormone (PTH). At the 
same time, PTH-specific decreases i n collagen synthesis and 
a l k a l i n e phosphatase release did not occur. Fluoride-activated 
adenyl cyclase formation was unchanged, suggesting that the 
magnetic f i e l d blocked PTH action e i t h e r by modification of the 
PTH receptor on the membrane, or by altered coupling between the 
receptor and the enzyme adenyl cyclase inside the membrane (12). 
Bone c e l l cultures fro
magnetic f i e l d s with s i g n i f i c a n t l
the response depended on pulse waveform and culture techniques 
(14). Cultured chick t i b i a e showed s i m i l a r s e n s i t i v i t i e s i n 
formation of adenyl cyclase, but d i f f e r e n t i a l responses were 
noted between shaft and epiphyseal regions i n the amount of 
collagen formed (13). 

Models of Nonequilibrium Phenomena i n Bioeffects of Weak EM F i e l d s 

We have considered b i o e f f e c t s from two quite d i f f e r e n t l e v e l s 
of induced e l e c t r i c f i e l d s ; those occurring with tissue gradients 
around 10" 7 V/cm i n e x t r a c e l l u l a r f l u i d and those at s u b s t a n t i a l l y 
higher l e v e l s from 10~ 3 to 10""1 V/cm. In the f i r s t c l a s s , there 
can be no doubt that the coupling process or processes must be 
highly cooperative, as discussed below. For b i o e f f e c t s with 
f i e l d s i n the higher range, i t i s necessary to evaluate the 
p o s s i b i l i t y that these responses occurred instead by a thermal 
energy transfer mechanism. 

This problem has been formulated t h e o r e t i c a l l y by c a l c u l a t i n g 
the minimum e l e c t r i c f i e l d strength required to produce the 
a l t e r a t i o n i n C a 2 + binding observed i n chick cerebral tissue 
exposed to 147 and 450 MHz f i e l d s (22, 57), i f the f i e l d i n t e r 
action occurred by a thermal energy transfer mechanism (67). 
This approach involves two stages: (1) a change i n the f r a c t i o n 
of Ca 2 ion binding s i t e s at the c e l l surface i s related to an 
a l t e r a t i o n i n the temperature and the free energy of binding; 
(2) the temperature and free energy changes are related to 
absorbed energy from the applied EM f i e l d (dependent on the 
square of the e l e c t r i c f i e l d amplitude). Tenforde concludes 
that the value of the absorbed energy predicted t h e o r e t i c a l l y 
to achieve the observed release of bound C a 2 + from c e l l membrane 
surfaces i s at leas t 100 times greater than the f i e l d s a c t u a l l y 
present i n the exposed brain t i s s u e . Therefore, the altered 
C a 2 + binding "very l i k e l y proceeds by a mechanism other than 
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thermal energy transfer." Tenforde further points out that 
modulation "windows" for these e f f e c t s suggest a resonant or 
cooperative energy transfer mechanism. 

However, the path to an acceptable cooperative model i s 
fraught with d i f f i c u l t y . By comparison with t i s s u e e l e c t r i c 
gradients induced by environmental EM f i e l d s , the r e q u i s i t e 
gradients for some known cooperative macromolecular t r a n s i t i o n s 
are very large. The h e l i x - c o i l conformational change i n 
poly(Y-benzyl L-glutamate) can be induced as a cooperative 
t r a n s i t i o n by a gradient of 260 kV/cm (68), based on nearest 
neighbor i n t e r a c t i o n s . Long-lasting conformation changes occur 
i n poly(A).2poly(U) and i n ribosomal RNA with pulsed e l e c t r i c 
f i e l d s of 20 kV/cm and with a decay time of 10 sec (69, 70). 
They are viewed as a model for nerve e x c i t a b i l i t y . 

I t i s clear that these phenomena and related models involve 
energy l e v e l s orders o
with weak EM f i e l d s tha
b i o e f f e c t s . We may hypothesize that one or more transductive 
steps are necessary before the p e r i c e l l u l a r e l e c t r i c f i e l d 
becomes an e f f e c t i v e transmembrane s i g n a l . Models of these 
processes f a l l i nto two categories, one considering properties 
of polyanionic membrane surface macromolecules, and the other 
the behavior of the phospholipid b i l a y e r . They w i l l be summar
ized (for more extensive review, see 30). 

Models of Tissue-Field Interactions at Membrane Surface 
Macromolecules. There are no known mechanisms to explain b i o 
ef f e c t s at extremely low frequencies (ELF) on the basis of 
di r e c t i n t e r a c t i o n s with component dipoles of molecular systems 
o s c i l l a t i n g at these low frequencies. Grodsky (71) has hypothe
sized that excitable membranes are en e r g e t i c a l l y equivalent to 
sheets of giant dipoles bathed i n controlled external f i e l d s . 
Grodsky 1s formulation envisaged the outer layer of phospholipid 
polar heads as a two-dimensional c r y s t a l mosaic of multipolar 
charge s i t e s ( p - s i t e s ) , sprinkled with islands of glycoproteins 
with c a t i o n i c binding s i t e s ( c - s i t e s ) . The p-sit e s are taken to 
be occupied by i d e a l dipoles. Grodsky hypothesized that, with 
the addition of an external e l e c t r i c f i e l d to the system, when 
the frequency of an allowed o s c i l l a t i o n mode reaches zero, the 
system would become a macroscopic quantum a m p l i f i c a t i o n device, 
and would e x h i b i t long-range order phase changes that generate 
into the zero-frequency mode (Einstein-Bose condensation). The 
model has merit i n seeking a basis i n membrane u l t r a s t r u c t u r e , 
but unfortunately recent reappraisal of the p o s s i b i l i t i e s of an 
Einstein-Bose phase t r a n s i t i o n as the basis f or the low frequency 
s e n s i t i v i t i e s indicates that i t would not occur with t h i s formula
t i o n ( I . T. Grodsky and H. F r o h l i c h , personal communications). 
Kaczmarek (72, 73) has considered the possible occurrence of 
resonant phenomena i n chemical reactions analyzed as l i n e a r 
systems. For appropriate values of the k i n e t i c constants and 
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the extent of co o p e r a t i v i t y , h i s model displays multiple steady 
states, l i m i t cycle behavior, or both. When the system i s i n the 
l i m i t cycle mode, i t s dynamics were very s e n s i t i v e to the frequen
cy of any perturbation. Kaczmarek points out that i f calcium 
binding i n neural membranes can ex h i b i t l i m i t - c y c l e behavior due 
to reaction steps being maintained f a r from chemical equilibrium, 
weak external perturbations could e a s i l y disrupt the electrochemi
c a l balance. In essence, the status of molecular populations 
would then determine low frequency manifestations of f i e l d i n t e r 
actions i n t i s s u e . 

In seeking some form of a m p l i f i c a t i o n of i n i t i a l transductive 
steps at an e x t r a c e l l u l a r l o c a t i o n , we may presume that i t i n 
volves systems capable of integrating the weak f i e l d over some 
distance, and would thus occur i n the length and area of the 
membrane surface, rather than i n a transmembrane axis (74). 
This problem has been addresse
i n a study of the behavio
sidered as porous p a r t i c l e s with uniformly d i s t r i b u t e d f i x e d -
charge s i t e s . Porous charged p a r t i c l e s are characterized by a 
low frequency d i e l e c t r i c r e l a x a t i o n leading to large s t a t i c 
d i e l e c t r i c constants. This r e s u l t s i n p o l a r i z a t i o n of the i o n i c 
atmosphere at the surface of the p a r t i c l e i n the presence of an 
external e l e c t r i c f i e l d . This produces an a d d i t i o n a l "apparent" 
d i e l e c t r i c constant of the p a r t i c l e , exceeding the d i e l e c t r i c 
constant by several orders of magnitude at low frequencies. I t 
i s proportional to the diameter of the p a r t i c l e and the square 
root of the fixed-charge concentration i n the porous m a t e r i a l , 
with values as high as 10 6 at frequencies below 1 kHz for micron-
sized r e s i n p a r t i c l e s . S i m i l a r properties may be expected at the 
surface of tubular structures with diameters i n the micron range, 
including dendrites with polyanionic glycoprotein surface layers. 

We have considered the E i n o l f and Carstensen model as a basis 
for those b i o e f f e c t s i n which i t appears that thermal noise at 
normal ti s s u e temperature i s s u b s t a n t i a l l y larger than the tissue 
components of imposed e l e c t r i c f i e l d s (23, 30). The Boltzmann 
equation may be w r i t t e n i n terms that model the c e l l surface i n 
the region of the counterion layer as a low-pass f i l t e r : 

e 2 = 4 kT BR 

where the transfer function f or the root mean square noise v o l t 
age e i s a function of the frequency bandwidth Ji and the s p e c i f i c 
resistance of the noise pathway R. With a s p e c i f i c resistance 
for b r a i n t i s s u e of the order of 300 Ω.οπΓ1 and an e f f e c t i v e 
frequency bandwidth from 0 to 100 Hz, the equivalent noise v o l t 
age gradient would be of the order of 10~ 8 V/cm. This i s i n 
close agreement with observed s e n s i t i v i t i e s i n marine vertebrates, 
birds and mammals for c e r t a i n low frequency f i e l d s , and these 
thresholds are consistent with a thermal " f l o o r " as the l i m i t i n g 
f a c t o r . 
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We have shown that the E i n o l f and Carstensen model of d i e l e c 
t r i c dispersion at the surface of small charged spheres also 
applied to long, t h i n c e l l processes which t y p i f y the dendrites 
of neurons (76) . The degree of p o l a r i z a t i o n induced at the 
surface depends on the o r i e n t a t i o n of the incident f i e l d with 
respect to the length of the dendrite or axon, radius of the 
c y l i n d r i c a l surface, ion m o b i l i t y , and temperature. We may 
speculate that the extraordinary degree of p o l a r i z a t i o n produced 
by counterions at the c e l l surface may bring about a dynamic 
d i s t r i b u t i o n of weakly bound ions of reduced momenta. From the 
Heisenberg equation r e l a t i n g p o s i t i o n a l and momentum uncertain
t i e s , i t i s seen that ions of s u f f i c i e n t l y low momentum would 
exhibit quantum behavior usually not associated with such massive 
bodies at b i o l o g i c a l temperatures. For example, the momentum of 
a thermal proton at 300°K i s o r d i n a r i l y 4.5 χ 10 2 l t kg-m/sec. The 
re s u l t i n g p o s i t i o n a l uncertainty
that c l a s s i c a l notions ar
side r a t i o n s . However, an i o 4 w i t h attenuated momentum ρε4 has 
a p o s i t i o n a l uncertainty of ε4Δχ. I f we take a value for ε i n 
the region surrounding the ion of the same order of magnitude as 
for the macroscopic ε measured with a c e l l suspension of 10** to 
10 6), we see that the ion would have a p o s i t i o n a l uncertainty of 
about 10~ 8 to 10"~9 m. Tunneling would then be possible from one 
p o t e n t i a l w e l l to another, because the i o n i c wave function would 
extend through the region of a t y p i c a l p o t e n t i a l b a r r i e r and even 
over appreciable regions along the surface. I f momenta are 
s u f f i c i e n t l y reduced, smaller ions — p a r t i c u l a r l y protons — 
would have s i g n i f i c a n t p r o b a b i l i t i e s of tunneling from one 
p o t e n t i a l minimum to another. I t i s suggested that proton 
tunneling may occur between charge s i t e s that i n t e r a c t across 
the boundary between coherent and incoherent charge zones on 
c e l l membrane surface glycoproteins (57, 74, 76, 77). Such a 
process would be most e f f e c t i v e i n the axis of the f i e l d e l e c t r i c 
gradient, along t h i s surface biopolymer sheet. Development of 
long-range order among surface macromolecules i n t e r a c t i n g v i a 
low-momentum ions may induce s i g n i f i c a n t changes over the e n t i r e 
polarized region. 

Models of Tissue-Field Interactions Involving the C e l l 
Membrane L i p i d B i l a y e r . Although concepts of transductive 
coupling of weak electrochemical s t i m u l i by membrane glycopro
teins are w e l l supported by a v a i l a b l e evidence, very l i t t l e i s 
known of ways i n which events i n the glycoprotein layer are 
coupled to the underlying l i p i d b i l a y e r i n the ensuing steps of 
e x c i t a t i o n . Indeed, there remains the p o s s i b i l i t y that the 
external f i e l d may i n t e r a c t d i e r e c t l y with the l i p i d b i l a y e r , 
despite the enormous difference i n t h e i r respective e l e c t r i c 
gradients. Barnes and Hu (78) have estimated s h i f t s i n ion 
concentration and magnitude of current flow r e s u l t i n g from 
membrane r e c t i f i c a t i o n of radio and microwave f i e l d s , using the 
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nonlinear Boltzmann equation. In t h i s system, where charged 
p a r t i c l e concentrations vary i n space, i f there i s no net cur
rent, the f i e l d - d r i v e n d r i f t current must balance the d i f f u s i o n 
current, so that a p o t e n t i a l b a r r i e r i s formed to maintain the 
concentration difference. At equilibrium, even small values of 
an a l t e r n a t i n g f i e l d superimposed on t h i s steady p o t e n t i a l w i l l 
s h i f t equilibrium concentrations. For example, an incident f i e l d 
of 10 mW/cm2 produces a gradient of 4.4 V/cm across a membrane 
enclosed i n an aqueous d i e l e c t r i c medium. This corresponds to an 
e l e c t r i c gradient of 9 yV across a 200 8 membrane, with a concen
t r a t i o n s h i f t of 1 part i n 10 6 and a flow of 400 ions/sec for a 
c e l l with a surface area of 10" 6 cm2. The b i o l o g i c a l s i g n i f i c a n c e 
of such small s h i f t s i s unknown. 

Rather than assuming that changes i n i o n i c permeabilities 
through channels i n the l i p i d b i l a y e r i n the course of the action 
p o t e n t i a l account for larg
Vaccaro and Green (79)
hypothesis be replaced by one a t t r i b u t i n g the action p o t e n t i a l 
to nonlinear plasma o s c i l l a t i o n s and voltage clamp records to 
strongly damped o s c i l l a t o r y currents. In t h i s model, the membrane 
phase i s treated as a semi-electrolyte with connected regions i n 
which the i o n i c concentrations are not very d i f f e r e n t from those 
of the adjacent e l e c t r o l y t e s . M o b i l i t i e s of d i f f e r e n t i o n i c 
species i n the membrane are i d e n t i f i e d with those measured i n 
the steady s t a t e , and are not assumed to have large v a r i a t i o n s 
during e x c i t a t i o n . Their s o l u t i o n to the plasma model y i e l d s 
periods i n the millisecond range, consistent with the time course 
of the action p o t e n t i a l and voltage clamp records. Polyvalent 
cations, such as C a 2 + , have a more pronounced damping e f f e c t on 
the e l e c t r o l y t e systems than monovalent cations. Plasma o s c i l 
l a t i o n s would allow transfer of ions at a much f a s t e r rate than 
could be achieved by ordinary conductance, an e s s e n t i a l feature 
of the action p o t e n t i a l . In t h i s i n i t i a l formulation, the 
investigators have not considered the p o s s i b i l i t y of entrainment 
of plasma o s c i l l a t i o n s by weak imposed f i e l d s , although t h i s 
would appear a testable aspect of t h e i r model. 

Summary 

There i s good evidence that i n i t i a l events i n coupling of 
weak o s c i l l a t i n g electrochemical f i e l d s to c e l l membranes occur 
on membrane surface polyanions characterized by transient coherent 
states of nearest neighbor fixed-charge s i t e s . These coherent 
states may e x i s t for considerable distances along the membrane 
surface. The f i r s t steps i n transductive coupling would thus 
occur i n the length of the membrane. Binding and release of 
calcium ions to these membrane surface s i t e s correlates c l o s e l y 
with exposure to c e r t a i n weak electromagnetic f i e l d s . S e n s i t i v i t y 
to these f i e l d s i n narrow frequency and amplitude "windows" sup
ports a series of models based on highly cooperative i n t e r a c t i o n s 
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at c e l l membrane surface glycoproteins. Evidence from calcium-
hydrogen ion inte r a c t i o n s i n the presence of these f i e l d s r aises 
the p o s s i b i l i t y of proton tunneling, perhaps at the margins 
between coherent and incoherent fixed-charge zones. Recent 
biophysical models of c e l l membrane organization are reviewed, 
with consideration of i o n i c behavior as a plasma i n the l i p i d 
b i l a y e r . There i s good experimental evidence from a va r i e t y of 
tissues that a form of c e l l - t o - c e l l communication can occur 
through weak electrochemical s t i m u l i that are sensed by highly 
cooperative processes at c e l l membrane surfaces. In varying 
degrees, t h i s may be a general property of tissue organization. 
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Calcium Ion Efflux Induction in Brain Tissue by 
Radiofrequency Radiation 

C. F. BLACKMAN, W. T. JOINES, and J. A. ELDER 
Experimental Biology Division, Health Effects Research Laboratory, 
U.S. Environmental Protection Agency, Research Triangle Park, NC 27711 

One of the most interesting and controversial papers on 
the biological effects of nonionizing radiation was published 
by Bawin, Kaczmarek an
MHz carrier wave could elicit an enhanced efflux of calcium 
ions from chick brain tissue only when amplitude modulated at 
certain sub-ELF frequencies. In addition to being one of the 
few U. S. reports at that time which described a biological 
response to an exposure at a power density below 10 mW/cm2, 
the results demonstrated a modulation frequency-specific 
response with a maximum effect at 16 Hz. This response was 
particularly significant because the effective modulating 
frequencies were within the range of frequencies found in the 
electroencephalogram (EEG) of the intact animal. 

An important feature of the research was the relatively 
simple biological procedure: halves of chick brains were 
labeled with a radioisotope ( 4 5Ca + +), exposed to RF fields for 
a short time, and the amount of 4 5Ca released into the 
medium during irradiation was measured. In 1979, we reported 
our success in replicating the essential characteristics of 
the frequency response curve (2). However, success was achieved 
only after exploring a range of power densities at 147 MHz 
carrier frequency, 16 Hz amplitude modulation. This result 
demonstrated the existence of a power density window at 0.83 
mW/cm2 in that no enhanced calcium efflux was found at either 
higher or lower power densities. Subsequent to this work, we 
examined the effect of 9 Hz modulation on the power density 
response and found that the location of the window was unchanged 
(3). 

More recently, the power density response of the calcium-
ion efflux at 50 MHz, modulated at 16 Hz, was examined (4). 
In comparison to the above results, two power-density windows 
were found, both of which occurred at higher exposure fields 
than the single effective power density at 147 MHz. With a 
carrier frequency of 450 MHz, Sheppard et al. (5) located a 
power density window that occurred within the general power 
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density range shown to be effective in producing calcium-ion 
efflux at the 147 MHz carrier frequency. 

These results led us to analyze the relationship between 
carrier-wave frequency and power density. We developed a 
mathematical model (6) which takes into account the changes in 
complex permittivity of brain tissue with frequency. This 
model predicted that a given electric-field intensity within a 
brain-tissue sample occurred at different exposure levels for 
50-, 147-, and 450-MHz radiation. Using the calculated electric-
field intensities in the sample as the independent variable, 
the model demonstrated that the RF-induced calcium-ion efflux 
results at one carrier frequency corresponded to those at the 
other frequencies for both positive and negative findings. In 
this paper, we present two additional experiments using 147-MHz 
radiation which further test both negative and positive predic
tions of this model. 

In addition to highlightin
mathematical analysis outlined above, this paper presents the 
results of some important ancillary findings. Oxygen consump
tion of the sample was measured as an indication of the physio
logical state of the brain tissue. Requirements for certain 
components in the exposure medium are emphasized. Finally, we 
discuss mechanisms that may be responsible for the RF-induced 
calcium-ion efflux from brain tissue. 

Experimental Procedures 

The experimental procedures have been described in detail 
(3,4), but are briefly described here for completeness. Chick 
forebrains were removed, separated at the midline, and incubated 
at 37°C in a physiological buffer containing radioactive 
calcium ions ( 4 5Ca ). Any radioactivity not tightly associated 
with the tissue was then removed by rinsing and the samples 
(one forebrain half per tube) were placed in fresh buffer (1.0 
ml) without the radioactive tracer. Following a 20 minute 
treatment in a stripline exposure system, an aliquot of the 
bathing solution was removed from each tube and assayed for 
the amount of radioactive calcium that was released from the 
tissue. Forebrain halves from the same chicken served as a 
treatment/control pair to simplify the subsequent statistical 
analysis. Two treatment conditions were compared in order to 
reduce the influence of data variability: exposure of tissue 
samples to radiation was alternated within a one hour period 
with identically prepared samples which were exposed to zero 
power density radiation (sham exposure). This experimental 
design substantially increased the sensitivity of the test. 
For example, the results of our previous study (2) were repeated 
with a much higher level of statistical significance (3), i.e. 
p<.001 compared to p<.05. 
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A detailed description of the exposure system is presented 
elsewhere (3). Either 50-MHz or 147-MHz radiation, sinusoidually 
amplitude modulated (>95%) at 16 Hz, was used to treat the 
samples. During treatment, the samples were maintained in a 
37°C environment. In new experimental results presented here, 
chick forebrains were exposed at 0.37 and 0.49 mW/cm2 to 
147-MHz radiation, modulated at 16 Hz. 

In an ancillary experiment, the influence of the buffering 
agent was tested on the ability of modulated 147-MHz radiation 
to enhance calcium-ion efflux. The standard medium used for 
these experiments was composed of 155 mM NaCl, 5.6 mM KC1, 
2.16 mM CaCl 2, 11.1 mM glucose, and 2.4 mM NaHC03, at a pH of 
7.6 to 7.8. Two other media were used, which were identical 
to the standard medium except for the replacement of NaHC03 

with either 10 mM Tris (pH 7.4) or 10 mM HEPES (pH 7.4). The 
labeling, washing and exposur
medium with the same bufferin
using 147 MHz, sinusoidally, amplitude modulated at 16 Hz, at 
a power density of 0.83 mW/cm2. 

The respiratory activity of the brain tissue was determined 
by measuring the rate of oxygen uptake with a Clark oxygen 
electrode (7). The sample of tissue (a brain half) was treated 
exactly as i f used in a calcium efflux experiment except no 
radioactivity or RF power was used. Following this procedure 
which required about 55 minutes, the tissue was placed in the 
oxygen electrode cell containing 1.6 ml of the standard medium 
(pH 7.8) at 37°C and the rate of oxygen uptake was recorded. 

Theoretical and Experimental Results 

Outline of Mathematical Analysis. We have described the 
basis for the mathematical model in detail elsewhere (6). The 
brain tissue plus buffer was assumed to approximate a spherical 
object in order to simplify the mathematical development. 
This assumption is reasonable because the tissue rests in the 
hemispheric portion of the test tube (Figure 1). 

Several mathematical relationships have been developed 
using the vector electric field intensity induced inside a 
sphere as a function of the incident electric field intensity 
(8,9). The jsquare of the average internal electric field 
intensity, IÊI 2 , was derived and related to the time-average 
power density incident upon the sample within the stripline. 
A relationship was then developed that defines the power 
densities at various carrier frequencies which would give the 
same average internal electric field intensity in the sample. 
These developments were necessary because the relative complex 
permittivity of the tissue and the wavelength of radiation 
change with carrier frequency. Finally, using the complex 
permittivity values reported by Foster et al. (10), relation
ships were derived for incident power densities at 50, 147, 
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Figure 1. Schematic of the brain tissue 
in buffer at the bottom of the test tube 
used in our experiments. The mean 
height from the top of the tissue to the 
surface of the solution is 0.24 cm, and the 
meniscus of the solution is essentially flat 

across the entire diameter. 

BUFFER 
SOLUTION 

Table I. Values of P. used i n previously reported experiments 
on calcium- ion efflux from chick-brain samples at 
carrier-wave frequencies of 50, 147, and 450 MHz. 
The P. values i n each horizontal row are related by 
Equations (3) and (4) to y i e l d the same average elec
t r i c f i e l d intensity within the sample, as shown i n 
the l a s t column. Values of P. yiel d i n g s t a t i s t i c a l l y 
s i g n i f i c a n t results are bracketed by s o l i d bars, cross-
hatched bars bracket i n s i g n i f i c a n t results, and untested 
values of P. are not bracketed. 

50 MHz 147 MHz 450 MHz IEIav, V/m 

1 0.37 0.08 0.03 0.79 

0.49 i 0.11 1 0.04 0.91 

0.72 i 0.16 \ 0 0 5 1.10 

1.44 0.32 0.11 1 1.56 

1 67 0.37 0.12 1 68 

2.17 0.49 0.16 1.92 

2.45 0.55 I 0.18 2.04 

1 3.64 0.83 1 0.28 2.50 

ρ 4.32 0.97 0.32 2.71 

4.95 I 0.37 2.90 

6.15 1.38 1 0.46 3.23 

7.40 1.66 0.55 3.54 

13.4 3.00 • 1.00 1 4.77 

26.8 6.00 2.00 I 6.75 

6 6 9 15.0 1 5.00 ψ 
si 

10.7 
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and 450 MHz to give the same internal electric field intensity. 
To augment the theoretical development and for later reference, 
some of the mathematical relationships are concisely stated in 
the following sub-section. 

Equivalent Incident Power Densities at Different Frequencies. 
The average electric field intensity squared that is induced 
within a spherical sample of radius (a) much less than the 
wavelength (λ) of the radiofrequency field in air is 

E, 
1 ' av 

2 ~ 1 

2+ε* r 
E2 + 0 - 1 ( 2 π . ) 2 Ε 2 ( 1 ) 

ο λ ο 

where 
vV _ ε .
r ε J

ο ο 

is the relative complex permittivity, σ is sample conductivity, 
ω is the radian frequency, and e4 time dependence is assumed 
for a l l fields. The fi r s t term in Equation (1) is due to the 
uniform incident electric field (E ), and the second term is 
due to the uniform incident magnetic field (Η = Ε /η ) in the 
stripline, where η = 377 ohms, the intrinsic impedance of 
free space. The time-averaged power density (P.) incident 
upon the sample within the stripline is 

p. = i E 2/ n
 ( 2 ) 

ι 2 ο' Ό 
To make |E| within the sample the same at different carrier 
frequencies, we calculate from Equations (1) and (2): 

Pi50 = 4 · 4 6 Ρί!47 ( 3 ) 

and 

P.147 = 3.00 P. 4 5 0 (4) 

where P- denotes the incident power density at carrier 
frequency f. 

Specific values of P. used in previously reported experi
ments on calcium-ion efnux from chick-brain samples are 
listed in Table I under the carrier wave frequency used in the 
experiment (3,4,1J.). In addition, values of P. which result 
in the same |E| in the sample have been calculated for the 
other carrier frequencies using Equations (3) and (4). For 
example, 3.64 mW/cm2 at 50 MHz, 0.83 mW/cm2 at 147 MHz, and 
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0.28 mW/cm2 at 450 MHz a l l produce the same |E| , 2.50 V/m, 
within a spherical brain tissue sample accordingaYo our model. 
For the incident power densities in each horizontal row, IE| 
is calculated and shown as the last column of Table I. As 
indicated in Table I, positive test results have been obtained 
for 3.64 mW/cm2 at 50 MHz and 0.83 mW/cm2 at 147 MHz, while 
0.28 mW/cm2 at 450 MHz has not been tested. 

If the internal electric field intensity is indeed a 
common factor for equality of results at each carrier frequency, 
then each three P. values in a horizontal row would be bracketed 
by the same symbols. Since the unbracketed P. values have not 
been tested in calcium-ion efflux experiments, we predict that 
they will yield the same results as a tested value in the same 
horizontal row. 

Based on the positive and negative findings at 1.67 and 
2.17 mW/cm2, respectively
performed at power densitie

a ν 
at 147 MHz. The predictions that exposure at 0.37 mW/cm2 

would produce a positive finding and exposure at 0.49 mW/cm2 

would produce a negative finding were confirmed by these 
experimental results (Table II). 
Table II. Mean relative quantity of calcium ions released 
by brain tissue pairs as a function of exposure to 147-MHz 

radiation, amplitude modulated at 16 Hz. 

Power density Sham 
mW/cm2 η Mean S.E. 

0.37 32 1.079 .035 

0.49 32 1.150 .044 

Exposed 
η Mean S.E. Ρ 

32 1.221 .057 .037 

32 1.115 .041 .568 

Figure 2 displays the percent difference in mean efflux 
between the exposed and sham groups at different power densities 
of 50- and 147-MHz radiation, as well as lines connecting 
those power densities which would produce the same value of 
internal electric field intensity in the samples. These 
results support the mathematical model and demonstrate its 
usefulness in defining effective power densities over a range 
of carrier frequencies. 

The relationship between effective power densities at 
different carrier frequencies can be viewed in a different 
manner by plotting carrier frequency versus incident power 
density (Figure 3). Lines connecting P. values which produce 
the same internal electric field intensity at 50, 147, and 450 
MHz are as shown. This figure serves to illustrate the smaller 
range of P-, values as carrier-wave frequency is increased from 
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4 5Ca EFFLUX: 147 MHz VS. 50 MHz 

1.0 1.5 2 0 2.5 3.0 

INCIDENT POWER DENSITY, mW/cm2 

Figure 2. Percent difference in mean efflux between the exposed and sham groups 
vs. power density at 50 and 147 MHz. The lines connect power densities at 50 and 
147 MHz, which are calculated to produce the same value of internal electric field 

intensity in the samples. 

Figure 3. Results indicated in Table I at 50, 147, and 450 MHz plotted vs. 
values (values of Ps yielding significant results f | J and insignificant results (O)). 
Solid and dashed lines connect Vt values that produce the same internal electric field 

intensity at 50, 147, and 450 MHz. 
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50 to 450 MHz. The implication is that better resolution 

between tested values of P. should be obtained at the lower 
r . 1 

frequencies. 

Table I and Figure 3 highlight another intriguing feature 

of the results obtained to date. The experimental results at 

50 and 147 MHz have demonstrated two effective power density 

ranges separated and bracketed by regions of no effect. The 

mathematical model, applied to this data, predicts an additional 

effective power density range at each carrier frequency. 

Moreover, i f the experimental results of Adey (Γ1) are evaluated 

in this manner, a fourth effective power density window is 

predicted for each of the carrier frequencies. Confirmation 

of the predictions of the mathematical model resulting from 

these data is necessary in order to ensure that these results 

reflect a true respons

Absorbed Power an

the average internal field intensity, ¦Ë¦
2

 , can be used to 

compute an estimated thermal load to the sample at the various 

carrier frequencies. Using ¦Ê¦
2

 , the average power per unit 

volume absorbed within an isolated spherical sample is 

where Ρ is in W/cm for σ in mhos/cm and¦E¦
2

 in V/cm. The 

initial
a

slope of temperature rise within the tissue is related 

to Ρ by 
a
 3 

where Κ is 4.186 joules/cal, ρ is the tissue density in g/cm
3

, 

c is the specific heat of the tissue in cal/g°C, ΔΤ is the 

temperature change in °C, and t is the time in seconds. From 

Equations (5) and (6), we have 

taking the density and specific heat of brain tissue as 1.05 

g/cm
3

 and 0.88 cal/g°C (12). The use of these conservative 

values gives rise to an overestimate of ΔΤ. As an example 

using Equation (8), 3.64 mW/cm
2

 at 50 MHz yields a ΔΤ/t of 

3.93 χ 10"
7

 °C/sec, and 1.00 mW/cm
2

 at 450 MHz yields a ΔΤ/t 

of 2.20 χ 10̃
6

 °C/sec. Neglecting the loss of thermal energy, 

or 
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the corresponding temperature rises for a 20-min exposure are 
0.0005°C and 0.0026°C, respectively. 

For these typical exposure conditions, the rate of energy 
absorption is too low to produce gross or generalized heating 
of the sample, or for that matter, to be measured by any 
readily available method. In the experiments at 147 MHz, the 
absorption of radiofrequency energy by the sample was so small 
that no difference could be detected in the amount of power 
incident upon the sample and the power transmitted through the 
exposure system. These results indicate that the effect was 
not due to generalized heating caused by absorption of RF 
energy. 

In other experiments,+tjie effect of temperature has been 
determined by measuring Ca efflux from chick brain tissue 
incubated at 32°C and 41°C (3)  When compared to 37°C  the 
efflux was 9% lower a
temperature differenc
be experimentally controlled to less than 1°C, therefore 
temperature variation- in the samples do not account for the 
15-24% change in Ca efflux caused by exposure to 16 Hz 
modulated carrier waves. 

Most biological effects of radiofrequency radiation are 
attributed to a response to the thermalized absorbed energy. 
However, two very important experimental results make i t 
difficult to interpret enhanced calcium ion efflux in terms of 
thermal mechanisms: (a) for a given effective incident power 
and carrier frequency, the effect is dependent on the frequency 
of the modulation 0,2); and (b) there are positive-effect 
ranges of internal electric field intensity which are separated 
by no-effect regions (4). These results strongly suggest a 
frequency-specific phenomenon and provide evidence against 
gross thermal mechanisms. 

Proposed Mechanism Responsible for Calcium Efflux. 
Calcium-ion efflux from brain tissue does not appear to be a 
function of carrier frequency, since equivalent results are 
obtained at carrier frequencies of 50, 147, and 450 MHz provided 
the internal electric field intensity is the same in each 
brain. However, an important question remains: why should 
there be alternate ranges, or windows, of internal electric 
field intensity which cause efflux enhancement? An hypothesis 
that is consistent with and helps explain this finding i s : 
The internal electric field |E| in Equation (1) has a linear 
as well as a nonlinear dependence on the external electric 
field (E ) for the specific values of Ε that yield enhanced 
efflux. 

With regard to this hypothesis, only the f i r s t term in 
Equation (1) is a function of tissue properties, since 

ε * = . j J9L r ε J ωε ο ο. 
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Hence, ε* may have a small nonlinear dependence upon E Q . 
Biological membranes are known to have a nonlinear response to 
a static or low-frequency electric field (13,1Λ,15), and many 
researchers have suggested a nonlinear response for biological 
materials due to RF fields (16-20). Neglecting the second 
term of Equation (1), the simplest linear plus nonlinear 
dependence of | E l a v °n E Q may be expressed as 

where k x = 3/(2 + ε*) and k 2 is a parameter to be determined 
as a function of ki and Ε . 

The external field ) is a modulated carrier wave 
represented by 0 

where Ε is the amplitude of the unmodulated carrier, m is 
the modulation index, ^m/27l = fffl is the modulation frequency 
(typically 16 Hz), and ω /2n = f is the carrier frequency 

c c 
(typically 50, 147, or 450 MHz). Substituting Equation (10) 
into Equation (9), and using trigonometric identities, yields 
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The f i r s t term i n E q u a t i o n (11) i s the unmodulated c a r r i e r 
wave, of amplitude k j E , and the second term i s a s i g n a l a t 
the m o d u l a t i o n frequency, o f amplitude k 2 E 2 m, generated by 
the n o n l i n e a r dependence of E on E . 

The f i e l d i n t e n s i t i e s , o r wave a m p l i t u d e s , t h a t have 
produced changes i n c a l c i u m - i o n e f f l u x a t t y p i c a l c a r r i e r 
f r e q u e n c i e s and a t t y p i c a l m o d u l a t i o n f r e q u e n c i e s may be used 
to e s t i m a t e the amount of n o n l i n e a r i t y t h a t would be r e q u i r e d 
to conform w i t h observed r e s u l t s . Adey (11) has r e p o r t e d t h a t 
a r e l a t i v e l y s m a l l i n t e r n a l e l e c t r i c f i e l d i n t e n s i t y , on the 
ord e r o f 10- 7 V/cm, a t 16 Hz i s s u f f i c i e n t t o a l t e r the b i n d i n g 
of c a l c i u m i o n s i n b r a i n t i s s u e . The i n t e r n a l f i e l d i n t e n s i t y 
of the c a r r i e r waves shown i n Table 1 are on the o r d e r of 10- 2 

V/cm. From these o b s e r v a t i o n s , the r a t i o o f the amp l i t u d e s o f 
the f i r s t two terms i n E q u a t i o n (11) i s 

and assuming a mo d u l a t i o n index of m = 1, 

By s u b s t i t u t i n g 1 0- 5 f o r k 2 E / k j i n E q u a t i o n ( 9 ) , i t i s apparent 
t h a t the suggested amount o f n o n l i n e a r i t y i s v e r y s m a l l and 
would not be d e t e c t a b l e by c o n v e n t i o n a l measurements of e* 
ver s u s E 

av 
To account f o r the a l t e r n a t e ranges of e f f e c t i v e i n c i d e n t 

power d e n s i t i e s , the i n t e r n a l f i e l d E need o n l y have a 
s m a l l n o n l i n e a r dependence upon the e x t e r n a l f i e l d ( E ) a t 
s p e c i f i c v a l u e s o f i n t e r n a l e l e c t r i c f i e l d (E) t h a t y i e l d 
enhanced e f f l u x . At a l l o t h e r v a l u e s o f E, the dependence of |El on E may be e n t i r e l y l i n e a r . A p l o t of |E| ve r s u s E 1 'av o J 3 F 1 av o 
from E q u a t i o n ( 1 ) , a t the c a r r i e r f r e q u e n c i e s 50, 147, and 450 
MHz, i s shown i n F i g u r e 4. O b v i o u s l y , a d e v i a t i o n from l i n e a r i t y 
o f the amount e s t i m a t e d e a r l i e r (1 p a r t i n 10,000) would not 
be n o t i c e d on the s t r a i g h t l i n e s of F i g u r e 4. However, the I E l a v 

v a l u e s where the r e l a t i o n s h i p i s assumed t o be s l i g h t l y n o n l i n e a r 
are i n d i c a t e d by the s o l i d h o r i z o n t a l l i n e s . These s o l i d 
l i n e s i n d i c a t e the |E| v a l u e s from Table 1 which correspond 
to P. (or E ) v a l u e s ^ i a t produced e f f l u x enhancement. The 
dashed h o r i z o n t a l l i n e s i n F i g u r e 4 i n d i c a t e |E| v a l u e s 
c o r r e s p o n d i n g t o P. (or E ) v a l u e s t h a t were not e f f e c t i v e . 
At these p o i n t s , t l i e dependence of |E| on E may be e n t i r e l y 
l i n e a r . A t p r e s e n t , we have no f i r m I r y p o t h e ^ i s t o d e s c r i b e 
the p o s t u l a t e d m u l t i p l e r e g i o n s of n o n l i n e a r dependence of the 
i n t e r n a l f i e l d , E, on the e x t e r n a l f i e l d , E . 
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Figure 4. Average internal electric field intensity (\E\„r) as a function of the exter
nal electric field intensity (E„) for 50-, 147-, and 450-MHz carrier frequencies. 

Solid horizontal lines indicate values of |E|„,. that correspond to E„ (or P;) values that 
produce efflux enhancement. The dashed horizontal lines indicate similar values where 

no significant enhancement of efflux has been observed. 

Figure 5. Respiratory activity of chick 
brain tissue. 

A sample (brain half) was treated exactly as 
if used in a calcium efflux experiment except 
no radioactivity or RF power was used. Fol
lowing this procedure, which required about 
55 min, the tissue was placed in an oxygen 
electrode cell containing 1.6 mL of the 
medium (pH 7.8) at 37° C, and the rate of 
oxygen consumption was measured (7, 23). 
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An additional hypothesis that i s consistent with and 
helps explain the role played by the 16 Hz amplitude modulation 
is as follows: the nonlinear medium demodulates the car r i e r 
releasing a 16-Hz signal within the brain tissue, and i t i s 
the 16-Hz signal that causes changes i n the calcium binding. 
This change in calcium binding may occur by Maxwell-Wagne-
relaxation (2jl) at the polarized interface between the Ca 
ions and the brain tissue. This hypothesis i s not developed 
here. Alternative hypotheses have been offered (cf. Adey, 
this volume) to explain the fundamental role played by the 
sub-ELF (1,2,22). Obviously, more theoretical and experimental 
work must be performed before a clear choice can be made 
regarding the most l i k e l y hypothesis. 

A n c i l l a r y Experiments 

Ef f e c t of Buffer Solution
medium i n potentiating enhanced calcium-ion efflux due to RF 
radiation appears to be bicarbonate. We have substituted both 
Tri s and HEPES buffers for bicarbonate and have f a i l e d to 
observe enhanced calcium efflux at 0.83 mW/cm2 (147 MHz). The 
same result has been reported by Bawin (personal communication) 
when bicarbonate was replaced by imidazole or MOPS buffers. 
Although the significance of this finding i s not yet apparent, 
these results should be of interest to other investigators who 
attempt to replicate or extend the studies on RF-induced 
calcium-ion efflux from brain tissue. One should also note 
that the i n i t i a l report by Bawin et a l . (I) incorrectly l i s t e d 
the bicarbonate concentration at 24 mM instead of 2.4 mM (22). 

Respiratory A c t i v i t y of Brain. Questions concerning the 
metabolic state of the isolated brain tissue are frequently 
posed. Figure 5 shows the respiratory a c t i v i t y of a brain 
half which had undergone the same treatment as a sample used 
in calcium efflux experiments. The i n i t i a l linear portion of 
the curve represents a respiratory rate of about 100 ng atoms 
oxygen/min. The rate decreased with time and more than 90% of 
the oxygen in the medium was depleted in less than 10 min. 
When the oxygen-depleted solution was repeatedly replaced with 
fresh medium, very similar curves were obtained. For example, 
the i n i t i a l respiratory rates i n the second and th i r d replacement 
volumes were 6% and 15% less than the f i r s t t r i a l , respectively. 
The tissue was therefore capable of respiratory a c t i v i t y 
throughout the 55 to 60 minute experimental period. Freshly 
excised brain samples exhibited similar responses at s l i g h t l y 
higher respiratory rates. One should r e c a l l that Bawin et a l . 
Ο ) added cyanide to the samples and found that the respiratory 
poison (inhibitor) did not affect enhanced calcium efflux. 
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Summary and Conclusion 

Keeping the average e l e c t r i c f i e l d i n t e n s i t y the same 
within a spherical model of chick-brain i n buffer s o l u t i o n at 
d i f f e r e n t incident c a r r i e r wave frequencies requires that 
incident power density be changed with frequency to compensate 
for the change i n complex p e r m i t t i v i t y and wavelength with 
frequency. The r e s u l t i n g Equations (3) and (4) relate corre
sponding values of P. at c a r r i e r frequencies of 50, 147, and 
450 MHz. 1 

Very few r e s u l t s are available to t e s t t h i s mathematical 
model. Circumstances have lead to two tests comparing a 
negative and a p o s i t i v e f i n d i n g at 147 MHz with r e s u l t s at 450 
MHz. One t e s t was performed at 50 MHz (3.64 mW/cm2) to t e s t a 
p r e d i c t i o n of t h i s model based on the r e s u l t of 147 MHz (0.83 
mW/cm2). A l l these test
with the model. In t h i
tests at 147 MHz which agree with the p r e d i c t i o n s , one p o s i t i v e 
and one negative, made from the 50 MHz data. Thus, a l l the 
r e s u l t s to date support the predictions of the t h e o r e t i c a l 
analysis. Further support for the theory i s the fact that no 
r e s u l t i s contradicted by a corresponding experiment at a 
d i f f e r e n t c a r r i e r frequency. A more complete test of the 
theory w i l l be obtained when ad d i t i o n a l experiments are conducted 
at the untested values of P.. 

The experimental re s u l t s suggest that radiofrequency 
ra d i a t i o n may be useful as an i n v e s t i g a t i v e t o o l to learn more 
about the e l e c t r i c a l properties of the central nervous system. 

The s p e c i f i c carrier-wave amplitudes ( f i e l d i n t e n s i t i e s ) 
which have been found to be e f f e c t i v e i n producing Ca ion 
e f f l u x are discussed i n terms of t i s s u e properties and relevant 
mechanisms. The brain tissue i s hypothesized to be e l e c t r i c a l l y 
nonlinear at s p e c i f i c f i e l d i n t e n s i t i e s ; t h i s n o n l i n e a r i t y 
demodulates the c a r r i e r and releases a 16 Hz s i g n a l within £ljie 
ti s s u e . The 16 Hz s i g n a l i s s e l e c t i v e l y coupled to the Ca 
ions by some mechanism, perhaps a dipolar-type-Maxwell-Wagner) 
r e l a x a t i o n , which enhances the e f f l u x of Ca ions. The 
hypothesis that brain tissue e x h i b i t s a s l i g h t n o n l i n e a r i t y 
for c e r t a i n values of applied RF e l e c t r i c f i e l d i n t e n s i t y i s 
not testable by conventional measurements of ε* because changes 
i n t h i s factor on the o - e r of 1 part i n 10,000 are not detect
able. However, the Ca ion e f f l u x experiment i t s e l f may 
prove to be the most s e n s i t i v e and d i s c r i m i n a t i n g i n d i c a t o r to 
date of nonlinear e l e c t r i c a l behavior i n b i o l o g i c a l t i s s u e . 
The s p e c i f i c values of e l e c t r i c f i e l d i n t e n s i t y where the 
tissue may be e l e c t r i c a l l y nonlinear (e.g., 2.5 V/m) should be 
tested i n other experiments where a t i s s u e n o n l i n e a r i t y could 
release a low frequency or a DC s i g n a l (the t h i r d term i n 
Equation 11) which could i n turn i n t e r a c t with on-going bio
l o g i c a l a c t i v i t i e s . 
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18 
The Microwave Hearing Effect 

JAMES C. LIN1 

Department of Electrical and Computer Engineering, Wayne State University, 
Detroit, MI 48202 

Human subjects exposed to pulse-modulated microwave energy can 
perceive a sound which seems to occur from within or near the 
subject's head. The sensation has been described as a click, 
buzz or chirp dependin
impinging radiation. The effect was f irst described by Frey in 
1961 (1). Although Frey published a series of papers over the 
next few years (2,3,4), his findings attracted little attention 
and were almost totally neglected during the decade that follow
ed. In 1973 Guy et a l . (5,6) confirmed Frey's observations and 
many other papers that followed also supported his findings (7, 
8,9). 

This microwave acoustic or auditory phenomenon which may be 
briefly defined as hearing of microwave pulses is now attracting 
the interest of those studying biological effects of radio and 
microwave radiation. Not only is the phenomenon impressive in 
itself but i t has important ramifications for understanding 
neurological and behavioral activities of microwave radiation. 
The study of microwave acoustic effects also leads us to realize 
that an increment of temperature of only about 10-6°C can e l i c i t 
physiologically significant responses from human beings. Fur
thermore, since the mechanism of microwave acoustic effect is 
probably better understood than those of any other biological 
effects of microwaves, i t has a special theoretical interest. 
It is not unreasonable to assume that the more completely we un
derstand the microwave acoustic phenomenon, the more likely we 
wi l l be able to assess the biological effects of microwave radia
tion and to devise rational biomedical applications of the micro
wave acoustic effect. 

The microwave acoustic effect may be defined as the auditory 
perception of microwave radiation which is a form of electromag
netic energy which occupies the part of spectrum between ordinary 
radio waves and infrared and optical waves. This definition may 
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seem s u r p r i s i n g , and one might even question whether such sensa
t i o n could e x i s t . Let me therefore begin by c i t i n g some well 
documented observations. 

Human Perception 

Human subjects, whose heads were i r r a d i a t e d with rectangular 
pulse modulated microwave energy- with peak incident power den
s i t y on the order of 300 mW/cm , perceived an audible sound. 
The frequencies of these microwaves ranged from 200 to 3000 MHz, 
while the pulsewidths varied from 1 to 150 με (1,6,9,10,11). 
The sensation appeared as a barely audible c l i c k , buzz or chirp 
depending on such factors as pulsewidth and r e p e t i t i o n frequency 
of the incident r a d i a t i o n , and usually was perceived as o r i g i n a t 
ing from within or near the head. When earplugs were used to 
attenuate ambient noise
increase i n the l e v e l o
occurred instantaneously and was independent of the subject's 
o r i e n t a t i o n i n the microwave f i e l d . 

Subjects with air-conduction hearing l o s s , but with good 
bone conduction, could hear the microwave-induced sound at 
about the same incident power density as normal subjects could. 
In contrast, subjects with c l i n i c a l l y normal hearing but poor 
bone conduction for frequencies above 5 kHz, would usually have 
d i f f i c u l t y perceiving pulse-modulated microwave energy. I t ap
pears reasonable to argue, on the basis of these findings and 
other observations given i n more d e t a i l i n the afore-mentioned 
papers, that the perception of microwave pulses depends on the 
presence of an i n t a c t neural hearing apparatus, e s p e c i a l l y for 
high-frequency sound. But, how does the perception occur? 

Auditory Pathways 

In order to understand t h i s phenomenon, l e t us consider 
b r i e f l y the anatomical pathways by which sonic energy i s perceiv
ed. The auditory system can be conveniently divided into two 
components: the peripheral portion consisting of the external, 
middle and inner ears (Figure 1); and the c e n t r a l portion, com
p r i s i n g of the auditory nerve and pathways to various central 
neural structures (Figure 2) . 

When a sound pressure wave impinges on the ear, i t i s ampli
f i e d by the external auditory meatus and causes the tympanic mem
brane to vibrate i n a c h a r a c t e r i s t i c manner. This v i b r a t i o n i s 
transformed by the auditory o s s i c l e s of the middle ear into move
ments of the stapedial footplate. These movements create pres
sure waves i n the f l u i d s of the inner ear which displace the 
b a s i l a r membrane of the cochlear duct and cause the h a i r c e l l s 
located on the top of the b a s i l a r membrane to generate e l e c t r i c a l 
p o t e n t i a l s . This p o t e n t i a l e l i c i t s impulses i n the auditory 
nerve. A f t e r the auditory nerve, the nerve impulses are trans
mitted through the cochlear n u c l e i , the trapezoid body, the 
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Charles C. Thomas 

Figure 1. Simplified representation of the human external, middle, and inner

Charles C. Thomas 

Figure 2. Schematic of the auditory pathways ( 13) 
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s u p e r i o r o l i v a r y complex, the i n f e r i o r c o l l i c u l u s , the medial 
g e n i c u l a t e body and f i n a l l y the a u d i t o r y c o r t e x . The primary 
a u d i t o r y c o r t e x r e c e i v e s the nerve impulses and i n t e r p r e t s them 
as d i f f e r e n t sounds. The impulses are a l s o conveyed to the sur
rounding a u d i t o r y a s s o c i a t i v e areas f o r r e c o g n i t i o n . 

In a d d i t i o n to the u s u a l course through the e x t e r n a l a u d i 
t o r y meatus and the middle ear o s s i c l e s d e s c r i b e d thus f a r , hear
i n g may a l s o be mediated by way of the bones of the s k u l l . The 
l a t t e r has been de s i g n a t e d as bone conduc t i o n to d i s t i n g u i s h i t 
from the a i r c o n d u c t i o n route r e s e r v e d f o r the former. Under 
o r d i n a r y c o n d i t i o n s , sound p r e s s u r e s i n the a i r cause almost no 
v i b r a t i o n i n the s k u l l bones, t h e r e f o r e bone con d u c t i o n i s l e s s 
s i g n i f i c a n t than a i r c o n d u c t i o n i n h e a r i n g . H o l d i n g v i b r a t i n g 
d e v i c e s such as a t u n i n g f o r k a g a i n s t the s k u l l can cause v i b r a 
t i o n s of s u f f i c i e n t amplitude i n the s k u l l to e l i c i t bone-con
ducted sound. Intense
energy to the s k u l l to
case v i b r a t i o n of the s k u l l i s t r a n s m i t t e d d i r e c t l y to the f l u i d 
o f the i n n e r ear and causes the b a s i l a r membrane to move. A f t e r 
i t reaches the organ of C o r t i , the t r a n s m i s s i o n of sound to the 
a u d i t o r y c o r t e x i s the same as t h a t f o r a i r conduction. 

There are three w i d e l y accepted routes by which bone-con
ducted sound s t i m u l a t e s the c o c h l e a . These are the compres-
s i o n a l , i n e r t i a l and osseotympanic t h e o r i e s of bone conduction 
( 1_2). Compressional bone con d u c t i o n i m p l i e s t h a t the c o c h l e a r 
s h e l l i s compressed s l i g h t l y i n response of the p r e s s u r e v a r i a 
t i o n caused by a sound. I n e r t i a l bone conduction a l l u d e s to a 
r e l a t i v e motion between the o s s i c u l a r chain and the temporal bone 
f o r low frequency v i b r a t i o n s . The osseotympanic theory denotes a 
mechanism by which r e l a t i v e movement of the s k u l l , with r e s p e c t 
to the mandible, s e t s up p r e s s u r e v a r i a t i o n i n the a i r p r e s e n t i n 
the a u d i t o r y meatus. Sin c e p e r c e p t i o n of microwave p u l s e s are 
c o r r e l a t e d w ith the c a p a c i t y to hear high-frequency sound, i t 
r u l e s out i n e r t i a l or osseotympanic bone conduc t i o n as p o t e n t i a l 
mechanisms f o r microwave a c o u s t i c e f f e c t . 

S i t e of I n t e r a c t i o n 

A v a s t amount of e l e c t r o p h y s i o l o g i c a l evidence has accumu
l a t e d over the past s e v e r a l years demonstrating t h a t a u d i t o r y 
responses to microwave p u l s e s are s i m i l a r to those evoked by 
c o n v e n t i o n a l a c o u s t i c p u l s e s (6,7, 1_1,13,14,15_) . Furthermore, 
they show t h a t microwave a c o u s t i c e f f e c t i s mediated by an e l e c 
t r o m e c h a n i c a l i n t e r a c t i o n which i s i n i t i a t e d o u t s i d e or at the 
c o c h l e a . An a l t e r n a t i v e h y p o t h e s i s i n v o l v e s d i r e c t s t i m u l a t i o n 
of the c o c h l e a r nerve or neurons at h i g h e r l e v e l s along the a u d i 
t o r y pathway. T h i s l a t t e r mechanism i s p r o b a b l y not at work as I 
s h a l l p r e s e n t l y demonstrate. 

I f the e x t e r n a l meatus of guinea p i g s was blocked by c o t t o n 
b a l l s soaked i n m i n e r a l o i l , the amplitude of microwave-evoked 
brainstem p o t e n t i a l s (the e l e c t r o p h y s i o l o g i c a l response of b r a i n -
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stem auditory n u c l e i recorded from an electrode placed on the 
scalp at the vertex) would remain unaltered. S i m i l a r l y , f i l l i n g 
the middle ear cavity with mineral o i l which impeded o s s i c u l a r 
movement, had no ef f e c t on microwave-evoked responses. Further
more, disablement of both tympanic membrane and middle ear os
s i c l e s only led to a reduced brainstem p o t e n t i a l (1-6) · This 
indicated that the middle ear was not the route p r i m a r i l y used by 
microwave-induced sound and that the decrease i n brainstem poten
t i a l probably stemmed from a small r e l a t i v e motion between the 
stapes and the cochlear oval window. In contrast, destruction of 
the cochlea by perforating the round window would completely 
abolish the response (7, H>) . These r e s u l t s suggest that the s i t e 
of i n i t i a l i n t e r a c t i o n of pulse-modulated microwave energy with 
the auditory system i s ei t h e r outside or at the cochlea. 

This i n t e r p r e t a t i o n finds support i n systematic studies of 
responses from brainste
l e s i o n production i n
brainstem lesions on e l e c t r i c a l p o t e n t i a l s recorded from the 
superior o l i v a r y (SO) nucleus i n response to microwave pulse 
stimulation i s shown i n Figure 3. Lesions i n proximal n u c l e i 
( i n f e r i o r c o l l i c u l u s , IC and l a t e r a l lemniscus, LL) had n e g l i 
g i b l e influence on the response recorded from superior o l i v a r y 
nucleus. The response, however, disappeared a f t e r a l e s i o n was 
made i n i t s nucleus, thus, confirming the peripheral nature of 
the primary s i t e of transduction. 

Perceptive Mechanism 

A peripheral i n t e r a c t i o n should involve displacement of 
tissues and i n i t i a t i o n of pressure waves i n the head that are 
transferred into the inner ear, where they are converted into 
e l e c t r i c a l p o t e n t i a l s and then transmitted into the centra l 
nervous system. I w i l l b r i e f l y describe two classes of trans
duction mechanisms that have been suggested whereby mechanical 
displacement of tissues i n the head might be induced by pulse-
modulated microwave r a d i a t i o n (13). A number of coupling mech
anisms between the incident microwave energy and the cochlea have 
been suggested i n the l a s t few years. Included i n t h i s category 
are movements inv o l v i n g b a s i l a r membrane structures (18) and 
thermoelastic expansions invol v i n g the cochlear apparatus (1J0 · 
These hypotheses seem to make perception of microwave pulses 
highly dependant on the subject's o r i e n t a t i o n , which i s contrary 
to psychophysical observations referred to e a r l i e r . Furthermore, 
they ignored experimental facts that showed microwave energy does 
not need to be deposited i n the cochlea to i n i t i a t e the microwave 
auditory e f f e c t (20,21.). Thus as a narrow-beam, direct-contact 
microwave applicator was moved around the head of a cat, the 
evoked brainstem responses would show remarkable preservation of 
amplitude and time c h a r a c t e r i s t i c s (Fig. 4). 

Another . class of mechanisms pertains to movements i n gross 
anatomical e n t i t i e s of the head such as scalp, muscle, s k u l l and 
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A-7 
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Figure 3. Effects of brainstem lesions on the microwave pulse-evoked auditory 
responses from the vertex of a cat (17) 
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Figure 4. Brainstem auditory responses from the vertex of a cat as a small, nar
row-beam, direct-contact applicator is moved around the head 
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b r a i n . For example, r a d i a t i o n p r e s s u r e e x e r t e d by impinging 
microwave p u l s e s on the s c a l p has been suggested as a p o t e n t i a l 
t r a n s d u c t i o n mechanism (22). Data now a v a i l a b l e tend to d i s c o u n t 
t h i s mechanism (6,-3,24,26)· A c c o r d i n g to the r a d i a t i o n p r e s s u r e 
h y p o t h e s i s , h i g h e r microwave f r e q u e n c i e s would be more e f f e c t i v e 
i n p r o d u c i n g a u d i t o r y e f f e c t s . E x p e r i m e n t a l evidence r e v e a l e d 
however, t h a t human beings and l a b o r a t o r y animals e i t h e r f a i l e d 
to respond to 10 GHz microwaves or the i n c i d e n t power d e n s i t y 
must be i n c r e a s e d to i n o r d i n a t e l y h i g h v a l u e s f o r a b a r e l y per
c e p t i b l e response, while they had l i t t l e d i f f i c u l t y i n responding 
to 2.45 GHz r a d i a t i o n (2,6). 

At f r e q u e n c i e s which the a u d i t o r y e f f e c t can e a s i l y be 
d e t e c t e d , microwave energy can p e n e t r a t e deeply i n t o t i s s u e s of 
the head. The absorbed energy produces a volumic s t r i c t i v e f o r c e 
which s e t s up a p r e s s u r e wave t h a t propagates throughout the 
c r a n i a l t i s s u e media ( 6 )
i s p r o b a b l y not v e r y important
p r e s s u r e i n the head i s about 100 to 1000 times s m a l l e r than 
another v o l u m e t r i c t r a n s d u c t i o n mechanism, namely t h e r m o e l a s t i c 
expansion (6,1-3,23,24,26). T h i s t h e r m o e l a s t i c expansion mech
anism suggests t h a t when microwave r a d i a t i o n impinges on the 
head, a p o r t i o n of the absorbed energy i s converted i n t o heat 
which generates a m i n i s c u l e but r a p i d r j s e of temperature i n the 
t i s s u e s . T h i s r i s e of temperature (10 °C) o c c u r r i n g i n a very 
s h o r t time (10 ps) produces r a p i d t h e r m o e l a s t i c expansion of the 
b r a i n or other t i s s u e s i n the head which then launches a wave of 
p r e s s u r e t h a t i s d e t e c t e d by the h a i r c e l l s i n the c o c h l e a (6, 
13,23,27). 

I t appears reasonable to argue t h a t the a u d i t o r y p e r c e p t i o n 
of p u l s e d microwave i s due to t h e r m o e l a s t i c expansion. T h i s view 
r e c e i v e s s t r o n g support from s e v e r a l avenues of evidence which I 
w i l l p r e s e n t l y summarize. 

Exp e r i m e n t a l and T h e o r e t i c a l C o r r o b o r a t i o n 

A mathematical a n a l y s i s of p r e s s u r e waves c r e a t e d by thermo
e l a s t i c expansion of b r a i n matter showed t h a t the sound p r e s s u r e 
r e q u i r e d f o r human s u b j e c t s to b a r e l y p e r c e i v e microwave p u l s e s 
i s about the same as the known minimum a u d i b l e sound p r e s s u r e f o r 
bone co n d u c t i o n (13 , 2 2 ) . The frequency of sound p r o v i d e s another 
l i n e of evidence. I t was shown t h a t the fundamental frequency of 
sound i s given by 

f = 3.14 v/(27Ta) f o r s t r e s s - f r e e s u r f a c e , or 

f - = 4.49 v/(27ta) f o r c o n s t r a i n e d s u r f a c e . 

Thus, microwave-induced sound i s a f u n c t i o n of sound p r o p a g a t i o n 
speed (ν), and the r a d i u s (a) or c i r c u m f e r e n c e (2na) of the head. 
F i g u r e 5 i l l u s t r a t e s measured c o c h l e a r microphonic frequency i n 
c a t s and guinea p i g s (8,.L5) and c a l c u l a t e d fundamental sound 
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M 

Figure 5. Microwave-induced sound fre
quency as a function of head radii or cir
cumference constrained surface; 

(Q) stress-free ) — 

Proceedings of the Institute of Electrical and Electronics Engineers 

Figure 6. Variation of microwave-induced sound pressure and brainstem potential 
amplitudes as a function of pulse width (2\) 
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frequency (27). It also includes the well documented requirement 
for human perception of pulsed microwaves: the ability to hear 
sonic energy above 8 kHz (9,1_1) . Clearly, there is agreement 
between observed and calculated sound frequency. Furthermore, 
the theory predicts the frequency of sound perceived by a subject 
exposed to microwave pulses to be the same regardless of the 
frequency of impinging microwaves and is independent of the 
pattern of absorbed energy. This is supported by the report that 
the same cochlear microphonics were produced by 918- and 2450-MHz 
radiation (15) . 

There is another avenue of support for the theory that 
predicted a sound pressure that i n i t i a l l y increased with pulse-
width but soon reached a peak and then gradually oscillated to a 
lower value with further increase in pulsewidth (27). The theory 
would be strengthened i f this could be demonstrated in laboratory 
animals and human subjects
ed supportive evidence
as well as human beings (11). Figure 6 shows the calculated 
sound pressure amplitude and the variation of microwave-induced 
auditory brainstem response in cats with the width of impinging 
microwave pulses while keeping constant the peak power and repe
tition rate. Similar relationships between calculated sound 
pressure or relative loudness in guinea pigs and pulsewidth is 
given in Figure 7. The characteristics of these curves are re
markably similar. The sound pressure, loudness or brainstem 
response increased and then decreased as suggested by the theory. 
Furthermore, this nonmonotonic dependence of the response on 
pulsewidth was also seen in some single auditory neurons of the 
cat (30). Measurements in human subjects are presented in 
Figure 8 along with calculated sound pressure. The nonlinear de
pendence on pulsewidth is as evident as the similarity between 
these curves. The slight difference between the pulsewidths at 
which sound pressure or loudness reached a maximum probably stem
med from a difference in actual and assumed head radii or circum
ferences. In general, sound pressure peaks at wider pulsewidths 
for larger head radii (1_3,27) . Thus there exists a vast amount 
of evidence that supports the thermoelastic mechanism of micro
wave-induced acoustic effect. 

Resolution of a Dilemma 

It should be mentioned that a recent publication (1J_) showed 
that the pitch (frequency) of sound induced by microwave pulses 
of widths less than 50 ps persisted as the subject's head was 
lowered into saline water, while the loudness diminished roughly 
in proportion to the depth of immersion. Upon complete immer
sion, auditory sensation disappeared. For pulse widths longer 
than 50 ps, even partial immersion resulted in loss of percep
tion. This was interpreted as being at odds with the thermo
elastic theory. There is, however, an explanation that does 
seem to f i t the data. 
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Figure 7. Relative sound pressure induced by microwave pulses in the heads of 
guinea pigs as a function of pulse width (computed from data in Ref. 29) 
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Figure 8. Comparison of measured loudness and calculated sound pressure as 
functions of microwave pulse width for human subjects. (A) Relative loudness at 
800 MHz (W); (B) calculated sound pressure for a 7-cm-radius head sphere at 918 

MHz(\3). 
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The t h e o r y suggests t h a t the frequency of sound ( p i t c h ) 
evoked by microwave p u l s e s i s the same r e g a r d l e s s of absorbed 
energy d i s t r i b u t i o n and t h a t the amplitude of sound (loudness) 
i n c r e a s e s i n p r o p o r t i o n to the r a t e of energy a b s o r p t i o n . More
over, the amplitude of sound or loudness r i s e s , peaks and then 
f a l l s as the p u l s e width i n c r e a s e s from a low to a h i g h v a l u e . 
Thus, as the s u b j e c t ' s head was lower i n t o water, the absorbed 
energy and i t s d i s t r i b u t i o n would change (decrease) , but the 
a c o u s t i c p r o p e r t y would remain u n a l t e r e d ( s i n c e s k u l l and water 
d i f f e r by a l a r g e margin, immersion would not a l t e r the a c o u s t i c 
c h a r a c t e r i s t i c by an a p p r e c i a b l e amount). T h e r e f o r e , the per
c e p t u a l q u a l i t y of microwave-induced sound p e r s i s t e d w h i l e the 
loudness, d i m i n i s h e d i n p r o p o r t i o n to the depth of immersion. The 
reason f o r the disappearance of a u d i t o r y s e n s a t i o n upon complete 
immersion i s t h a t the impinging microwave energy was g r e a t l y 
a t t e n u a t e d by water b e f o r
t h a t does reach the hea
p e r c e p t i o n . The o b s e r v a t i o n t h a t even p a r t i a l immersion r e s u l t e d 
i n l o s s of p e r c e p t i o n f o r p u l s e w i d t h s g r e a t e r than 50 \JS c o u l d be 
r e s o l v e d by r e c a l l i n g t h a t 50 ps was r e p o r t e d as b e i n g the o p t i 
mal p u l s e w i d t h f o r a u d i t o r y p e r c e p t i o n by t h e i r s u b j e c t s . Hence, 
microwave p u l s e s of widths g r e a t e r than 50 με would not be as 
e f f e c t i v e i n e l i c i t i n g an a c o u s t i c s e n s a t i o n and c o u l d e a s i l y be 
d i s r u p t e d by l o w e r i n g the head p a r t i a l l y i n t o water. C l e a r l y , 
these f i n d i n g s would s t r e n g t h e n r a t h e r than weaken the thermo-
e l a s t i c t h e o r y of microwave a c o u s t i c e f f e c t . 

There are two a l t e r n a t e routes t h a t might be taken by the 
microwave-induced t h e r m o e l a s t i c p r e s s u r e wave to reach the coch
l e a : the well-known bone conduction route and a y e t u n s p e c i f i e d 
but perhaps a d i r e c t route from b r a i n matter to the c o c h l e a . 
While c u r r e n t i n f o r m a t i o n p r e c l u d e s e l a b o r a t i o n of the l a t t e r , 
compressional bone-conduction appears to be the most l i k e l y 
c a n d idate f o r the former, s i n c e the frequency of microwave-in
duced sound i s v e r y h i g h and i s i n v e r s e l y p r o p o r t i o n a l to the 
r a d i u s or c i r c u m f e r e n c e of the head (15,26,27). 

D i s c u s s i o n 

The r e s u l t s p r e s e n t e d demonstrate t h a t a u d i t o r y systems of 
animals and humans respond to p u l s e d microwaves. However, there 
i s l i t t l e l i k e l i h o o d of the microwave a c o u s t i c e f f e c t a r i s i n g 
from d i r e c t i n t e r a c t i o n of microwave p u l s e s w i t h the c o c h l e a r 
nerve or neurons at h i g h e r s t r u c t u r e s along the a u d i t o r y pathway. 
The p u l s e d microwave energy, i n s t e a d , i n i t i a t e s a t h e r m o e l a s t i c 
wave of p r e s s u r e i n the head t h a t t r a v e l s to the c o c h l e a and 
a c t i v a t e s the h a i r c e l l s i n the i n n e r ear. T h i s theory covers 
many experimental o b s e r v a t i o n s , but i t may be incomplete and thus 
r e q u i r e f u r t h e r e x t e n s i o n to account f o r c e r t a i n a d d i t i o n a l 
e x p e r i m e n t a l f i n d i n g s . Tyazhelov, et a l . (ljO found i n t h e i r 
beat frequency experiment t h a t matching of microwave p u l s e s (10 
με, 8000 pps) to a p h a s e - s h i f t e d 8 kHz s i n u s o i d a l sound i n p u t 
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r e s u l t e d i n l o s s of a u d i t o r y p e r c e p t i o n , as the the o r y would 
suggest. However, c a n c e l l a t i o n a l s o o c c u r r e d when a 5000 pps 
t r a i n of p u l s e s was p r o p e r l y phased w i t h a 10 kHz sound s i g n a l . 
Seemingly, some m o d i f i c a t i o n i s necessary to account f o r t h i s 
f i n d i n g . I t may t u r n out t h a t the d i s c r e p a n c y was r e l a t e d to 
harmonic g e n e r a t i o n by the audio equipment. 

One s t r e n g t h of the theory i s t h a t i t s t i m u l a t e s new ques
t i o n s and permits a more p r e c i s e statement of new problems. The 
t h e r m o e l a s t i c mechanism i s a p p a r e n t l y adequate to c h a r a c t e r i z e 
the a c o u s t i c e f f e c t o c c u r r i n g i n heads of humans and animals 
exposed to p u l s e d microwaves. The p r e c i s e l o c a t i o n i n the head 
( s c a l p , s k u l l or b r a i n ) microwave p u l s e s are transformed i n t o the 
a c o u s t i c wave of p r e s s u r e however i s a t p r e s e n t not s p e c i f i a b l e . 
S e v e r a l s p e c u l a t i o n s can be advanced, but there i s l i t t l e d i r e c t 
p h y s i o l o g i c a l data that would i d e n t i f y the p o s s i b l e gross t i s s u e 
s t r u c t u r e s i n v o l v e d . C l e a r l y
study. 
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