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Dipole interactions in axonal microtubules as a mechanism of signal propagation
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Department of Physics, University of Alberta, Edmonton, Canada AB T6G 2J1

~Received 30 May 1997; revised manuscript received 29 July 1997!

The microtubules~MTs! of nerve cells are stable relative to their counterparts in the rest of the body. This
stability allows them to participate in cellular signaling processes. Each of the MT’s subunits, dimers of tubulin
protein, has an electric dipole moment that contributes to the overall polarity of the structure. We propose that
the orientation of the individual dipoles may be flipped due to a conformational change of the tubulin dimer if
energy is supplied through guanosine tri-phosphate hydrolysis or via physical interactions. Thus the MT lattice
may be viewed as an electric dipole lattice with some overall polarization upon which signals, in the form of
dipole patterns, may be propagated through dipole interactions that induce conformational changes. As a nerve
impulse propagates along a neuron~nerve cell!, the neuronal MTs are subjected to a large transient electric
field that interacts with the MT lattices. Based on the recent conjecture of information processing and/or energy
transport by MTs, we have used a Monte Carlo technique to model the interactions between the MT’s subunits
and to investigate the response of the lattice to nerve impulses. Our model of these interactions addresses the
problem of thermal fluctuations in the dipole lattice and demonstrates how the nerve impulse may cause a
signal to propagate along the MTs within the axon.@S1063-651X~97!07911-7#

PACS number~s!: 87.10.1e, 87.15.2v
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I. INTRODUCTION

Nerve cells are responsible for much of the communi
tion within the body. They may signal other nerve cells
muscle cells in order to produce muscle contraction us
nerve impulses. These impulses are commonly referred t
action potentials. The structure of these cells consists o
array of dendrites, which gather input from other neurons
cell body; and an axon, possibly branched, along wh
nerve impulses are transmitted to other cells. The axon m
project for large distances from the cell body, greater tha
m in the human spinal cord, and its content is distinct fro
the cell body. It is generally free of organelles, and filled
microtubules~MTs! and neurofilaments which are jointl
known as the cytoskeleton. These filamentous proteins
arranged parallel to the axon. Each neuronal MT is typica
about 100mm long and spans more than 105 tubulin sub-
units. The MTs of the axon have uniform polarity and
with their positive ends distal to the cell body@1,2#. The
network of cytoskeletal tubes is interconnected by high m
lecular weight proteins known as MT associated prote
~MAPs!. Their precise function is not understood but tubu
dimers coassembled with MAPsin vitro are polymerized
more easily and are more stable than MTs assembled f
tubulin in the absence of MAPs@3#. Once the axonal MTs
have been assembled, they are post-translationally mod
and their properties are changed. These changes to the
cause them to become more stable@4,5#. The post-
translational, post-MT assembly change has also been
quently studied in the last decade. The transition from ne
synthesized tubulin to detyrosinated tubulin within a MT c
be used to estimate the age of an individual MT@2#.

Additional structural stability allows the neuronal MTs
participate in a capacity greater than their primary cellu
function. Their primary function is to act as a cellular bac
bone, and to serve as railway tracks for vesicle transpor
motor proteins. Information processing@6,7# and energy
561063-651X/97/56~5!/5834~7!/$10.00
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transport@8# have been proposed as secondary MT functio
and several models of MT assembly@9,10# have been de-
scribed. Not only is the tubulin which makes up neuron
MTs specific to humans, but it is also specific to nerve ce
and is known to be post-translationally modified. The high
specialized nature of the functional protein suggests tha
has been selected to perform a very specific function wh
we conjecture may be signal transduction. What is kno
with certainty is that they are assembled from guanosine
phosphate~GTP!-rich tubulin dimers and that this GTP i
hydrolyzed rapidly after the addition of the tubulin subun
What is not yet known is what happens to this energy. W
are proposing that some of the energy is stored in the lat
through a conformational change of the protein dimer. T
hydrolysis of GTP releases about 4.6 kcal/mol of ene
which the lattice could use to flip conformational states
individual tubulin dimers; each flip would require up to 2
kcal/mol of energy.~This value is a result of our simulation
and based upon our estimated values of the tubulin dim
dipole strength.! The energy might then propagate along t
MT through a sequence of dipole flips as the lattice reorie
to accommodate the additional energy. These conformatio
changes or flips are believed to be the result of a mo
electron. It may be localized at one of two binding sites
the tubulin molecule. Movement of the electron from o
binding site to the other causes the tubulin dimer and
electric dipole to reorient. These two states that may be id
tified by the location of the free electron are the states wh
we shall hereafter discuss.

Hameroffet al. @11# devised a model of MT cellular au
tomata in 1988 inspired by the belief that the cytoskele
behaves as a cellular nervous system. After all, the cytos
eton does regulate many complex cell activities such as
sicular transport, mitosis, cell growth, cell shape, and lo
motion @12#. Furthermore, Hameroffet al. cited numerous
indirect indications supporting the hypothesis of informati
processing by neuronal microtubules. One of these was
5834 © 1997 The American Physical Society
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56 5835DIPOLE INTERACTIONS IN AXONAL MICROTUBULES . . .
link between MTs and Alzheimer’s disease; the link h
since been made specific to MAPs@13#. Hameroffet al. be-
lieved that automata behavior within MTs could explain th
capacity for intelligent organization. We feel our model
more physical than that of Hameroffet al.One reason is tha
dipole-dipole interactions are considered. As a result,
overall charge on individual tubulin molecules is require
The three dimensional geometry of the MT lattice is a
taken into account in our model; although this has a sm
effect on dipole-dipole interactions in comparison with t
two dimensional geometry of previous modeling, it is cruc
when we consider the interaction with external fields li
those transient fields of an action potential. Finally, o
model incorporates thermal effects. The Hamero
Rasmussen-Mansson scheme is a zero-temperature mo
which signal propagation is an artifact of the model’s desi
The differences between our model and the Hamer
Rasmussen-Mansson model will be discussed later.

II. MT LATTICE OF DIPOLES

The MT lattice has been vigorously studied over the p
20 years. In that time, two different lattices have been
served which have become known as theA lattice and theB
lattice @14,15#. A lattices with an odd number of protofila
ments are distinguished from all other lattices because
are the only ones without a structural discontinuity known
a seam. In all other lattices, the interactions are mixed wh
means that there are bothA- andB-type lattice interactions
in a single MT. It is now known that the number of protofil
ments is not only variable from one MT to another, thou
13 protofilaments is by far the most frequentin vivo, but the
protofilament number need not be conserved along the le
of an individual MT@16#. The theoretical modeling we hav
completed considers MTs of various lattice types but d
not allow for variation of the lattice type or protofilame
number along the length of an individual MT. We are so
hoping to account for dynamic instability@17–19# in the
model. The idea of connecting the assembly process with
self-organization process of the dipole lattice is to expl
how such a connection may explain the puzzling ensem
dynamics of microtubules grownin vitro. This is not so in-
teresting for the information processing model since we
lieve that only stable microtubules would be important in t
regard.

The structure of MTs has been experimentally determi
@14#. We model the tubulin molecules as cylinders 5 nm
diameter and 8 nm in height. The dimer may be represen
by two equally sized spheres representing thea andb mono-
mers, respectively~Fig. 1!. Moving around the MT in a left-
handed sense, protofilaments of theA lattice have a vertica
shift of 4.92 nm relative to their neighbors. In theB lattice,
this offset is 0.92 nm everywhere but at the seam where
4.92 nm.

Our model predicts an organized MT lattice under phy
ological conditions. The organization of theB lattice is of
particular interest because while the MT retains a small ov
all polarization, neighboring protofilaments have oppos
polarization directions. We have also studied the s
organizing properties of the various MT lattices both in t
presence and absence of static electric fields. The ord
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MT lattice and its resultant polarization may be significa
given that of the three types of cytoskeletal polymers: ac
filaments, intermediate filaments, and microtubules; it is
two polar structures which participate in material transp
and cell motility through the use of their respective mo
proteins. It is tantalizing to speculate that it might be th
polarization which is responsible for guiding the motor pr
teins, kinesin and dynein, that travel along the MT in opp
site directions@20,21#. It would immediately explain why
such transport is so efficient because collisions would
occur. The motor proteins would simply have to bind pre
erentially to a particular conformational state of tubulin.

III. INFORMATION PROCESSING

Let us now return to the primary reason for the develo
ment and subsequent extension of the Hameroff-Rasmus
Mansson model. Namely, could such a MT lattice proc
information? Consider the MT lattice of dimers in theira or
b states as a binary biological computer. The Hamero
Rasmussen-Mansson model found that signals introdu
onto the MT 13A lattice would propagate along protofila
ments. The propagation was either bidirectional or unidir
tional depending upon the choice of flipping force thresho
and whether they were symmetric or not. The model a
admitted the possibility of signals which periodically fli
back and forth betweena and b states but did not move
along the protofilaments. The moving patterns of defe
were named gliders and the nonpropagating defects w
called blinkers.

The other feature of the Hameroff-Rasmussen-Mans
model was its ability to filter input signals. Some wou

FIG. 1. The two possible MT lattices are depicted. Typical M
are much longer than these which are shown with a length of o
four dimers along each of the 13 protofilaments~columns!. ~a! The
A lattice which has helical symmetry.~b! TheB lattice which has a
seam where a line following thea monomers around the MT meet
a b monomer. The left-hand side depicts unwrapped MTs as
figures resulting from our simulations are given in a similar mann
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5836 56J. A. BROWN AND J. A. TUSZYŃSKI
propagate, others would be modified and would subseque
propagate, and still others would be annihilated. Thus
cellular automaton model accepted certain patterns and
jected others. We reproduced the results of the Hamer
Rasmussen-Mansson model before proceeding with our
work. The first modification introduced was simply to r
place the discrete charges with dipoles. Some arbitr
torque threshold was required akin to the force threshold
the original model. Despite the relative weakness of dip
interactions, most of the original features of signal transd
tion were still present in the modified model. The one diffe
ence was a shift in the direction of signal propagation fr
the N-S direction~along the protofilament! to the NW-SE
direction ~around the helix!. Some shortcomings of th
model were soon discovered; these have all been addre
in our new model. We will discuss the ramifications of t
changes with respect to information processing in the
scription of the new model which follows and in the resul

IV. NEW MODEL OF DIMER-DIMER INTERACTION

Our new model was inspired by a model introduced
Hameroff et al. @11# in 1988. In their cellular automaton
model, a discrete charge was associated with each tub
dimer. In our model, a dipole is associated with each dim
In this way, there is no net charge on each MT but the str
ture does have an overall polarization. This polarization m
aid in the assembly of the polymer. The electric dipole of
tubulin dimer has two possible orientations depending on
conformational state of the molecule. One orientation
when the dipole points along the protofilament axis, dista
the cell body; this is theup state~Fig. 2!. We have some
freedom to choose the direction of the dipole in thedown
state since the electric dipole has not been measured in
of tubulin’s conformational states. We have chosen thedown
state’s orientation in a direction which is roughly opposite
the direction of theup state but which is 29° from the verti

FIG. 2. This view of the outer surface of a MT identifies th
directions of fields we may consider. The axial or vertical direct
in this diagram points away from the cell body. At the right, the
and down directions which were selected for tubulin’s dipole m
ment are shown (f529°).
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cal and points out away from the MT. This choice is bas
on the geometry of MT ends which are splaying apart dur
disassembly and of tubulin oligomer rings. Tubulin und
these conditions adopts a different conformation@22#. We
will comment more on the orientation of the down state lat
Our simulations have been carried out with both the tilte
f529°, and nontilted,f50°, down states for comparison
Some degree of tilting is necessary if action potentials ar
influence the dipole dynamics because the nontilted dipol
entirely axial and the electric field of the action potential
purely radial. Consequently, there would be no interact
unless one of the states has some radial component.

The interaction energy between two elementary dipole
given by the following formula@23#:

Eint5
1

4pee f

pW 1•pW 223~pW 1•nW !~pW 2•nW !

r 3 , ~1!

wheree is the relative permittivity of the medium,e f is the
permittivity of free space,pW k is the kth electric dipole mo-
ment,nW is the normal vector pointing from the position of th
first dipole to the second dipole, andr is the distance sepa
rating the dipoles. Consider the interaction between dipo
of the MT lattice: from a purely structural point of view, th
lattice type may seem insignificant; one does not expect
it will change assembly dynamics much. However, from t
point of view of dipole interaction, the lattice type is crucia
In theB lattice, dimers are aligned in nearly horizontal row
As a result, there is a strong interaction between neighbo
protofilaments which favors opposite dipole orientatio
~Fig. 3!. In the A lattice, the neighboring protofilaments a
shifted vertically such that identical orientation of the dipol
is favored. In either case, there is a strong interaction al
individual protofilaments which favors similarly oriented d
poles. The effect of the dipole interactions is that the latt
of up and down dipoles will self-organize into an energe
cally favorable configuration.

Let us consider the statistical mechanics of this system
high temperatures, the lattice has a random state—each
vidual dimer can be found in the up or down state in a rat
arbitrary fashion. At lower temperatures, the interaction
ergy dictates the dipole arrangement and the lattice beco
ordered. Our task is to investigate this transition in order
determine the likely state of a MT under physiological co
ditions.

-

FIG. 3. Nearest-neighbor interactions: Along the protofilame
alignment is preferred so that the negative tails are close to
positive heads. Between protofilaments, the preferred orientatio
determined by the vertical offset of the lattice. Left: In theB lattice,
antialigned protofilaments are preferred. Right: Aligned protofi
ments are preferred in theA lattice.
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FIG. 4. Ferroelectric transition in the MT lattice: the polarization of the lattice in a microtubule with 13 protofilaments and theA-type
configuration is shown as a function of temperature.
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Monte Carlo simulation

The lattice dynamics are simulated using a stand
Monte Carlo technique@24#. For a given time step, the en
ergy of the present state and the opposite state are calcu
Whether a change of state occurs is a random event w
probability is determined by the availability of stored latti
energy, the temperature, and the threshold to reaction. A
tional features of the model are~i! the removal of artificial
barriers to reaction which were introduced by Hamer
et al. @11# in their discrete charge model; and~ii ! the removal
of the unphysical flip-flop of states which plagued our ea
attempts at modeling this system.

In our model, the threshold to a dipole flip, in cases wh
one exists, is simply the maximum interaction energy
countered while turning one dipole in the presence of
nearest neighbors from its present state to the opposite s
The model removes the unphysical flip-flop of states by f
bidding nearest neighbors from simultaneously chang
states. Thus when the dipole interaction favors paired dip
and the current state of the neighboring dipoles is up-do
in the next time step, they may be up-down~unchanged!,
up-up, or down-down but not down-up. When a dipole flip
the change in conformational energy is either removed fr
or added to the lattice at that location. After the evoluti
step, energy diffuses to neighboring sites. Our simulati
have been carried out with a diffusion constant which is i
tropic and small enough that several time steps are requ
for localized energy to dissipate. Energy is conserved by
lattice in our current model, and the boundary conditions
periodic. None of the energy is returned to the surround
medium.

There are two numbers which are put into the model
hand. One is the relative permittivity of tubulin, or mo
precisely that of tubulin in cytosol,e. As an approximation,
we are using the valueeo510. For comparison, the permi
tivity of water which is frequency dependent has a value
about 76 for the frequencies of physiological relevance@25#.
The dielectric constant of dry tubulin or of tubulin in solu
d
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tion has not been found in the literature. Hasted@25# gives
results from some experiments giving permittivities in exce
of 100 for some other proteins in solution. However, o
choice allows us to compare results with previous model
attempts. The dynamics of the model are unaffected by
choice ofe but it simply scales the temperature. Larger v
ues ofe reduce interaction strengths and thereby act lik
temperature increase. The other number which is put in
hand is the dipole strength of the conformational states
tubulin. We have chosen the dipole magnitudep by consid-
ering the corresponding dipole charge to be an elemen
charge in magnitude and the charge separation to be 4
which is half of the spacing between neighboring tubu
molecule centers in a MT lattice. This gives a value ofpo
56.41310228 C m which is comparable to the measured
pole moments of some other protein molecules@25#. The
precise value depends on thepH of the surrounding medium
The following results are derived from these estimates.
shall comment on how changes to these parameters affec
results of our simulations.

V. RESULTS

A. Ordered phases

The behavior of the MT lattice has been simulated
temperatures between absolute zero and 1000 K. The p
ization and nearest-neighbor correlation functions have b
calculated as a function of temperature. The polarization p
for the MT 13A lattice is shown in Fig. 4. The polarizatio
and nearest-neighbor correlation functions are defined,
spectively, as

P5
1

N (
i 51

N

pi , ~2!

xa5
1

N (
i 51

N

pipi 1a , ~3!
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5838 56J. A. BROWN AND J. A. TUSZYŃSKI
wherei is an index labeling theN lattice sites,pi561 de-
pending on whether the dimer is in the up or down state,
a describes the nearest-neighbor sites either along
protofilament, or around the protofilament. The existence
an ordered phase is crucial if the MT is to be able to proc
information. When the lattice is not organized, this signifi
that thermal fluctuations dominate over the dipole-dipole
teractions and that entropy dominates the lattice. Upon s
a background@Fig. 5~a!#, any signals which might be emitte
would vanish. Our simulations have been carried out by fi
raising the temperature and then lowering it again. This w
done in order to eliminate any sort of hysteresis effe
which could have been artifacts of the simulation.

The simulations show that a highly ordered phase ex
for both theA and B lattices at low temperatures. Wheth
the MT is ordered at physiological temperature depends c
cally upon p and e since these parameters determine
transition temperature from disorder to order. In the MTA
lattice with 13 protofilaments, we have found a transiti

FIG. 5. Portions of three MTs are shown. Light boxes repres
the ‘‘up’’ state and dark boxes represent the ‘‘down’’ state.~a! The
B lattice above its critical temperature is disordered.~b! The B
lattice below the critical temperature is ordered.~c! The A lattice
just below the critical temperature but onto which a large defect
been introduced. Smaller thermal induced defects also dot the s
ture.
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temperature of about 330 K when p0
2/eo512

310256 C2 m2. In the case where the down state is direc
opposite to the up state~the nontilted case!, the correspond-
ing transition temperature is slightly higher. This shows th
the existence of a transition to order is quite robust but t
the transition temperature is sensitive to the specific cho
of the down dipole. These temperatures have all been
rived based upon our estimates of the dipole momentp and
the electric permittivity of tubulin,e, and should be com-
pared to human physiological temperature~310 K, 37 °C!.
Equation ~1! shows how the interaction energy is propo
tional to p2/e. Since all transition probabilities in the Mont
Carlo simulation obey Boltzmann statistics, they are fun
tions of E/kT5p2/ekT. This parameter may be used
compare the transition temperatureTc in two systems. De-
noting with the subscripto our choices for the parametersp
ande,

p2

ekT
5

po
2

eokTo
, ~4!

Tc5Tc
oS p

po
D 2S eo

e D . ~5!

This equation demonstrates the scaling of the transition t
peratureTc in a MT which is not subject to electric fields
The valuespo andeo are the values which we have estimat
while p ande are the actual values of the dipole moment a
permittivity of tubulin. The transition temperature scales
rectly with the square ofp, and inversely withe. The scaling
is more complicated in the presence of electric fields. T
main result is that the MT could easily exist in an order
state at physiological temperatures without the application
external fields providedp2/e.12310256 C2 m2.

Our original estimate ofp2/e was about 4310256 C2 m2

which comes within a factor of 3 of what the model require
We are hopeful that an experimental value for the dip
moment of tubulin will soon be available.

B. Electric fields

The application of an electric field along the length of t
MT may serve to order the MT at higher temperatures th
without an external field. Consequently, we may be able
relax the requirements onp ande which would be required
for our cellular automaton model to predict an ordered latt
under physiological conditions. We hasten to reiterate tha
this point, the restrictions are not particularly stringent.

The field is applied in theup direction which favors
ground state ordering. It is clear that local fields of 105 V/m
have a significant impact upon MT lattice dynamics. Wh
the effect of the electric field is quite dramatic in the M
13A lattice, for the 13B lattice, the effect is greatly reduce
because the orientation of the ground state is not ferroele
@Fig. 5~b!#. A small electric field does lift the degenerac
between the two possible ground state orientations of the
13B lattice. At the highest field strengths simulate
(;106 V/m), the field was able to defeat the dipole-dipo
interactions of the MT 13B lattice and caused it to adopt
ferroelectric state.
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Such strong electric fields are not the rule in the neur
but strong fields do exist across cell membranes as ac
potentials pass and may exist during mitosis when the M
are observed to align themselves in a configuration whic
reminiscent of the field lines between a pair of point char
@26#. These fields drop off exponentially with increasing d
tance from the cell membrane, but would be strong eno
to affect MTs and in particular, the protofilaments nearest
membrane. The interaction with steady fields is a logi
place to begin in the attempt to model the interaction
dynamic electrical fields like action potentials with the d
poles of the tubulin subunits.

Our modeling has so far made use of axial fields for co
parison with previous modeling attempts. When we consi
the interaction of a MT lattice with an action potential, w
must remember that the electric field on an action potentia
radial and not axial. However, the axial field is the simp
field to treat theoretically and should interact in an identi
fashion to the radial field provided that the dipole states
not purely axial since the interaction with an electric fie
may be written as

Eint
~2!52pW •EW , ~6!

whereEW is the applied electric field.

C. Propagation of signals

A signal can be recognized as a particular sequenc
antialigned dipoles on an otherwise well-ordered lattice. A
sociated with this signal or defect is some additional ene
which is recovered when the antialigned dipole falls back
its original configuration. The energy may diffuse in all d
rections so with six nearest neighbors, a single defect is
likely to cause neighboring dipoles to flip since they rece
only about a sixth of the required energy. However, a lar
defect such as a group of three or more dimers might s
cessfully maintain its integrity. This has been observed
our model, larger defects have larger lifetimes.

The interesting question is, how does the MT respond
the presence of defects on the ordered lattice? A defect c
arise by GTP hydrolysis to GDP at the exchangeable
upon addition of an additional tubulin subunit or by the le
frequent hydrolysis of GTP at the nonexchangeable site@27#.
In either case, the energy released might go into changing
conformation of the molecule and its electric dipole.

It is important to note that the conformational state
tubulin is not coupled to GTP hydrolysis. These two eve
are separate but GTP hydrolysis can easily induce the
formational change. Some authors have directly linked th
two events and on occasion have proposed the opposite
sality, that the conformation change of tubulin induces G
hydrolysis@28#.

Unlike the Hameroff-Rasmussen-Mansson model, we
not observe the smooth propagation of signals along the
unless some additional mechanism is added. As it sta
there is nothing to direct the propagation of the defect s
takes a random walk about the MT and its energy is slo
dissipated to the rest of the MT. The efficient propagation
signals could be restored by several mechanisms inclu
~i! the application of an external field which would bias s
s
on
s
is
s

-
h
e
l
f

-
r

is
r
l
e

of
-
y
o

ot
e
r

c-
n

o
ld

te
s

he

f
s
n-
se
au-
P

o
T
s,
it
y
f
g

nal propagation;~ii ! an asymmetry in the dipole structur
which simply makes it more favorable to propagate in a p
ticular direction; or ~iii ! mechanical stress if dipoles ar
coupled to a lattice distortion. The second mechanism co
be the result of the bonding between tubulin dimers. If t
energy deposited by a dipole flip is comparable with t
vibrational energy of a particular bond, it is most likely th
this energy would be propagated in that direction. The th
mechanism would be the result of a piezoelectric effect@29#.
There could also be some sort of refractory period wh
prevents the retrograde propagation of the signal. Since
ternal fields are known to act upon MTs in neurons, the stu
of these fields and their interaction garners our attention

D. Action potentials

As expected, application of a large axial field along t
MT causes nearly all dipoles to orient themselves in the
rection which most closely follows that of the field. Thus
wave of dipole flips is induced along the MT as the field
translated along the MT. This is similar to what happens
an action potential moves along an axon~Fig. 6!. The field
affects MTs in the vicinity of the cell membrane. Suppo
the field is oriented in a direction which favors an alterna
ordering for the lattice, such as is the case in MT, the
dipoles will reorient themselves. The field acts like a pum
and stores energy in the dimers. Once the field has pas
these dimers may return to their original configuration a
release their stored energy. A weaker field does not actu
create defects by changing the orientation of dipoles in
ground state, but acts as a bias and directs the moveme
existing defects.

When the strength of the interacting action potential
large, such as for those MTs in close proximity to the c
membrane, a wave of structural deformation travels para
to the action potential along the MT. As the wave reaches
MT end, its effects are unclear. Once the MT relaxes to
ground state structure, energy should once again be avai
for cellular use if the structural change at the MT terminus
coupled to another cellular structure via a MAP. It might al
simply serve as a cellular signal indicating when motor p
teins should be activated, MT assembly instructions, or
other host of functions associated with the MT termin

FIG. 6. An action potential moving along an axon containi
three MTs. There is an electric field caused by the potential dif
ence once the ions are displaced and a magnetic field caused b
moving ions. The potential difference is typically 50 mV and
magnitude is represented by the curve above the axon. Given
membrane thickness, the transient electric field may be as hig
105 V/m within the membrane.



of

he
m

t
llin
M
T

s
o

rd
un
e
al
a
o

he
ol

e
a
o
b
u
f
ed

he
e is
cal/

le
the
-
e
be
ha-
n.
t in
e
in
ion
sti-
nd
es

ol-
tial.

sti-

for
nd

.B.

5840 56J. A. BROWN AND J. A. TUSZYŃSKI
which could involve signaling another MT or some part
the axon terminal.

VI. DISCUSSION

The results of the Monte Carlo simulation are that t
lattice of MT dipoles may be ordered at physiological te
peratures. Consequently, we have begun to investigate
response of this system to perturbations which we are ca
signals. Once dipole defects have been induced upon the
lattice, they may propagate along the length of the M
While some nonlinear effect or external guidance seem
be required, processing of these signals cannot be ruled
Signal transduction from the distal end of the axon towa
the cell body is at least theoretically possible—although
likely in our opinion. Transduction along the length of th
MT is simpler to explain from the proximal end to the dist
end though because of the existence of action potentials
the need to explain how a signal may be passed from
MT to another.

Our simulations place a firm limit on the strength of t
dipoles required for self-organization. The required dip
strength of about 1310227 C m is slightly larger than the
value which we estimated for tubulin. If the angle betwe
the dipole directions of each of tubulin’s conformation
states is smaller than predicted, an even larger dip
strength would be required. Should the value for tubulin
smaller than this, information processing must be ruled o
Energy might still be passed along due to the passage o
action potential but it would be marked by the highly order
ad
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configuration of the signal upon the random background. T
quantity of energy associated with such an entropic chang
much smaller than other values mentioned, about 0.06 k
mol.

On the topic of information storage in MTs, the simp
introduction of thermal energy seems to have removed
possibility of information storage in MT. The energy in
volved in flipping the conformation of the dimer would hav
to be significantly larger for such a form of storage to
possible, not to mention the need for some kind of mec
nism which would preserve the integrity of the informatio

It is clear that electromagnetic properties are importan
cell biology. The intrinsic polarity of MTs also seems to b
very important, otherwise one would expect the MTs with
the axon to be randomly oriented. Whether the informat
processing hypothesis proves to be valid or not, the inve
gations into the interactions between cellular proteins a
electromagnetic fields must continue. Our model includ
both interactions between individual particles, protein m
ecules in this case, and an external field, the action poten
We hope it may serve as a starting point for future inve
gation.
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@26# J. Tuszyn´ski, B. Trpišová, D. Sept, and J. Brown, J. Struc

Biol. 129, 94 ~1997!.
@27# M. Semenov, J. Theor. Biol.179, 91 ~1996!.
@28# D. Chrétien, S. Fuller, and E. Karsenti, J. Cell Biol.129, 1311

~1995!.
@29# H. Athenstaedt, Ann.~N.Y.! Acad. Sci.238, 68 ~1974!.


