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Summary. The effect of pressure upon the delayed, K, voltage- 
clamp currents of giant axons from the squid Loligo vulgaris was 
studied in axons treated with 300 nM TTX to block the early, 
Na, currents. The effect of TTX remained unaltered by pressure. 
The major change produced by pressures up to 62 MPa is a slowing 
down of the rising phase of the K currents by a time scaling 
factor which depends on pressure according to an apparent activa- 
tion volume, AV*, of 31 cm3/mole at 15 ~ A V *  increased to 
about 42 cm3/mole at 5 ~ 

Pressure slightly increased the magnitude, but did not produce 
any obvious major change in the voltage dependence, of the steady- 
state K conductance estimated from the current jump at the end 
of step depolarizations of small amplitude (to membrane potentials, 
E, < 20 mV) and relatively short duration. At higher depolariza- 
tions, pressure produced a more substantial increase of the late 
membrane conductance, associated with an apparent enhancement 
of a slow component of the K conductance which could not be 
described within the framework of the Hodgkin-Huxley (HH) n ~ 
kinetic scheme. 

The apparent A V* values that characterize the pressure depen- 
dence of the early component of the K conductance are very close 
to those that describe the effect of pressure on Na activation kinet- 
ics, and it is conceivable that they are related to activation volumes 
involved in the isomerization of the normal K channels. The en- 
hancement of the slow component of membrane conductance by 
pressure implies either a large increase in the conductance of the 
ionic channels that are responsible for it or a strong relative hasten- 
ing of their turn-on kinetics. 
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possible in terpre ta t ion  o f  the pressure data  based 

upon the assumpt ion  that  pressure directly affects 

the channel  gat ing reaction.  In this paper  we present  
a similar  analysis for  the late c o m p o n e n t  of  the volt-  

age-c lamp currents,  mainly  governed  by the proper-  

ties o f  K channels  (Hodgk in  &Huxley ,  1952a). In 

mos t  of  the exper iments  the dissection o f  the K cur- 

rents was achieved by t reat ing the axons with the 

N a  channel  b locker  t e t rodo tox in  (TTX),  but  some 

data  are derived f rom vol tage-c lamp currents  mea- 

sured in unt rea ted  axons at m e m b r a n e  potent ia l  steps 

to values very close to the reversal potent ia l  of  the 

N a  currents,  ENa. 

Previous studies of  the pressure dependence  of  

K currents  have been repor ted  by Hende r son  and 

Gi lber t  (1975) and by Shrivastav,  Parment ie r  and 

Bennet t  (1979) for squid giant axons,  and by Harper ,  

M a c D o n a l d  and Warm (1981) for snail neurons.  A 

pre l iminary  account  o f  our  present  study has been 

repor ted  already (Conti ,  F ioravant i ,  Segal & Stt ihmer,  

1980) and conta ined  the analysis o f  ana log  data  in 

the fo rm of  Polaro id  pictures ob ta ined  f rom several 

experiments.  The present  work  contains  a more  accu- 

rate compute r  analysis o f  digital  data  acqui red  f rom 

five different  TTX- t r ea t ed  axons. 

Introduction 

In the preceding paper  (Conti ,  F ioravant i ,  Segal 

& Sttihmer, 1982) we analyzed the influence o f  hydro-  

static oil pressure up to 62 M P a  upon  the early phase 

o f  the vo l tage-c lamp currents  in squid giant  axons,  

domina ted  by the proper t ies  o f  the N a  channels  

(Hodgk in  &Huxley ,  1952a), and we discussed one 
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** Current address: Department of Physics, Technical University 
of Munich, 8046 Garching b Munich, F.R.G. 

Materials and Methods 

The experiments were performed on giant axons dissected from 
the squid Loligo vulgaris. The axon chamber, the electronic set-up 
for voltage-clamp measurements, the system for programmable 
stimulation and digital acquisition of data, and the pressure appara- 
tus were the same as described in detail in the previous paper 
(Conti et al., 1982). The measurements of K currents in the absence 
of Na currents were obtained from axons immersed in artificial 
seawater (450 mM NaC1, 10 mM CaCI2, 1 mM Tris C1, pH 7.8) con- 
taining 300 nM TTX. 

Two types of automatic sequences of voltage-clamp pulses 
were used routinely to characterize K currents at any pressure. 
The first sequence contained a series of 13 depolarizing pulses 
with fixed duration (5 to 30 reset, depending on temperature and 
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Fig. 1. Change in the K currents of a squid giant axon produced by raising the hydrostatic pressure to 42 MPa. The dotted data 
are replotted from original digital records obtained at atmospheric pressure (A) and at 42 MPa (B). The voltages indicated in the 
figure give the membrane potential during the voltage-clamp depolarizations which produced the respective responses. Note that the 
time scale in B is twice as large as in A. The symbols in A are sampled data from the corresponding curves in B plotted with 
the same time scale as in B. The figure also shows the initial phase of the tail inward currents which follow the membrane repolarization 
to the holding potential (E~= -80  mV). The amplitude of the tail curents following large depolarizations is much higher at 42 MPa 
as a consequence of the greater accumulation of K ions in the extracellular space produced by longer clamp pulses. Axon 5 ; T= 5 ~ 

pressure) from a holding potential, Eta, of - 80 mV to a membrane 
potential, E, between -40  and +80 mV. The second type of se- 
quence included six series of pulses, each series consisting of six 
depolarizations of increasing duration from E ~ = - 8 0  mV to a 
fixed membrane potential in the range of -40  to +60 mV (a 
total of 36 pulses in each sequence). 

For the analysis of the kinetics of the K currents generated 
by the first type of pulse routine, the time, t$, to the inflection 
point of the rising phase of the K currents was measured from 
the least squares fit of the data with a cubic parabola. The currents 
produced by the second type of pulse sequence were measured 
only during limited time intervals starting shortly before, and end- 
ing shortly after, the end of the clamp pulse. After linear extrapola- 
tion of the tail currents to the value at the termination of the 
clamp pulse, estimates were made of the instantaneous membrane 
conductance, gK, at the end of each pulse. 

Results 

Kinetics of K Currents 

Figure 1 compares  the vo l tage-c lamp currents ob-  
tained from a TTX-treated axon at normal  pressure 
(A) and at 41 MPa (B) for six different depolarizat ions  
f rom a holding potential  o f  - 8 0  mV.  The m e m b r a n e  
potential ,  E, during the step depolarizat ion is indi- 
cated in the figure next  to the corresponding response.  
The temperature o f  the preparation in this experiment  
was  5 ~ It should be first not iced that there is no 
sign o f  a decreased efficacy at high pressure o f  the 
b locking  effect o f  300 nM T T X  upon  N a  currents. 
N o t e  also that the t ime scale for the data at 41 M P a  

is twice as large as for the data at normal  pressure, 
showing that the main effect o f  pressure consisted,  
in this experiment ,  in a s lowing down of  the kinetics 
o f  K currents by about  twofold�9 However ,  a closer 
inspect ion of  the data shows  that a single t ime scaling 
factor is not  sufficient to account  for the effect of  
pressure upon the entire t ime course  o f  the voltage- 
c lamp responses  to depolarizat ions  more  posit ive than 
20 mV.  In order to emphas ize  this aspect,  the data 
o f  Fig. 1B for E = 0 ,  40, and 80 m V  are also replotted 
in Fig. 1 A with different symbols .  At  40 and 80 m V  
the late currents at high pressure are significantly 
higher than at normal  pressure. The discrepancy is 
even m o r e  pronounced  if one  compares  the current 
jumps  produced by the step repolarizat ion at the end 
o f  the test pulse, since the tail inward currents o f  
Fig. 1 B are clearly much  higher than in Fig. 1 A. This 
is a consequence  o f  the fact that the accumulat ion  
o f  K ions in the extracellular Schwann space (Fran- 
kenhaueser  & Hodgkin ,  1956 ; Ade lman,  Palti & Senft, 
1973) is about  twice as large at the end o f  the voltage- 
c lamp currents o f  Fig. 1 B, the t ime integrals o f  which  
are about  twice those  o f  the corresponding curves 
in Fig. 1 (A). 

D u e  to the nonl inear current-voltage characteristic 
of  K channels  (see, e.g., French &Wel l s ,  1977), an 
accurate account  o f  the effect o f  K accumulat ion  
would  require the full measurement  o f  instantaneous 
I-V curves at several t imes after the onset  o f  each 
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Fig. 2. Effect of pressure upon the kinetics of the 
rise in K conductance, gK. The data are estimates 
of gK obtained from the current jump at the end 
of voltage-clamp depolarizations of variable 
duration, t, to the levels indicated. The time scale 
out of parentheses refers to the data at normal 
pressure (,,); the time scale in parentheses refers 
to data obtained at 42 Atm ( • ). Sarae axon as in 
Fig. 1 ; T= 5 ~ 

step depolarization. However, a rough estimate of  
the time course of  K conductance, gK(t), free of most  
of  the error due to K accumulation, was obtained 
from measurements of the current jumps at the end 
of step depolarizations of increasing duration gener- 
ated according to the second pulse protocol described 
in Materials and Methods. 

Figure 2 shows the results of  two such measure- 
ments performed on the axon of Fig. 1 at normal  
pressure and at 41 MPa. The data illustrated are four 
of the six depolarizations normally contained in our 
standard sequence of tail current measurement  pulses. 
Each of the two experiments described in Fig. 2 was 
made shortly after the normal  voltage-clamp series 
shown in Fig. 1. It is evident that the tail measure- 
ments yield the same qualitative results as in Fig. 1, 
but they emphasize the difference between the effects 
produced by pressure upon the early and late time 
course of  the rise in gK conductance at large depolar- 
izations. 

It is difficult to make an accurate quantitative 
analysis of the effect of  pressure upon the late phase 
of  the rise of membrane  conductance at large depolar- 
izations because of the limited duration of our test 
pulses. When we at tempted to fit gK kinetic data such 
as those of  Fig. 2 according to the classical n 4 descrip- 
tion of Hodgkin and Huxley (1952b) we found that 
such a description was fairly adequate only for E <  
20 mV. At larger depolarizations g~: did not level off 
at long times as expected f rom the n 4 kinetics but 
kept increasing with a much slower time course. This 
phenomenon was readily apparent  at normal  pres- 
sures also, as has been observed in squid axons by 
other investigators (e.g., E. Carbone and E. Wanke, 

personal communication), although it has never been 
described in detail. It is possible that the late rise 
of  gK is associated with slow K channels similar to 
those found recently in frog nodes by Ilyin et al., 
(1980). In the absence of a detailed description of 
the slow K component  in our preparation, the ob- 
served enhancement by pressure of  this component  
relative to the faster one is subject to two different 
interpretations: (i) it might reflect a true increase in 
the gK associated with the slow process; (ii) it might 
result f rom the fact that the effect of  pressure upon 
the kinetics of  the late component  is much less pro- 
nounced than, or even opposite to, that upon the 
fast one. 

The effect of pressure upon the early kinetics of 
gK and/or upon the whole kinetics for relatively small 
depolarizations can be well-described quantitatively 
within the f ramework of the H H  scheme by a factoral 
increase of the K activation time constant, z,, which 
is fairly independent of membrane potential. Mea- 
surements of  this factoral increase, O,, are reported 
in Table 1 in three different columns depending on 
the type of experiment from which it was derived. 
The data of column 4 were obtained f rom measure- 
ments on unpoisoned axons at the reversal potential, 
ENa, of  Na currents; those in column five were ob- 
tained f rom the normal  voltage-clamp series of  TTX- 
treated axons; and column six contains data obtained 
from tail-current measurements.  

The data of  columns four and five is the ratio 
between the time, t~, to the inflection point of  the 
K currents at pressure P, and that at normal  pressure. 
As we have directly verified in the tail experiments, 
K accumulation at these early times is quite small. 
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Table 1. Effect of pressure on the early kinetics of K conductance a 

Axon T P O, O, On Partial 
(~ (MPa) (data at (K currents (tail exp. means 

E~ in nor- in TTX) in TTX) 
mal axon) 

Na-6 5 21 1.46 
K-5 5 21 

Na-I 10 21 1.37 
Na-2 10 21 1.28 
K-1 10 21 

Na-5 15 21 1.27 

Mean 8.6 21 

K-4 2.5 41 

Na-4 5 41 1.82 
K-5 5 41 
K-2 5 41 

Na-i 10 41 2.00 
Na-2 10 41 1.93 
K-I 10 41 

Na-3 15 41 1.60 
Na-5 15 41 1.78 

K-3 18 41 

Mean 9.5 41 

K-5 5 62 

Na-1 10 62 
Na-2 l0 62 
K-1 10 62 

Na-5 15 62 

Mean 9.3 62 

1.37 1.25 1.36 

1.20 

2.47 

1.99 2.02 
2.33 1.93 

1.56 

1.28 

1.27 

1.31 
(_+0.09) 

2.47 

2.02 

1.83 

1.69 

1.62 1.77 1.69 

1.91 
(_+0.27) 

2.96 3.64 3.3 

2.27 
2.85 2.67 

2.54 

2.36 3.17 

2.54 

2.83 
(_+0.48) 

a The data in columns 4, 5 and 6 give the ratio, O,, between 
the K activation time constant, zn, at pressure P and at atmospheric 
pressure, as estimated from the three different types of experiments 
described in the text. The error in parentheses is +sD of all data 
at any given pressure 

Consequent ly ,  within the H H  scheme tf is simply pro- 
por t ional  to the K act ivat ion t ime constant ,  rn, 
through the re la t ionship:  ty = , n  In 4. The data in col- 
u m n  six of Table  1 was obta ined  f rom estimates of 
z, for depolar izat ions  in the range of - 2 0  to 
+ 2 0  mV, obta ined  from data of the type shown in 

Fig. 2. 
Inspect ion of Table  1 shows that  the measure-  

ments  of O,  obta ined  with the three different methods  
are in good quant i ta t ive  agreement  and show no syste- 
matic  bias dependent  upon  the method.  This is further  
evidence that  the Na  blocking efficacy of 300 nM T T X  
is no t  appreciably affected by pressure. However,  a 
clear t rend of the data obta ined  at different tempera-  
tures indicates that  the effect of  pressure decreases 
upon  increasing temperature.  This is shown by the 
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Fig. 3. Semilogarithmic plot of the time scaling factor, On, as a 
function of pressure, P, which describes the slowing down of the 
kinetics of the early rise of gK. The data points are mean values 
of O,, at 5 ~ (x), at 10 ~ (+), at 15 ~ (o), and overall means 
of O, from all data (e) (see Table 1). The straight line was drawn 
according to Eq. (1) with A V+=37 cm3/mole 

part ial  means  reported in the last co lumn of Table  
1, evaluated from various measurements  at any given 
temperature,  T. 

The part ial  means  for T = 5  ~ T = 1 0  ~ and  
T = 1 5  ~ as well as the overall  mean  values given 
in the last co lumn of Table  1 are plotted in Fig. 3 

as a funct ion  of pressure, P. The straight line is the 
least squares fit of  the overall means  according to 
the equa t ion :  

in O.=PA V*/RT (1) 

where R is the gas cons tan t  and  the apparen t  activa- 
t ion volume, A V*, is abou t  37 cm3/mole. The same 
A V* fits the data only at 10 ~ while a better fit 
for the data at 5 or at 15 ~ is obta ined  with 42 
or 31 cma/mole,  respectively. 

Steady-State K Conductance 

The presence of the slow c o m p o n e n t  of gK at large 
depolarizat ions,  which is emphasized at high pres- 
sures, prevents an accurate analysis of the effect of  
pressure on the steady-state properties of K conduc-  
tance. Such an analysis requires the separat ion of 
the slow, late rise of gK from the faster c o m p o n e n t  
using gK data obta ined with much longer depolariza- 
t ions than  those of this study. A n  empirical  descrip- 
t ion of the effect of  pressure on the ampl i tude  of 
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Fig. 4. Effect of pressure upon the estimated 
steady-state gK as a function of membrane 
potential, E. The data were obtained from the fit 
of the time course of gK, estimated from tail 
current measurements, with n 4 HH kinetics. The 
filled dots and the open circles are data obtained 
at atmospheric pressure before and after 
pressurization to 41 MPa, respectively. The 
theoretical curve is the best fit of the data at 
normal pressure according to Eq. (2) with gw= 
38 mS/cm z, E,=-41 mV, and U,= 13.5 mV (x): 
data obtained from the same axon at 41 MPa. 
Axon 3; T=18 ~ 

the early component of K activation was obtained 
from estimates of the apparent steady-state K conduc- 
tance, gK(oo), derived from the fit of  H H  n 4 kinetics 
to gK(t) data for E < 2 0  mV and t < 4  t~. 

Figure 4 shows plots of this type of data obtained 
from a single axon at normal pressure, at 41 MPa, 
and again at atmospheric pressure about 5 min after 
decompression. The theoretical line shown in the fig- 
ure is the best fit of  the data at normal pressure 
according to the equation: 

gK(oo) =~K { 1 +exp(-(E-E,) /U,)}  -4. (2) 

The parameters used for the fit were: gK = 38 mS/cm 2, 
E , = - 4 1  mV, and U,=13 .5mV.  It is seen that for 
small depolarizations the data at 41 MPa lie close 
to that obtained at normal pressure. At larger depo- 
larizations the apparent steady-state gK is clearly in- 
creased by pressure. This phenomenon, which is also 
clear in the data of Figs. 1 and 2 which were obtained 
from a different axon and at a different temperature, 
was invariably observed in all our experiments. A 
fair fit of  the data at 41 MPa in Fig. 4 according 
to Eq. (2) was obtained with the same values of  E,  
and U, used to fit the data at normal pressure and 
with a ~ :  of 46 mS/cm 2 - 20% larger than at normal 
pressure. However, due to possible contaminations 
from the slow component of g~c, the above increase 
of gK should be considered as an upper limit. Thus, 
the only reliable conclusion that can be reached from 
our present analysis is that pressure does not produce 
any major change in the amplitude and voltage depen- 
dence of the fast, HH-like, component of K currents. 

Discussion 

We have analyzed the reversible changes in the kinet- 
ics and amplitude of the K currents in squid giant 
axons produced by pressures up to 62 MPa, extending 
by a factor of at least three the range of pressures 
explored by other authors in the same preparation 
(Henderson &Gilbert,  1975; Shrivastav et al., 1979) 
and in snail neurons (Harper et al., 1981). Compared 
with the previous work on squid axons, our measure- 
ments are also free of possible side effects consequent 
to the use of gas as the pressure transmitting medium 
(MacDonald, 1975; Mastrangelo, Trudell & Cohen, 
1978). 

The major effect of pressure is a slowing down 
of the kinetics of K activation. Qualitatively, our re- 
sults agree with those reported by Henderson and 
Gilbert (1975) for squid axons exposed to He pres- 
sures up to 21 MPa and by Harper  et al. (1981) for 
the fast component of the delayed outward current 
in snail neurons exposed to hydrostatic pressures up 
to 21 MPa. Quantitatively, the data of Table 1 are 
described by apparent activation volumes which fall 
at the lower end of the wide range of values reported 
by Henderson and Gilbert (1975), and ours are almost 
50% lower than those found by Harper et al. (1981) 
in snail neurons. 

The pressure dependence of the amplitude of K 
currents has been the subject of several controversial 
reports. In squid axons, Henderson and Gilbert (1975) 
observed a slight decrease of g~ at 21 MPa, which 
they attribute mostly to deterioration of the fibers. 
In the same preparation, Shrivastav et al. (1979) re- 
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port an average increase of gK by 11% at 14 MPa, 
but this result is subject to criticism since the authors 
observed a hastening of K currents by pressure - 
contrary to the observations of others. In snail neu- 
rons, Harper et al. (1981) found that at 21 MPa the 
amplitude of the fast component of the delayed out- 
ward currents is decreased by about 25%. In all our 
measurements we consistently observed that for rela- 
tively large depolarizations pressure produced an in- 
crease of the late gK. This increase seems mainly asso- 
ciated with the enhancement of a slow component 
of the outward currents, the importance of which 
was realized only later during the analysis of the 
stored data. Due to the limited duration of the test 
pulses of our experiments, we could find no reliable 
way to characterize either the kinetics or the ampli- 
tude of this component using the data available. For 
that matter, although the idea that this component 
is due to K ions seems plausible, we have no proof 
that this is the case. For example, we have no data 
concerning the sensitivity of the slow component to 
pharmacological agents, such as tetraethylammon- 
ium, which are known to block the fast K currents. 

Whatever its origin, the slow outward current 
component is likely to be carried through ionic chan- 
nels which are distinct from the normal K channels, 
as judged at least by their differential sensitivity to 
pressure. Indeed, our present data indicate that pres- 
sure either increases dramatically the conductance of 
such channels, or that their kinetic properties are little 
affected or even hastened by pressure. 

In the previous paper (Conti et al., 1982) we ar- 
gued that the pressures applied in our studies pro- 
duced no major modification of the lipid environment 
of the ionic channels. This supports a tentative, but 
by no means unique, interpretation of our data in 
terms of a direct pressure dependence of the rection 
rates which govern conformational changes of K 
channels. The application of the kinetic theory of 
chemical reactions (Johnson, Eyring &Polissar, 1954; 
Johnson, Eyring & Stover, 1974) to a simple HH mod- 
el of ionic channels has been discussed by Conti et 
al. (1982). Within that context the observed pressure 
dependence of the early component of the K conduc- 
tance would imply that the dosed--, open transitions 
of the n gates  of a K channel involve activation vo- 
lumes of the order of 37 cm3/mole at 10 ~ In addi- 
tion to reservations about its basic assumptions, this 
interpretation also should be viewed with caution in 
the light of the limitations in accuracy of the analysis 
of our experimental data. These include the ambiguity 
of the dissection of the fast component of K conduc- 

tance, the known inadequacy of the description of 
this component according to the HH n ~ kinetics (Cole 
&Moore, 1960), and the lack of a full quantitative 
account of K accumulation effects. 

JRS was supported by the Veterans Administration. 
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