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ABSTRACT

The effects of ether and halothane on membrane currents in the
voltage clamped crayfish giant axon membrane were investigated.
Concentrations of ether up to 300 mM and of halothane up to 32 mM
had no effect on resting potential or leakage conductance. Ether
and halothane reduced the size of sodium currents without changing
fhe voltage dependence of the peak currents or their reversal
_potential. Ether and halothane also produced a reversible,
dose-dependent speeding of sodium current decay at all membrane
potentials. Ethef.reduced the time constants for inactivation
measured with the double pulse technique, and also shifted the
midpoinf'of the steady-state inactivétion curve in the
hyperpolarizing direction. Large concentrations of ether or
halothane resulted in an irreversible shift, in the depolarizing
direction, of the vo]tage-depgndence of a process of slow sodium
channel inactivation, without changing the voltage-dependence of
other sodium channel parameters. Potassium currents were smaller
with ethe( present, with no change in the voltage dependence of
steady-state currents. The aﬁtivation of potassfum'channe1s was
faster with ether present; the time fo Ha]f maximum potassium
current was decreased at all membrahe potentials. There was no
apparent change in the capacitance of the crayfish giant axon
membrane with éther concentrations of up to 100 mM.
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Experiments on sodium channel inactivation kinetics were
performed using 4-aminopyridine to block potassium currents. The
spatial uniformity of voltage clamp currents was checked by the

method of Cole and Moore. (J. Gen. Physiol. 44, 123), using a

closely spaced pair of electrodes to measure relatively 1OCalfzed
current density. Sodium-currents decayed with a time course
generaT]y fit well by a ﬁing1e exponential. The time constant of
decay was a steep function of voltage, especially in the negative
resistance region of the peak current vs voltage relation. The
time course of inactivation measured with the double-pulse
procedure was very ;imi1ar to that of the decgy of the current at
the same potential. The measurement of steady-state inactivétion
curves with different test pulses showed no shifts along the
voltage axis of the type described in other axons and predicted by
some sodium channel models. Measurements of the voltage-dependence
of the integral of sodium conductance were made in order to test
models of sodium channel inactivation in which channels must open
before inactivating; the resﬁ]t5>apbear inconsistent with some of

the simplest cases of such models.
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CHAPTER ONE: MODIFICATION OF SODIUM CHANNEL INACTIVATION BY
ETHER AND HALOTHANE

INTRODUCTION

The action potential in nerves is produced by Vo1tage— and
time-dependent changes in the ion permeability of the nerve
membrane (Hodgkin et al., 1952). These permeability changes are
almost certainly due to pores (Armstrong, 1975) composed at least
partially of protein (Armstrong et al., 1973; Shrager, 1974, 1975).

The gating mechanisms governing the opening and closing of the
jonic channels are not well understood. One question whfch must be
asked is to what extent the lipid milieu surrounding the ionic
_channels might influence their gating properties. Campbell and
Hille (1975) suggested that the differences in the rates of gating
seen between sodium channels in frog nerve and those in frog muscle
might be due to different membrane material surrounding the
channels, which otherwise had nearly identical properties. Chiu et
al. (1979) recently noted a sharp break in the temperature
dependence 6f sodium channel inactivation in rabbit nerves and
suggested that possibility that this break might reflect a membrane
1ipid phase transition. More directly, Redmann et al. (1979) found
that addition of cholesterol to the squid giant axon changed the
rate of sodium channel gating, possibly by altering the 1lipid
environment of the channel. It seems that the hypothesis that the

gating process in voltage-dependent channels might be influenced by

the state of the survounding lipids is worth being pursued for its



possible help in'understanding the physical mechanisms of ionic
channel gating.

Gaseous or volatile liquid genéra] anesthetics are capable of
perturbing the 1ipid structure of bilayer membranes. ~Most of the
changes observed can be lumped together as reflecting an increase
in the "fluidity" of the membréne with general anesthetics present:
the order estimated by the average tilt of nitroxide spin labels on
fatty-acid chains is decreased (Trudell et al., 1973; Boégs et al.;
1976; Mastrangelo et al.,. 1977); the rotational and lateral
diffusion rates of Various molecules are increased (Vanderkooi, et
al., 1977); native and carrier-mediated jonic permeabilities are
increased (Johnson and Miller, 1970; Johnson et al., 1973; Pang et
al., 1979).

The work'described here was conceived as an attempt to use
general anesthetics as a tool to perturb the 1ipid matrix of a -
nerve membrane. There are two abparent effects of the general
anesthetics ether and halothane on thevgating kinetics of the
sodium and potassium channels in fhe crayfﬁsh giant axon membrane:
sodium channel inactivation appears faster and potassium channel
activation is speeded. This chgpter describes thevapparent chaﬁges
in sodium channel inactivatjon produced by ether and halothane and
discusses some of the difficulties in unambiguously interpreting
these effects as true changes in the inactivation procesg. Chapter
. Two describes the speeding of potassium channel kinetics and some
other effects of ether and halothane on the electrical properties

of the crayfish axon.



METHODS

Voltage clamp

Giant axons from the crayfish Procambarus clarkii were

dissected, cleaned, and cannulated with a piggy-back vo]tage clamp
electrode as described‘by Shrager (1974).

The voltage clamp currents were measured in twb different ways
in different experiments. In earlier experiments, the current
signal was obtained from the current flowing to a central 2 mm
length of platinized platinum foil flanked by 5 mm guard regions.
In later experiments, current density was measured with a
differential electrode consisting of two closely spaced platinum
wires, a technique which was devised by Cole and Moore (1960).for
measuring currents from a smaller length of axon and which is
described in greater detail_in Chapter 3.

Series resistance compensation (Hodgkin et al., 1952) was
included in the vo]fage clamp circuit. In ealier experiments,
feedbdck for 3-4 ohms-—cm2 could be employed before oscillations
were induced in the voltagé clamp system. In 1afer experiments,
the current signal was filtered at 12 KHz before being fed back
into the'ciréuit, a technique which allows full serijes resistance
compensation (Sigworth, 1979). Compensation for 10-13 ohms-cm2
was used in these later experiments; the series resistance measured

in one axon was 11 ohms—cmz. .Many experiments were performed



with low sodium in the bathing solution in order to reduce the size
of the sodium currents and further minimize errors from the series
resistance.

The fundamental results reported in this Chapter were the same
with either current recording method and with various levels of
series resistance compensation; there were minor quantitative
differences attributable to different amounts of uncompensated

series resistance.

Digital recording system.

The current signal was amplified and then digitized at various
rates with a sample-and-hold amplifier (Teledyne Philbrick 4855)
and a 12-bit analog-to-digital converter (Teledyne Philbrick
4133). Each sweep consisted of 255 points, with the first 128 and
the next 127 digitized at different intervals of from 5 to 1000
usec. The digital data were temporarily stored in an IMSAI 8080
microcomputer using direct memory access, then transferred to audio
cassette tape. The data were later sent to a PDP 8/E minicomputer
for analysis.

In addition to gathering the digitized current data, the
microcomputer generated the timing for the voltage clamp command
pulses and the triggers for A/D conversions, using INTEL 8253
pragrammable timers, A1l timing was synchronized to the
microcomputer's internal clock. Optical isolators were used

between the digital timing pulses and the analog command puises.



Temperature control

The nerve chamber was cooled by two Peltier devices and by pre-
cooling the bathing solution with ice-water coils. Temperature was
measured with a small thermistor (Fenwal GC32 J1) mounted within a
few hundred microns of the axon. Ninety-five milliseconds after
each current sweep, the temperature signal was digitized and stored
as the 256th point of the current sweep, and also converted to

degrees and displayed at the computer teletype.

Preparation and delivery of anesthetic solutions

Ether (Baker 2-9239) was redistilled and stored in wood-corked
glass flasks. Solutions were made up by pipetting ether through a
small hole in the cork of a flask of.swir]ing saline. Solutions
were led into the nerve chamber via glass and polyethylene tubing.
Solutions both with and without ether flowed through the chamber
(about 10 ml capacity) at rates of from 10-40 ml/minute. In
control experiments, the constancy of the aqueous'ether
concentrations in the chamber was checked using ultra-violet
absorption spectroscopy to measure the ether concentrations; there
is a strong‘absorption peak at 190 nm. Ether concentrations 'in the
chamber were constant to within 3 percent of the nominal values
with flow rates as Tow as 5 ml/minute.

Halothane (Ayerst) was redistilled to remove the preservative
thymol and was stored in light-tight glass containers. Halothane

" solutions were made up by dilution of a solution of saline -



saturated with halothane at room temperature. Halothane
concentrations are calculated using a value of 32 mM for this
saturated solution (Secher, 1971).

The nerve chamber and associated apparatus were mounted 6n a
vibration-damped platform inside a chemica] fume hood in order to
protect the experimenter from the deleterious physical (Stevens et -
al., 1975) and mental (Bruce et al., 1974) effects of the

anesthetic.vapors.

Solutions

The basic solution employed was van Harreveld's (1936) solution
with the substitution of HEPES buffer for bicarbonate buffer and
with the addition of 1 mM 4-aminopyridine (4-AP) to block potassium
currents (Meves and Pichon, 1975; Yeh et al., 1976). The basic
‘'solution was: 205 mM NaCl, 5.4 mM KC1, 13.5 mM CaCl,, 2.6 mM
MgCl,, 2.3 mM HEPES, 1 mM 4-AP, pH 7.6-7.7. Some experiments
were performed with solutions in which the NaCl and KC1 were'
partially replaced by iso-osmotic tetramethyl ammonium chloride
(TMA). Solutions were 433-438 mdsw befoure the addition of
anesthetic. | |

Dissection and preparation of the axon were done in normal van

Harreveld's solution.

Methods of analysis

In most cases, leak and capacitative currents were subtracted

from records of total current by using linearly scaled currents in



fééhdhéé'fdmﬁyperpo]arizations. In some cases linearly scaled
currents for small depolarizations (too smé]l to produce any sodium
channel activation) were used.

For depolarizations to membrane potentials above O mV, there
was some relief of the block of potassium currents by 4-AP (Yeh et
al., 1976). However, these potassium currents were small and slow
enough that the decay of sodium current was nearly complete by the
time there was significant potassium current, and the time constant
for decay could be determined quite accurately, as was confirmed in
experiments employing TTX subtraction to correct exactly for the
residual potassium currents. In some experiments, leak,
capacitative, and residual potassium currents were obtained by
preceding the test pulse by a prepulse long and large enough to
totally inactivate sodium current, a procedure which is illustrated
in Figure 9 of Chapter 3.

The time constant for the decay of sodium currents was obtained
by a least-squares fit (using weighted residuals) to the falling
phase of the currents. Usually the fit‘was.made between the times
at which the current had decayed to 75 percent and 20 percent of
its peak value.

Peak sodium current and the time-to-peak were obtained by
fitting a third order polynomial to the points in the region of the
peak and calculating the root of the polynomial's derivative
corresponding to the peak (Hille, 1971). The end points for the

fit were adjusted under visual control to provide an accurate fit.



In the experiments using double pulse inactivation, the pufse
patterns were given at 1/3 Hz with automatic 1nérement1ng of the
prepulse duration. Every fifth pulse was a test pulse with no
prepu]se; this é]]bwed for correction for a slight use-dependent
decrease in peak height (1-5 percent-for a sequence of 18 pulses at
-1/3 Hz). The double pulse data at a given membrane potential
consisted of two series of 16 or 18 pulses with prepulse duration
increments differing by a factor of 5 o} 10. Provenéher’s (1975)
method for fitfihg sums of exponentials was used in calculating the
time constants and'asymptotés for double pulse inactivation data.
Dr. Provencher kindly supplied a copy of his DISCRETE computer
_program. o

The parameters in the expression 1/(1 + exp (Vh- Vh/K) were fit
to the steady-state inactivation data by plotting the data points
on semi-log paper as (1/nh _- 1) vs. membrane potential, where 1/h
is the steady-state level of inactivation. These plots were
usua}]y fairly linear and the line was fit by eyé. In some cases
fhese plots showed asymmetry (similar to that shown by Chiu, 1977);
in theseAcases the points corresponding to greater inpctivation
(larger depolarizations) wefe weighted the most heavily in making

the fit.
RESULTS

Faster decay of sodium currents

The most obvious change in sedium currents when ether is
applied to an axon is that the decay phase of the currents is

faster. Figure la shows sodium currents at -2 mV before .and during



the administration of 30 mM ether. With ether present, the early
rising phase is almost identical to that of the control, but'the
peak occurs earlier and the decay phase is more rapid. Parts b, c,
and d of Figure 1 show the currents before, during, and after
ether, with the fa}]ing phase of fhe currents fit with an |
exponential decline to zerb; the decay time constant decreases by
about 25 percent when ether is applied, and the decrease is
reversible when the solution containing ether is rinsed out.
However, the peak current following the wash-out of ether is about
15 percent smaller than in the control.

In general, the kinetic changes produced by ether .appear nearly
as fast as the solutions are exchangéd (a few minutes). The
reversal is complete or hear]y complete after 15-20 minutes of
rinsing with éther—free saline. The reversal is essentially total
up to ether cbncentratﬁons of at least 200 mM. However, in
addition to the kinetic changes, the application of ether produces
changes in the magnitude of the currents; some of these changes |
appear slowly and are reversed slowly or not at all. The basis of
some of these changes in magnitude is discussed in Chapter 2.
However, under many condftions "extra" changes in magnitude are
lacking and in these cases it appears'that,the only differenée in
sodium currents with and without ether is fhe rate of decay. In
~ parts ¢ and d of Figuré 2 are shown, at two potentials, a typical
case in which there was no "extra" change in magnitude; the rising
phases superimpose and the declipe in peak current is seemingly due

enfire]y to the faster decay with ether present.
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Figure 1.

Effect of ether on sodium current decay. Depolarization
from -74 mV to -2 mV. (a) Control current and current in
30 mM ether superimposed. (b,c,d) Control, ether, and
wash-out currents superimposed with exponential fits to the
falling phases. Fit between 70 percent and 5 percent of
the peak current values. }Virtua1 ground current

electrode. Full Na, Full K, 1 mM 4-AP. Holding potential

=74 mV. Temperature 6,5°J



PULSE FROM =74 TO =2mv- 45" 2ma

31 mM ETHER

\.CONTROL

CONTROL
TAU = ..63 msec

——— 31 mm ETHER, 3 MIN,
TAU =, 48 msec

~—— RINSE, 13 MIN,

TAU= .61 msec
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The faster decay produced by ether does not depend on the
direction of sodium current flow and is of similar magnitude over
the entire range of membrane potentials at which sodium currents
are activated. Parts a and b of Figure 2 show currents at two
membrane potentials, jnward currents at -20 mV and outward currents
at +65 mV, before, during, and after an application of 100 mM
ether; the time constants for decay decrease by similar percehtages
(42 percent at -20 mv, 48 percent at +65 mV) at the two membrane
potentials.

The time constants for decéy over the range of membrane
potentials from -40 to 95 mV are shown in Figure 3 for the same
application of 100 mM ether from which the records in Figure 2 were
taken. The percentage decrease in time constant is slightly larger
at large depolarizations (53 percent at +75 mV, 59 percent at +95 ’
mV than for sma]i or moderate depolarizations (46 percent at -40
mv, 34 percent.at 0 mV). This is typical of most experiments. It
- is also true in man& experiments that for currents in the membrane
potential range -40 mV to -30 mV the effect of ether on the decay
tiﬁe constant is not perfectly reversible, as at ~35 mV and -30 mv
in Figure 3. This may be connected to the fact that the currents
in this range often show biphasic decay kinetics, possibly due to
spatial non-uniformitics of current, as discussed in Chapter 3.

The dependence on ether concentration of the decrease in decay
time constant is shown in Figure 4. Each point is a mean value

obtained from applications of ether to a number of axons.
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Figure 2. Ether-iﬁduced kinetic changes for inward and outward
currents. (a) Application and wash-out of 100 mM ether at |
-20 mv. Currents are superimposed with exponential fits to
falling phases. Fit between 75 percent and 25 percent of
the peak values. (b) Same, for outward currents at +65
.mV, '(c) Superimposed currents from part a, with ether and

| fo]]owing:wash-out. (d) Superimposed cdrrents from part
b, with ether and following wash-out. Parts a and b are
from the same application of ether. 1/4 Na, 1/2 K, 1 mM
4-AP. Differential current electrode. Prepulse
subtraction technique (Figure 9, Chapter Three) used for
1eak and capacitative current correction. Holding
potentfa] -80 mV. Temperatures: (a) 3.2°C for control,
ether,.wash-outT (b) 3.19C for control, 3.8°C for

ether, 3.6°C for wash-out.
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Figure 3. Decay time constant as a function of membrane potential
before, during, and after iOO mM ether; ther was applied
for 9 minutes and rinsed for 18 minutes. 1/4 Na, 1/2 K, |
1 mM 4-AP. Differential current electrode. Holding
potentiaT -80 mv. Temperatures: Control, 3.173.59C; 100
mM ether, 3.0-3.8°C; wash-out, 3.3-3.6°C. At most
potentials, control,. ether, and wéshfout temperatures are
matched to within .2-.3°C. |

Inset: Data for 0 to +100 mV on expénded scales.
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- Experiments were performed with a variety of externa1 SOdium and
potassium concentrations and with holding potentials from -72 mV to
-105 mV; there were no obvious differencés in effects with changes‘
in any of these parameters. Most experiments were done in the
temperature range -1° to'8°C; a few experiments at 25°¢C |
showed chaﬁges in kinetics.of.about fhe same mégnitude, but this
point was not investigated in detail.

The experimehts summarizéd in Figure 4 were all done with 1 mM
. 4-AP t6 block pbtassium currents, but it was‘c1ear that the |
presence of 4-AP was not required for the effect of ether on sodium
channel kinetics. A number of experiments were done'with no 4-AP,
with botassium currents present, and the time-to-peak for the early
transient curient peak was decreased to a similar extent in these
experiments. Also, in one experiment sodium currents were obtained
by a TTX-subtraction procedure with no 4-AP pregent: SO mM ether
was applied and rinsed, 100 nM TTX was applied to block sodium
currents, and 50 mM ether was applied again. The reversibility of
the effect of ether on the potassium currents in this axon allowed
accurate determinations of sodium current time course by
‘subtfacting the TTX-insensitive‘currents both wifh and without
ether. The time constant for sodiqm~current decay at. -15 mV was
decreased by 25 percent with ether present, in good quantitatfve
agreement with the resu1ts summarized in Figure 4 for 50 mM ether

with 4-AP,
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I

Figure'4. Concentration dependence of decrease in decay time
constant. Each point is the mean + SEM for app]iéations of
ether to a number of different axons (5 for 30 mM, 4 for
40.mM, 4 for 50 mM, 7 for 100 mM, 3 for 200 mM, 1 for
300 mM). The value for each axon‘was determined as the

mean for a number of membrane potentials between -20 mV and

'+90 mV.
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Double-pulse -experiments

The faster decay of sodium currents with ether present is
reminiscent of the faster decay seen with fnternal pancuronium ion
(Yeh.and Narahashi, 1977) and quaternary strychnine derivatives
(Shapiro, 1977; Cahalan and Almers, 1979). In the case of these
compounds, the increased rate of decay appears-to be due to
time-dependent block of open sodium channels rather than to a
speeding of the normal inactivation mechanism. One experiment
leading to this conclusion in the case of pancuronium is that when
the rate of inactivation is determined by the double pulse method .
for small depolarizations, where there is very little opening of
sodium channels, the time constant for inactivation is not affected
by pancuronium (Yeh and Narashashi, 1977). It seemed important to
check this point for ether. .

.Double pulse experiments with ether show that the time constant
for inactivation is decreased by ether at small depolarizations and
to a degree similar to the change in decay time constant for the
single pulse currents at larger potentials. The results of one
such experiment are shown in Figure 5. The memﬁrane was
depd]arized froh its resting potential of -75 mV to -50 mV for a
variable length of time and, following a brief return to rest, the
level of inactivation reached during the prepulse was assayed by
the -peak sodium current flowing during the test pulse to +5 mV.

For the example shown in Figure 5, the time course of inactivation

measured in this way is quite well described, both with and without
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Figure 5.

Effecf of ether on the time course of inactivation
détermihed by thg double pulse method. Pulse pattern‘iS'
i1lustrated in the inset and described in the text. - Peak
current during_tﬁé test puise is plotted as a function of
the ﬁrepu]se duration.( Point§ are fit with an expdnentia]
decay to an asymptote. Control: y = .731 exp (-t/33.2 ms)
+ .259; Ether: y = .818 exp (-t/22.9 ms) + .162. Full Na,
Full K, 1 mM 4-AP. Holding potential -75 mV.

Temperatﬁrés: Control, 1.9e2.0°C; Ether, 1.8-2.1%..
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~ ether, by a éingle exponential decay to a non-zero asymptote. With
100 mM ether present, the time constant for the decay is reduced
about 31 percent and, in addition, the asymptotic value is sma]ier;
in the same axon, 100 mM ether decreased the decay time constant
for currents near 0 mV by 25-30 percent. Time constants and
steady-state values for doﬁb]e pulse inactivation were smaller with
ether in all axons examined. .Results of double pulse experiments

are given in Table I.

Steady-state fast inactivation

It is evident from the data shown in Figure 5 and Table I that
‘inactivation.at small depolarizations is more complete with ether
present. This effect of ether was examined in greater detai]lby
measuring "steady-state" fast inact%vatioh over an appropriate
range of membrane pdtentia]S. A long (50-500 ms) prepulse to a
variable membrane potential is followed by a test pulse of fixed
height (Hodgkin and Huxley, 1952a); the peak current during the
test pulse is taken as an index of the level of inéctivation
“achieved during the prepulse. In principle, thé prepulse is long
enough that an asymptotic value of inactivation ié reachgd. Ih
Figure 6 are shown typical steady-state inactivation curves
~ determined in.this manner with and without 100 mM ether. There are
two changes produced by ether:  first, the midpoint of the curve is
shifted to the left along the membrane potential axis, in the

hyperpo]arizing direction; second, the curve is significantly
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TABLE 1

EFFECT OF ETHER ON DOUBLE PULSE INACTIVATION
A. ONSET ' ‘

CONTROL 160 mM ETHER
Membrane : Tau . | : ' Tau |
Axon .poteﬁti-al (ms) Asymp. Temp. (ms)  Asymp. ‘Temp.
1 50 my 33 .26 1.9-2.0% 23 - .16 1.2-2.0°%
2 -55 mv 46 .56  3.0% 23 .13 2.3-2.6%C
=45 mv . 28 .10 3.2-3.3% 9.1 .04 2.9-3.0%
-35mV 8.6 .06 3.5-3.6°C 3.4 .03 3.8-3.9%
B. WASH-OUT | |
100 mM ETHER 8 - WASH-0UT
Ax:on Membrane Tau Asyn41p Temp.' Tau Asymp.  Temp. "
Potential (ms) - (ms)' '

3 SBlmv 2.1 0 1.4-2.0% 2.7 0 2.7-3.3%
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Figure 6.

"Steady-state" fast inactivation vs. membrane potentialj -
with and without ether. Peak sodium current during the

test pu]se'is plotted as a function of the membrane

potential during the 100 ms prepulse. Holding potentia?

-80 mV, test potential +50 mV. Reference potential for
normalization is -80.mV. 1/10 Na, 2/5 K, 1 mM 4-AP.
Differéntial current electrode. Temperatures: Control,

1.7-2:1°C; Ether, 0.5-1.9°C; Wash-out, 1.9-2.4°C.
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steeper with ether present. It is convenient to describe these
changes by fitting an analytical expression to the data points; the
smooth curves in Figure 6 are drawn according to the expression
(Hodgkin and Huxley, 1952a) 1/(1 + exp (V - Vh)/K), where Vh is the
value, in mV, of the membrane'potentfaT at -which inactivation is -
one-half complete, and K is a parameter determining the steepness
of the curve. In the example shown in Figure 6 (Axon II-3 ih

Tab]e I1), the control Vh value of -57 mV was shifted to -62 mV by
ether, and K declined from 5.6 tol4.8. These changes were mostly
reversible by washing out the ether. Table II gives Vh and K
values for ether applications to two other axons under different
conditions; the changes in Vh and K weré always seen. The
‘reversibility‘of the effeét of ether on steadyéstate fast
inactivation is emphasized by the results from Axon II-2 in Table
I1: the application of 100 mM ether in this axon was made after
200 mM ether had been applied and washed out; the changes in Vh and
K are as large as for the other axons, in which 100 mM ether was
applied to the fresh axon.

There are difficulties in definihg and measuring steady-state
fast inactivation. One problem is the existence of a process of
slow inactivation with a poténtia]—dependence which‘overlaps that-
of fast inactivation (Shragér, 1977; Starkus and Shrager, 1978).
Fast indctivation has time cdnsténts of 20-60 ms in the range from
-50 to -70 mV (3%), so that prepulse durations of at least 100 ms

are4required«for‘a;reasdnable approximation to- steady-state
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~ TABLE 1II.

EFFECT OF ETHER ON STEADY-STATE FAST INACTIVATION

Prepulse. Reference Control 100 mM Ether Rinse
Duration Potential Vh(mV) k Vh k Vh k
50 ms -93 mv -50 7.3 -63 5.5

50 ms S -73mv 58 6.4 -60 4.8

500 ms 73 WV -58 6.6 63 3.8

150 ms . -97 mV -61 5.7  -67 4.9 -64 5.6
100 ms -80 mv- =57 5.6 -62 4.8 -58 5.1

100 ms 100 mv

60 6.9 -64 5.8 -60 6.5
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values. Slow inactivation has a time Eonstant of about 150 ms at
,'115 mV (8°C) (Shrager, 1977) so that in an axon with substantial
slow inactivation present at the holding potential, it is
impossible to eStab]iéh a saturating value for the test pulse
current, since for increasingly large hyperpolarizations, relief
from slow inactivation produces increasingly large test pulse
currents. One strategy for checking that the apparentyeffect of
ether on fast inactivation was not an artifact due to an effect on
slow inactivation was to confihe,the<measurements to membrane
potentials greater than the holding potential; that is; to use the
holding potential as tﬁe reference.potent1;1 for normalizing the
‘test pulse height. Although the resulting inactivation curve may
be distorted from the true one, due to some fast inactivation
present at the holding potential, any effect of ether is almost
certainly on fast inactivation since slow inactivation has time
constants of more than a second in the range -75 to -55 mV (8°C)
(Shrager, 1977). A second strategy was to use low-potassium
solutions to hyperpolarize fhe\aXons and, presumably, remove most
slow inactivation at the resting potential.

The experiments summarized in Table II were performed with a
variety of ho]ding potentials, prepulse durations, and referenceA
potentials. .The shift of Vh and decrease in K were always seen.
It seems reasonable to conclude that these changes represent a true

alteration in steady-state fast inactivation.

t
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Effect of halothane on inactivation kinetics

Halothane is an inhalation anesthetic with basic
pharmacoTogiéa] effects simi]ar.to those of ether. Halothane's
effects on sodium current kinetics in the cray fish aXon'appear to
be essentially identical to those of ether. Figure 7 shows sodium
currents at -2 mV beforé, durihg and after exposure to 32 mM
halothane. The exponential fits to the decay phaseé of the
currents are shown in Parts b, c, and d of the Figure; as for
ether, the decay time constant is éonsiderab]y decreased by
halothane. As with ether, time constants are reduced at a11 ‘
membrane potentials, both for 1nw;rd and outward currents.

Halothane solutions change‘fhe kinetics of sodium currents with a
time cburse of many minutes, in contrast to the rapid actfon of ether.
The'reversal on wash-out is also slow. After 9 minutes exposure in the
application of halothane shown in Figure 7, the decay time constant was
still decreasihg, and after 30 minutes of rinsing with-halothane-free
solution, récoveryzwas still not complete. It seems 1ike1y that the
slowness of halothane's action and reversal relative to ether's is due
fo the difference in water:membrane partition coefficient between the
two compounds. The oil:water partition coefficient for'halothane is 285
(olive 0il, 25°C) and for ether it is 4 (Regan and Eger, 1967). (The
values for membrane:water partitioning are probably less (Mastrangelo et
'gl., 1978) but the relative valués for halothane and ether are prdbab1y

'st111 similar). It is possible that the membranes of the
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Figure 7.

Effect of halothane on sodium current kinetics.
Depolarization from =72 mV to‘-12 mV. (a) Control, 30 mM
halothane, wash-out currents superimposed. (b,c,d)
Currents superimposed with exponential fits to falling _
phases. Currents fit'between 70 percent and 10 pertent of
peak values. Full Na, Full K, 1 mM 4-AP. Virtual ground
current electrode. Temperatures: Control, 2.590; Ether,

2.5°C; Wash-out, 2.6°C.
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Schwann cell layer surrounding the. axon act to buffer the halothane
concentration near the axon membrane. |

The slowness of halothane's effects, coup led withAthe necessity
for high flow rétes:to prevent loss of concéntration due to
evaporation, made it impractical to deliver halothane long enough
to reach a steady-state; this made a detailed study of the
concentrétion—dependence of halothane's effects impossible. 1In two
cases in which 6 mM halothane was. applied, there was very 1itt1e
change in sodium current kinetics; the decay time constant
~decreased by less than 10 percent for a four-minute appliication.
However, this relative lack of effect may simply have been due to
failure of the halothane to réach the axon membrane at a

significant concentration.



DISCUSSION

Block of open. sodium channels or mpdification of inactivation rate
processes? |

The central question in-understanding tﬁe'mechanism by which
éther»produces'faster décay of sqdium currents is whether the
existihg inactivation process is in some way accelerated by ether
or whether the faster decay is due to block of open sodium
‘channels, as appears to be the case with pancuronium (Yeh and
Narahashi, 1977) and N-methy]strychnine (Shapiro, 1977; Cahalan,
1978, Cahalan and Almers, 1979). Distinguishing between these
aiternatives, or even decidihg if they are distinguishable, is not
easy.

It is clear that the mechanism of action of ether and halothane
is very unlikely to be similar in detail to the mechanisms of
_ pancuroniﬁm, N-methylstrychnine, or other relatively large
cations. Ether and halothane are small, neutral molecules with
high 1ipid solubility. If they do act by preferential blocking of
open sodium channels, it is not because of a lack of access. to
c]oséd sodium channels, as may be the case with the hydrophilic
cations. It also seems unlikely that ether and halothane would
block channels by physical or electrostatic occlusion of the pore.
A "blocking" of open sodium channels by ether and halothane would
most likely be due to activated channels possessing a conformation
with-a receptor site for anesthetic mo]ecu1és which did not exist

in the closed state. It should also be noted that such a

27
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hypothetical receptor would have to be fairly nonspecific; ether

‘ (HSCZ'O'CZHS) and ha]othane'(HBrC]C—CF3

ethane derivative, have significantly different structures.

), a halogenated

The only real similarity between effects on sodium currents of
internal pancuronium or N-methylstrychnine and those of ether or
halothane is the faster decay of the currents. Pancuronium,
N-methylstrychnine and other -internal large cations produce
characteristicrhooked tail currents when the membrane is
'Eepolarized after a depolarization, and also produce tail currehts
: whiéh persist long after the sodium current has decayed completely -
(Cahalan and Shapiro, 1976; Yeh and Narahashi, 1977; Ca]ahan, 1978;
Cahalan and Almers, 1979).v Tail curkents in ether and halothane
appear normal.

A second difference, mentioned in RESULTS, fs that pancuronium
.has no effect on the rate of inactivation br on steady-state\
inactivation for depolarizations to ‘membrane potentials more
negative than -50 mV, where a small fraction of the sodium channels
are‘acti?ated (Yeh and Narahashi, 1977); application of ether, on
the other hand, fesults in both more complete steady-state
inactiyation and in faster kinetics. It is témpting to use the
observation that ether speeds inactivation at -55 mV, where a small
fraction of sodium channels is open, .to a similar (relative) extent
as at large positive potentia]s, where a large fracfion is open, to

argue that ether does not éct by blocking. open sodium channels.
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But, attempts to develop this argument quantitatively make if seem
unconvincing. It is necessary to realize that although the
fraction of sodium channels open at small depo]arfzations is so
small as to make the currents un-measurable with sﬁng1e'pu1ses,
there may still be enough open so that block of open sodium
channels can proceed at a sufficiently rapid rate to significantly
speed the time course of inactfvation measured witﬁ the
dopb]e-pu1se procedure; This point was made in a similar context
by Bezanilla and Armstrong (1977). A simplified ca]éu]ation
illustrates this point: for large depolarizations, where
activation is maximal, the decay time constant is decreased from
about .4 msec to about .2 msec by 100‘mM ether (Figure 3). If
ether were blocking opeﬁ sodium channe]s; the effective rate

constant for blocking would be about 2.5 ms™L.

(This assumes

that the opening of the chénne]s is fast comparedlto inactivation,
which is a good approximation for large membrane potentia1s.)

Could this same blocking rate constant significantly affect the
rate of inactivation at -55 mv, where few channels are activated at
any given time? The effective rate constant for "inactivation"
through blocking by ether will be approximately given by the
fraction of open channels mu1tipiied By tﬁe blocking rate constant

of 2.5 msL,

The fraction of open channels at -55 i$ too small
to measure directly but experiments employing signal-averaging of
sodium currents at small depolarizations (unpublished) yielded the

result that the peak conductance'at -50 mV is about .01 of the peak

~
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conductance at large depo1arizations and that the peak conductance
changes e-fold with a change. in membrane potential of 3.7 mV in the
range -50 mV to -40 mV; extrapolating this result, the fraction of
dpen.channels atA-55 mV would be .0026. Thus, the effective rate
constant for "inactivation" through blocking would be,(.0025) X

1) = ,0065 ms-l. In axon I-2 in Table I, the

(2.5 ms~
inactivation time constant was 46 ms and the steady-state
hon-inactivéted-fraction of. channels was .56; this yields, for a
first-order reversible reaction, rate constants of .0096 and .0122
ms"1 in the forward and backward directions. Thus the effective
rate constant fdr "inactivation through blocking" is comparable to
the rate constants for normal inactivation and the net rate of
"inactivation" determined by the double-pulse method would be
substantially faster with ether present. | |

Another illustration of the dffficu]ty of unambiguously |
eliminating a "blocking of open sddium channels" mechanism for the
general anesthesia is to note that if normal inactivation only
occurred affer the cﬁanne]s have opened, as for example in the
model proposed by Bezanilla and Armstrong (1977), then a speeding
of normal inactivation rate processes would be kinetically

indistinguishable from blocking of open sodium channels.

Sodium channel inactivation models

If it is assumed that ether and halothane act by altering rate
~ processes in,the existing inactivation mechanism, are the results

of any use in distinguishing between various kinetic models for
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sodium channel inactivation? In principle, the results might be
useful, but in practice, the necéssary distinctions seem too fine
to make with any confidence. Both strictly coupled models, where
channels must open before inactivatirg, and the Hodgkin-Huxley
model, with independent activation and inactivation processes, can’
give the general result of the currents with and without ether
mat;hing well in the early part of the rising phase of the current
while having different decay rates. (These simulations simply
assumed that the effect of ether'was to increase the'forward rate

- constant for inactivation in each model.) There are differences in
the predictions of the two models: with the Hodgkin-Huxley model,
the rising phases do not match as well for as 1069 as in coupled
models; since inactivation starts at time zero in the

Hodgk in-Huxley mode1, faster inactivation will produce smaller
currents immediatély. With coupled mode]s inéctivation proceéds
with a lag which, since it depends on activation, i§ about the same
fbr differeﬁt inaétivatibn constants. A related difference is that
for a giveh amount of speeding of the decay phase, the

Hodgk in-Huxley model predicts a gkeatér decline in the peak current
Asize than coupﬁed models do. Another expression of the difference
is that if the éxponentia1 fit to fhe decay‘phase is extrapolated
back to time zero, the intercept will not be éhanged with a change
in the Hodgkin-Huxley model; in coub]ed models, the intercept of
the extrapolation is larger with faster 1néctivation. With the

ether data, in cases in which it'is estimated that there is no
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"extra" change in current magnitudé, the»intercept of the
extrapolated fit is §ma11er with ether for moderate depo1arizafions '
and larger with ether for large depo]arizétions. However, such
calculations depend critically on the assumption of hb,"extra"

change in current magnitude, which is impossible to independent]y
check; also, the data fér large depolarizations may be enough
distorted by the finite time for charging of the membrane
capacitance to seriously affect the results.. In any case, the
quantitative differences between the various models are relatively
sma]]}and probably well within the bounds of errors from various
sources fn fhe experimental data. . |

One difficulty in fitting the daté by simple changes in the

Hodgk in-Hux1éy model should bg‘ndtedg_this concerns the changes in
fhe steady-state. inactivation curve produced by ether. The changes
in the decay time constant with ether can be fit fairly well with a
simple sca]fng of Bh, the forward rate constant for inactivation,
over the entire membrane potential range. However, simply scaling
Bh shifts the steady-étate inactivation curve with no change in
its steepness, while with ether both the mﬁdpoinf}and the steepness
are changed (Table II). There‘appear to be no siﬁp]e changes in
the Hbdgkin-Hux]ey expressions for the voltage-dependence of ah
. and 8h which will produce the characteristic change 1n'the

steady-sfate inactivation curve seen with ether.
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Comparison with previous results

There are two previous reports of voltage clamp work using
general anesthetics. Shrivastav EE.él- (1976) studied the effects
of trichloroethylene on currents in the squid axon; they found that
the steady-state inactivation curve was shifted in the
hyperpolarizing direction, as with the results with ether on the .
crayfish axon. Kendig et al. (1979) reported a similar shift
'prodﬁced by ether in the frog node. Neither group reported on the
detailed kinetics of sodium currents.

| A result reported by Heinbecker and Bartley (1940) may be
closely connected to the speeding of inactivation reported here.
They reported that 24‘mM ether‘produced‘a dramatic increase in the
rate of accommodation to a-subthreshold depolarizafion,in frog
nerve. The rate of acbommodation depends on the rafe of sodium
channel inactivation and the rate of pofassium'channel activation;
in the frog nerve, where the potassium conductance ié relatively
small, the rate of accommodation at small depolarizations may
primarily reflect the rate of inactivation.

General anesthetics have been fdund to speed the decay of
end-plate currents (Gage and Hamill, 1976a, 1976b) and to decrease
the mean channel lifetime estimated from current noise. measurements
(Gage et gl.,-1979); as with general anesfhetics in the axon, it is
not clear whether this represents a "blocking" mechanism or 3
speeding of fhe gating process. However, it is clear -that the

- observations with the end-plate channels and the present ones with
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sodium channels may depend on the same basic mechanism. The fact
that potassium channel activation kinetics are faster with ether
(Chapter Two), an effect'which can not be attributed to a |
"blocking" mechanism, perhaps gives some extra weight to the
poésibi]ity that in all three channels the effects are due to a
speeding of gating processes; It wou1d~s¢em,reasonab]e tb proposé
that the ability of the general anesthetics to increase the
"fluidity" of 1ipid bilayer membranes (Trudell et al., 1973; Boggs
- et al., 1976; Mastrangelo 53 31., 1977; Vanderkooi, et al., 1977)
might underly all three effects, as one possibility propoSed by
Gage and Hamill (1976a)‘for their resﬁ]ts.

Observations probably relaﬁéd to results reported here were
‘made by Oxford and Swenson (1979), studying the effect of octanol
on éodium currents in the squid axon. They fodnd both that
. steady-state inactivation was shifted in the hyberpo]ar#zing
direction and that the time constant for sodium ;urrent decay was
reduced. Fﬁfthérmore, they found no sign of time-dependent
blocking by.oétand1 iﬁ axons freated with internal pronase to
remove inactivation, and suggested that their results probably
represented effects of octanol on the normal’inacfivatjon
mechanism. Octanol has effects similar to those of general
anesthetics on end-plate channels (Gage et.al., 1978); just how far
its effects on the structure of lipid bilayers resemble those of
general anesthetics is not c]eér. It seems possible that the
~  mechanisms of effects on inactivation by octano1.and by general

anesthetics are similar.
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The results reported here may be more usefu1.when the results
of more experiments like those of Redmann et al. (1979) and Chiu et
al. (1979), which use other means fo aiter the 1lipid environmént of
tﬁe sodium channel, are available. it will be particularly
interesting to see if the selective action on inactivation and not

activation kinetics is true for other methods of lipid alteration.

‘Pharmaco1ogica],significanée

It seems almést certain that the production of unconsciousness
by genefa1 anesthetics is due td block of synaptic transmission in
the central nervous system (Richards, 1973; Richards et gl., 1975;
Richards and white, 1975). Larger conéentrations‘of anesthetics
are required for block of nerve conduction than for block of
synaptic transmission or for c1inical general anesthesia (Larrabee
and Posternak, 1952; Richards, 1973; Richards and White, 1975).
However, the result$ reported here suégest that the generation of
action potentials may be affected in more subtle wayé if changeé in
Sodium channel kinetics were-pfoduced'by the levels of anesthetic
present during general anesthesia.

How do the ether concentrations used in the present research
compare with clinical concentrations? The blood concentrations of
ether during anesthesia of dogs at 379 are 15-24 mM (Ronzoni,

1923; Haggard, 1924; Robbins, 1945) these correspond to the same’
concentrations in saline since the blood:saline partition
coefficient is about unity (Steward et al., 1973). The smallest

concentration of ether which had a consistent, significant effect
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on sodium channel inactivation was 30 mM, which decreased the decay
time constaht by an average of about 20 percent. However, there is
a probiem in relating these studies, done at low tempgrature in a
peripheral axon of an jnvertebrate boik]iotherm,‘wifh possible
effects at 37°C in central neurons of vertebrates. Cherkin and -
Catchpool (1964) found that go]dfish adapted to 37% required 25
mM ether for narcosis while at 10°C, they required 34 mM. Such a
temperature‘dependence would be}consistent with action in a
membrane; watér:membrane partition coefficients show variation in
. the proper ‘direction. If'general anesthetics do act by dissolving
into membranes, the concentrations in the membrane wou]d'probably
vary significantly with the 1lipid compoéition of the membrane,
which might vary considerably between mamma]é and poikliotherms.
With these uncertainties, it would not seem surprising if
vertehrate sodium channels were affected by clinical levels of
anesthetics, but, at face value, the present work suggesfs tﬁat

such effects would be small.
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CHAPTER TWO: MODIFICATION OF SODIUM CHANNEL SLOW INACTIVATION.AND
POTASSIUM CHANNEL KINETICS BY ETHER AND HALOTHANE

INTRODUCTION

The réasons for being interested in studying the effects of
general anesthetics on axons were outlined in the introduction to
Chapter One; what seemed the most interesting effect, the'apparent
speeding of sodium channel inactivation, was treated in Chapter
One.  In this chapter, other effects of ether and halothane on the
electrical préperties of the crayfish axon are discussed. Most of
these effécts have nét been investigafed in very much detail, and -
many of the results and conclusions presented.here'must be regarded
as preliminary.

Briefly, ether and halothane had no significantAeffects on-
resting potential or leakage conductance even at large
concentrations. The magnitudes of both sodium and potassium

currents were depressed, pértia]}y reversibly. :The réverSal
potential of the sodium channel was unchanged. The application and
wash-out of large concenfratiohs of anesthetic were found to cause
an‘irreversib1e shift in the- voltage-dependence of a slow
inactivation process iﬁ the sodiuﬁ channel. The kinetics ofy
potassium channel activation were faster when ether was present,
although the dependence of this effect on ether concentration was
Avariab]e from axon to axon. Finally, a measurement of the membrane'

- capacity of an axon showed no change with ether presént.
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METHODS

The basic experimenta] precedures, data collection system, and
the-methods for and]yzing sodium currenté were described in Chapter
One. Most df_the experiments described here were performed using
the guarded p]ate'e]ectrode for currént co]]ection; one of the
experiments showing the shift in slow inactivation was done using
the differential electrode for recording currents, in order to be
‘sure that neither the basic prdperties of slow inactivation nor its
shift by ethef were artifacts due to‘spatia1 variation in membrane
potentiaT; They were not.

The level of sfeady—stafe slow inactivation was measured by
changing the holding potential while giving test pulses to a
constant potential. The time constant for changes in the .amplitude
of the test'pulse cﬁrrent was about 6 seconds at -78 mV at 90;
the process was a bit faster at mbfé negative potentials and s]bwer
at Tess negative potentials. Usually a holding potentfa1 was
established for 15 tol30 seconds for membrane potentials of -80 to
-100 mV, or‘30 seconds to 3 minutes for less negative potentials;
these durgtions seemed sufficient for the test pulse currents to
nearly reach a steady-state value. There is probably an even
slower process of inactivation: following the establishment of a
series of more negative potentials from a resting potential of -80
mV.or -75 mv;Aafter re-establishment of the resfing potehtia] the
currents wére often slightly larger tﬁan they had been in the

control, and they relaxed back to their original size with a time
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coursé of several minufes._ However, the magnitude of this
"hysteresis" waé not more than about 10 percent and probab]y'did
not contribute much error to the measurements.

Pofassjum currents were obtained using normal van Harreve]d'§
solution with 100 nM tetrodotoxin added to block sodium currents.
Leak and gapacity cdrrents were subtracted by adding scaled
currents from hyperpolarizing pulses.

The method for measuring capacitance is described in the .text.



RESULTS

Resting potential and leakage current

Up to 300 mM ether had no effect on the resting potenfia] of
fresh, healthy axons, and in a single application of 400 mM ether,
the resting potential of -74 mV declined only to -72 mV. All
applications. of large amounts of ether were performed-at 6° or
below; up to 20 mM ether had no effect on resting potential at
25°. Similarly, up to 32 mM halothane had no effect on resting
poténtia] at T@w temperatures. At 25°, 1-3 mM halothane had no
consistent effect on resting potentiéi; there were occasionally
small hyperpo]arizatiOn§ or depolarizations, but these were usually
transient.

.In axons which had been_used for more than a few hours or which
appeared.otherwise decrepit, application of large amounts of ether
or halothane sometimes caused a decline in resting potential,
usually irreversibly.

Up to 400 mM ether had no effect on the leakage current

measured in response to hyperpolarizing pulses.

Partia] block of sodiuh currents

Applications of concentrations of ether of 20 mM and above
decreased the size of .sodium currents, with no significant eftect
on the vb]tage—dependence of the sodium conductance or on the

reversal potential of the sodium channel. The peak sodium current
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as a function of membrane potential is shown for a typical
application of moderate amounts of ether in Figure 1. In this
experiment, 30 mM ether was applied for 10 minutes, 40 mM ether was
appliied for 13 minutes, 50 mM ether was applied for 12 minutes, and
fina11y the axon was rinsed with ether-free so]ufion. The peak
current vs. membrane potential curves shown are for the control
currents, the cdrrents after 6 minutes of 30 mM ether, and the
currents after 7 minutes of 50 mM ether.‘ Peak current heights were
reduced in 30 mM ether to about 85 percent of the control and in 50
mM ether to 55 percent of the control; after 25 minutes of rinsing
with ether-free sd]ution, the currents recovered partially, to 80
percent of the control. The lack of complete reversibility with
30-50 mM ether is usual.

There is no‘experimenta11y significant change in the reversal
potential with ether present. There is also essentially no change
in the voltage-dependence of the relative peak current heights.
(There are very 'slight differences in most cases in‘fhat the peak
currents at large depolarizations are usually decreased less
relative to the control than ére currents for moderate
depolarizations. This is because the decrease in peak current
heights produced by ether is due partially to the faster
inactivation with ether present. The relative rates of activation
and inactivation determine to what extent the faster inactivation
will affect the peak current height and are sdch that peak'current
is decreésed more for moderate depolarizations than for very large

depolarizations (or very small depolarizations). This may be seen
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Figure 1.

Decrease in peak sodium currents by 30 and 50 mM ether.
Times . of app]icétion of ethér are noted in the text. Note ‘
the, Tack of change in the general shape of the i-V curve
and in the reversal potential. Full Na, Full K, 1 mM

4-AP. Temperature: 8.5°C,
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in the currents in Figure 2, Parts C and D, in Chapter One: at -20
mV, 100 mM ether decreased the peak currents by 20 percent relative
to wash-out, and at +65 mV, by only about 12 percent. This effect
may be partly the cause of .the 30 mM ether curve in Figure 1
deviating, near the reversal potential, from being a scaled version
of the cdntrq] curve. However, this deviation is probably mainly
due to errors in reading the small chrrents near the reversal
potential.) |

Halothane had a similar effect in depressing sodium currents
without significantly changing the reversal potential or the
voltage-dependence of the currents (Figure 2).

]

Shift ‘in sodjum channel slow inactivation

A curious and consistgnt result observed with ether was that
when cohcentrations greater than 60 mM were applied to an axbn wfth
a holding potential near -75 mV (the usual restﬁng potential near
4%C with normé] potassium in the bathing solution), the sodium
currents after rinsing out the ether with ether-free solution were
invariably larger than the control currents had been. This was
,also seen with 1arge concentrations of halothane, as in Figure-z.

Further experiments have shown that this effect seems to be due
to an irreversible shift in the voltage-dependence'of a slow
inactivation process which governs the maximal sodium conductance
avai]ab]e when the axon is held at various membrané potentials. -
Slow inactivation has been previously described in the crayfish

axon by $hrager (1977), and Starkus and Shrager (1978) described an
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Figure 2. Decrease in peak sodium currents by halothane.. 3'0 mM
halothane applied for 9 minutes and rinsed for 30 minutes.
Full Na, Full K, 1 mM 4-AP. Holding potential -72 mV.
Temperatures: Control, 2.5°C; Ether, '2.5°C; Wash-out,

2.6°C.
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irreversible shift in the voltage-dependence of the process, in the
depo]ariéing direction, when the axon was treated internaily with
trypsin. The application and removal of large concentrations of

" ether or halothane appears to produce a similar shift, but of
smaller magnitude.

The basic phenomenon of slow inactivation obserQed through
changes in the holding potential is shown in Part A of Figure 3.
The holding potential is vafied and the sodium conductance
available is assayed by measuring the peak sodium current flowing
during a-test pulse to a constant potential. Each holding
_potential is established for 30 seconds or more to g]]ow the test'
pulse sodium current to reach nearly a steady—state value. 1In
Figure 3a, the currents for a test pulse to *5 mV are shown for
holding potentials of ?65, -75, -80, -85, and -95 mV; the Sqdium
current was very small Qith a holding potential of,—65-mv and
reached a nearly saturating maximum size at -95 mV. The current
kinetics do ﬁot change signiffcant]y with holding potential in. such
experiments; usqa]ly»the decay time constants change by_]ess than
10 percent and the changes are consistent with reasonable values of
residual uncompensated series resistance. (This lack of
significant change in kinetics with large changes in current size
is reassuring evidence for the lack of significant
‘curfent-dependent errors in.the.establishment of 'voltage control by

the voltage clamp.)
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' Figure 3. Inactivation with changes in holding potential, and effects
of 200 mM ether. (a) Control currents in response to
depolarizations to +5 mV frbm holding potenfia]s'of -65,
-75?'-80, -85, and -95 mV. Currents are larger for more
negative hq]ding potentials (b) Control, ether, and
wash-out chrrents for a.depolarization to 5 mV from a
‘holding potential of -80 mV. (c) Same, but for -85 mV
holding pbtentiql (d) Same, but for -95 mV holding
_potential. Full Na, Full K, 1 mM 4-AP.. Résting potential
~75 mV. Temperatures: (é) 1.6-1.7°C;. (b) Control,

| 2.5°C;.ether; 2.3°C; wash-but, 3.8°C (c) Control,
1.7°C, ether, 2.5°C, wash-out, 2.6°C (d) Control,
1.7°C, ether, 3°C, wash-out 2.9°C.
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In Figure 4, the peak currents during the test pulse to +5 mV
are p]otted‘as a function of holding pdtenfia] béfore, during, andf
after the wash-out of 200 mM ether. After 20 minutes of 200 mM. .‘
ether, the mid-point'of the curve is shifted from its control value
of -82 mV to -81 mV; following 20 minutes of rinsing with
ether-free solution after a total of 25 minutes ofA200 mM ether,
the curve is shifted to tﬁe right, with a midpoint of -74 mV. 1In
another app]icafion of 200 mM ether to'a different axon,ithe
conth] mid-point was -83 hv, and the mid-point following wa§h~out
was -78 mV, |

It was not practical to follow the time course of the
deve1opment of the shift with complete holding potential ‘
inactivation cufves, but the time course could be followed by
observing the test pulse current heights for a single holding
‘potential near -75 mV, In 'such caseé, there was an initial
reduction in peak current as soon as the ether sé]ution was
applied; after 10 minutes or so, the.peék current size would go
through a minimum and then slowly begin to rise: it seems likely
that this rise represents the beginning of the shift in-glow
inéctivation. As ether concentrations could conveniently only be
applied for 20 minutes or so, it is unclear whether the shift would
become complete with ether so]ution‘present, or whether washing out
the ether solution is necessary to give the complete shift.

Parts b, ¢, and d of Figure 3 compare, ét'each of three holding
potentials, the currents befofe,aduring; and after 200 mM ether.

Notice that at -80 mV, the currenl afler wash-out is substantially
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Figure 4.

Shift of slow inactivation by ether. Peak current during a
test pulse to +5 mV is plotted versus holding potential
before, during, and after 200 mM ether. Peak current
heights are normalized with respect to that with -95 mV
holding -potential. Actual peak current heights with -95 mV ‘
holding potentia]s were: contro], 2.5 mA/a cm2; Ether,
1.5 mA/cn’; Wash-out, 2.1 mi/cn?. Full Na, Full K,

1 mM 4-AP.. Temperatures: Control, 1.6—1.700;.Ether, 2.5

- 3.3%C; Wash-out, 1.6 - 2.3°C.
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the control; while at -95 mV, where presumabTy recovery from slow
inactivation is nearly compliete in all cases, there is a loss of
about .15 percent of the current in the wash-out compared to the
control. At -85 hV, in this particular axon, the effects of the
shift in slow inactivation and the irreversible loss of 15 percent
of 'the current nearly balanced one another, and the currents before
and after the wash-out of ether are nearly identical. Part C is a
nice 111ustration that the shift in slow inactivation is not the
result of a generaszed shift in the voltage-dependent gating
properties of the sodium channel: if either the activétion or the
(fast) 1nactivatioﬁ processes had been shifted by even a few mV,
the kinetics in these two currents would not match so well. Part d
of this Figure also makes the point that nearly all of the decrease
in peak current heighf.due to 200 mM ether may be due to the change
in fast inactivation kinetics; at -95 mV,.where recovery from slow
inacti&ation is probably saturated both with and withbut ether, the
initial rising phases of the currents are nearly identical with and

without ether.

Effects of ether on potassium current kinetics

In‘most axons tested, épp]icatioh of ethér resulted in faster
turn-on of the potassium currents; this effect was reversible. An
example of currents with and without ether is shown jn Figure 5.
Inlthis axon, 40 mM ether was applied for 12 minutes, 80 mM ether

~was applied for 15 mfnutes, 160 mM ether was applied for 15
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4Figure 5.

Changes in potassium current kinetics with ether;
Debo]arization from -75 mV to +90 mV. Sequence of
application of ether ‘concentrations is described in the
text. (a) Current in 80 mM ether superimposed with.the
current éfter washing-out 160 mM ether; (b) Current in
160 mM ether éuperimposed with the current aftef rinsfng.
(c) The currents from (b) scaled so that their
steady-state values match. Full Na, Full K, 100 nM TTX.
Temperatures: (a) Ether, 4.4°C; wasH-out, 4.8°C

(b,c) Ether 4.8°C, Wash-out 4.8°C.
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minutes, and the axon was rinsed with ether-free solution. Since
there was an irreversible deérease in cgrrent sizes from the
beginﬁing to the énd of the sequence, the currents with 80 and 160
mM ether are shown, in Parts a and b, superimposed with the
currents after recovery from ether, in order to emphasize thé
differences in kinetiés with and without ether. A]though the
currents with ether have smaller steady-state values, they are
actually larger than the current with no ether for the first 2
mii}iseconds or so.’ fhe change in kinetics is further emphasized
in Part C, where the currents with and without 160 mM ether have
been scaled so that their steady-state values match.

The production of faster potassium channel kinetics by ether
was a fairly but not perfectly consistent finding. Nine axoné were
used for experiments with ether on potassium'currents. Seven of
the axons showed clear changes in kinetics, with “cross-over"
between control and ether currents like that seen in Figure 5; with
ether concentrations from 40 to 480 mM; the reverse effect was seen
upon washing out the ether, although usually the currents fol1oWing"
wash-out were not exactly the same as in the control. In two
axons, applications of ether did not have any significant effect on
potassium current kinetics. These results are summarized in

Table. 1.



- TABLE I

EFFECT OF ETHER ON POTASSIUM CURRENT KINETICS
' Percent decrease in time to half-maximum

Ether
Axon Concentration {(mM) . Crossover Compared to control Compared to washoutv
1 | 50 | YES 20 30
50 . YES 25 : . :
2 60 YES . 23
3 50 NO ' |
4 40 YES 25
-5 50 NO
6 40 | NO L2
80 YES _ 17 _
160 : YES 24 - o 32
7 . : . 100 . YES - . .17 . 22
- 300 ' YES 20 25
80 COYES 13
160 YES 28 34
480 YES 40

09
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1

‘The speeding of activation kinetics was quahtitated by
meésuring the time taken toAreach half of the maximum potassium
currént. Figure 6 shows data from fhe same experiment from which
Figure 5 is taken (Axon 6 in table I); the time to half maximum
current is plotted as a fdhction of membrane potential for the
‘control, in 160 mM ether (fd]]bwing applications of 40 and 80 mM
ether), and following the wash-out of.ether. The kinetics are |
changed at all membrane potentials to a roughly similar degree;
usually, as in Figure 6,‘the percent decrease in the time to half
-maximum current is somewhat greater for the larger depolarizatons.
Figure 6 is typical of most of the axons in that the currents
fo]]bwing the rinsing out of an application of ether are slightly
slower than the control currents before ethér was applied.

There seems to be variab]i]jty from axon to axon in the
conéentratidns of ether necessary to produce a given change in
potassium channel kinetics. In Axon 4 in Table I, 40 mM ether
produced-aA1arge effect while in Axon 6 the same concentration
barely had any effect. The experimental cdnditions were similar in
" the two axons; however, it 15 interesting to note thqt the control
" kinetics were substantia]]y faster in Axon 6: the timé to half
maximum at +90 mV was 1.3 msec (4.5°C) while in Axon 4 the time
to half maximum at +91 mV was 2.7 msec (2.6°C). It seems likely
that the speeding of potassium kinetics by ether would have been

seen in all axons if large enough concentrations had been used.
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' Figure 6. Time to half maximum potassium current with and without 160'
mM ether. Same,‘axon as in Figure 5.' Full N'a, Full K,'100 :
nM TTX. Temperatixkes: Control, 4.6°C; Ether,
4.6-5.0°C; wash-out, 4.7-4.8°C. |
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Block of potassium‘current

In addition to speedingAéctivation kinetics, 40 to 160 mM ether
decreased sfeady—state current levels by 10-30 percent, uéua]]y
only partly reversibly. . Figure 7 (which is again from Axon 6 of
Table I) shows the steady-state potassium currents as a fuhction of
membrane potential for the control, iﬁ 80 mM ether, in 160 mM
ether, and after rinsing. The voltage-dependence of thé'potassium
currents was not significantly different in ether. Coﬁparison-of
Figure 7 with Figure.6 shows that the change in current kinetics
with ether is not the result of a generalized shift of the

voltage-dependence of the channel.

Membrane capacitance

General anesthetics perturb the structure of 1ipid bilayers
(Trudell et al., 1973; Vanderkooi et al., 1977; Johnson and Miller,
1970); this perturbation might underly the pharmacology of general
anesthetics. Recently, two groups suggested a possible mode of
coupling between a change in membrane 1ipid structure and changes
in nerve membrane function- Haydon et al. (1977a, ]Q77b) observed
that the capacitance of artificial bilayers saturated with
n—a]kanes‘varied according to the number of carbons- in the alkane;
bresumab]y the differences in capacitance reflect differences in
bilayer thickness due to adsorption of alkaﬁe.‘ They noticed that

fhe changes in capacitance were correlated with the ability of the
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Figure 7. Steady-state potassium current versus membrahe potenti'a'l,

| with and without 80 and 160 mM ether. Same axon as in
Figures 5 and 6. Holding pqtentia] -75 mV. "Full Na, Full
K, 100 nM TTX. Temperatures: Control, 4.6°C; 80 mM
ether, 4.3-4.5°C; 160 mM ether, 4.5 - 5.0°C, wash-out,
4.6 - 4.8°C.
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n-alkanes to block nerve conduction in the squid axon and frog
sciatic nerve, and suggested a molecular mechanism by which the
alkane might inhibit the nerve impluse: adsorption of alkane into
the membrane would thicken the lipid bilayer of the membrane and
would reduce the stability of open.sodium channels by requiring
them to span a longer distance. Ashcroft et al. (1977a, 1977b)
observed decreases in the capacitance of artificial lipid Bilayers
when benzyl alcohol was present, and made an essentially identical
proposal for how benzyl alcohol might block nerve impulses.

A giant axon provides a convenient preparation for studying
possible drug-induced changes in cqpacitance. In the crayfish
giant axon, ether concentrations up to 100 mM appeared fo have no
detectable effect on membrane capacitance, at least with the
relatively crude measurementé I have made. Up to 50 mM ether had
no effect on the the capacitative'traﬁsient produced by a volfage
step under voltage clamp; when the analog signal of the
capacitative transient was displayed on a storage osci]]oscope with
a fast time base, the transients with and without ether
supérimposed within the width of the trace. In order to make
" measurements of capacitance which could conveniently be digitized
for analysis, I used a tfiangu1ar wave-form under voltage c]amp.
The method and its results are illustrated in Figure 8. Part a
shows the command voltage form, a 14.3 mV peak-to-peak 1.2 Hz
" triangular wave applied at a holding potentiai of -81 mV. The

current signal in response to this wave-form is shown in Part b; it
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is close to the response éxpected from é resistor and capacitor in
parallel. The values of membrane resistance (380 ohms-cmz) and'
capacitance (.89 uf/cmz) are estiméted by fitting the data with
the theoretical response of an RC combination. In Part.d, the
current in 100 mM ether was recorded; it is essentially identical
to the control currént, as is emphésized by Part e, where the
currents with and without ether are superimposed. Probab]y a
cbange in capacitance greater than about 5 percent would have been.

detected in this experiment.
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Figure 8.

Membrane capacitance with and without 100 mM ether. A
triangular wave-form (14.3 mV peak-to-peak, 1.2 KHz) is
appliéd under voltage-clamp. (a) Voltage wave-form.

(b) Membrane current (c) Fit of the exbected response of
a parallel RC combination. Fit was made.by estimating RC

Valués and adjusting the values by eye for best fit; fit
2

" _shown is with R = 380 ohm-cm?, C = .89 uf/cm®. (d)

Same as part (b), but with 100 mM ether. (e) Currents
with and without ether superposed. 1/4 Na, 1/2 K, 1 mM
4-AP, 100 nM TTX. Holding potential - 81 mV.

Temperature 3.7°c.
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DISCUSSION

Comparison with previous voltage—c]amp_resu]ts

There are two previous reports of voltage clamp studies on the
effects of general anesthetics on nerve membranes. Kendig et al.
(1979) found that ether in the frog node depressed sodium currents
without changing the sodium channel reversal potential, in
agreement with the results reported here. Shrivastav et al. (1976)
studied the action of trichloroethylene on the squid axon and
found, in contrast to the results with ether and halothane on the
crayfish axon, that the resting potential was decreased, the
leakage conductance was decreased, the ;teady—state conductance
curve was shifted along the membrane potential axis and that the
reversal potential for the peak transient current was shifted.
Whether the differences lie with the anesthetics or the

preparations is not clear.

Change in potassium channel kinetics

Probably the most useful of the observat{ons reported here is
the speeding of potassium cﬁanne] activation by -ether. Two other
jonic channels show altered gating kinetics with general
angsthetjcs; both end=plate currents (Gage and Hami1l, 1975; Gage
et al., 1979) and sodium currents show faster decay kinetics. In
both these cases‘it is ambiguou§ whether the faéter decay is caused
by some sort of time-dependent block of open channels or whether

-the‘hative-gating.processes are being affected. In the case of the:

68



69

faster potassium kinetics, the chénge is cTearly not the resd]t of
channel blocking or inactivation by anesthefic: its seems that the
normal gating process is made faster when ether is present. This
gives credence to the possiblity that native gating processes are
also being affected in the cases of the end-plate channel and the
sodium channel.- The fact that all three of the ionic channeis SO
far examined show changes in gating kinetics may also add some
weight to the ide% that the changes might be mediated by changes in
membrane lipid structure, seen with general anesthetics in model
systems - (Trudell et al., 1973; Vanderkooi et al., 1977).

It is interesting that sodium channel activation kinetics are
not affected by ether while potassium cﬁanne] activation is
speeded, since.bne might expect the basic gating mechénisms to be
similar. It is possible that the two processes have different
types of rate limiting processes, though, especially considering

the Qifference in their time scales.
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CHAPTER THREE: STUDIES ON-SODIUM CHANNEL INACTIVATION
INTRODUCTION

When a nerve membrane is sufficently depolarized from its
restjng potenfia], the permeability to sodium ijons rises and then
becomes small again (Hodgkin and Huxley, 1952a). A first step in
understanding the kinetic mechanism of the sodium channel is to
understand the relation of the inactivating phase of the sodium
conductance to the initial activating phase. Hodgkin and Huxley's'
postulate of independent a;tivation and inactivation gates, bpth of
which must be open for the sodium channel to cénduct ions (Hodgkih
and Huxley, 1952b) appears inconsistent, at least in its original
form, with some recent observations on sodium channe] kinetics.

One observation which is apparently common to all experimental
preparations is that inactivation develops with a lag which roughly
parallels the time course of the openingbof the channels
(Armstrong, 1970; Goldman and Schéuf, 1972; Pegahov, 1973; Schauf
and Davis, 1975; BeZanilla and.Armstrong,.1977) rather than with
the exponential time course expected from an independent,
first-order process. Lags in the recovéry from inactivation when
the axon is repo]arfzed after a long depolarization have also been
"reported (Schauf, 1976; Chfu, 1977).

' Another experiment with results useful for distinguishing

between inactivation models has different results reported in
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different nerves. Goldman and Schauf (1973) reported that, in the
Myxicola giant axon, the rate~of inactivation measured with the
prepulse inactivation methdd of Hodgkin and Huxley (1952a) was
substantially sidwer than the rate of decay of sodium currents at
the same potential. The same result was reported for lobster giant
‘axons. (0xford and Pooler, 1975). However, in the squid giant éxon
(Hodgkiﬁ and Huxley, 1952b; Chandler et al., 1965; Bezanilla and -
Armstrong,_1977)'and in the frog node (Chiu, 1977) the rates
| determined by the two methods are nearly identical. The difference
between the two results is that in lobster and Myxicola axons the
rate of decay of sodium currents is only mildly voltage-dependent
and 1is quite fapid for small depolarizations, while in squid and
frog nerve the rate is sharply voltage-dependent and is slow for
sma]1'dep01arizations.

Other types of expériments on inactivation have been performed
in Myxicola axons but have not been reported in comparable detail
for other preparations. One experiment is fhe measurement of
steady-state fast inactivation by the method of Hodgkin and Huxley
(1952a) in Which a Tong prepulse to a varying potential produces
" inactivation, the extent of which is assayed by the peak sodium
current duriné a test pulse of fixed height following the prepulse;
-in the Myxicola axon the steady-state inactivation curve
constructed with this method is different for different tesf pulse
potentials (Goldman and Schauf, 1972; Schauf et al., 1976). This

experiment was suggested by Hoyt (1968) for distinguishing between
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inactivation models; Goldman (1976) has discussed experimental
details and precautions. Another result from Myxicola is that over
a f;irly wide range of membrane potentials, sodium currents decay
almost to zero while inactivafion measured with the prepulse method
is far from complete (Goldman and Schéuf, 1973). This is an
important result, as Goldman (1976) has pointed out, since it can
rule out many models in wﬁich activation and inactivation are
independent processes{

Because of the 1mportance'of inactivation experiments for
narrowing the field of possible kinetic models for the sodium
chanﬁe], and because of the seemingly different results from
differentApreparationg, it seemed worthwhile to perform the same
and similar experiments in the voltage clamped crayfish axon
prebaration developed by Shrager (1974). In doing so I have tried
to assess and reduce some errors associated with the voltage clamp
method used.

There are two major possible §ources of error in voltage
clamping giant axons with the:axial wire technique. One is the
problem of unavoidable resistance in series With>the membrane,
which complicates estab]ishiné a constant membrane potential
(Hodgkin et al., 1952). The second is the possibility of
~non-uniformities of potential and current in the region of membrane
from which current is recorded. Despite the extensive theoretical
and experimehta] cbnsiderétion given to this problem by Cole and

Moore (1960), Taylor, Moore and Cole (1960), and Chandler, FitzHugh
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and Cole (1962), the extent to which it inf]uencés the results of
specific experihents is not usually known or estimated.

In the work reported here I have used a technical advance by
Sigworth (1979) for more complete series resistance compensation,
and a technical advance by Cole and Moore (1960) for estimating and.
reducing errors due to spatial non-uniformity. The remaining
errors are estimated to be small enough to allow reasonable
~ confidence to be attached to the kinetic data obtained. The
experimental results are similar to those in squid and frog nerve
but differ from them in a numﬂer of details. The results seem
inconsistent with both the simplest models with independent N
activation and inactivation processes and with the simplest models
in which only open channels can inactivate. Many classes of

intermediate cases cannot be excluded.



METHODS

Medial giant axons from Procambarus clarkii were dissected,

cleaned, and voltage clamped by the axial wire technique described
by Shrager (1974). Crayfish were from Louisiana and California;
there were no apparent systematic differences in the properties of
their axons.

The microcomputer systeh for data collection, the control and
measurement of temperature, and the methods of analysis have Been

previously described (Chépter 1).

Current measurement

| To clamp the membrane potential, current was passed with the
internal axial wire to an external electrode consisting of three
platinized platinum plates of lgngths 5 mm, 2 mm,land 5 mm, as
shown in Figure 1. Membrane current density was measured by
recording current density in the external solution as the potential
drob between a pair of platinized platinum wire é]ectrodes
 separated by 180 u and oriented perpendicular to the axon

(Figure 1), a technique deQised by Cole and Moore (1960; see also
Cole, 1968) to permit measurement of relatively localized membrane
current densfty. The wires had diameters of 25 u and were
fnsu]ated except for the‘final 170 u. The nearer wire was usually
within 80 Q'of'the axon when the electrode pair was«1n 1ts final
position at the "contr61 point“ opposite the tip of the internal

potential pibette. The signal from the differential electrode was
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Figure 1. Method of current measurement. Not'drawn to scale in the.

vertical direction; a typical axon diameter is 200 u, and

- the external platinum plate ground electrodes were usually
‘about 3 mm from the axon. . The currents shown were recorded
with the differential electrode opposite the control point,

-2 mm to the 1eft; and 2 mm to the right; the nearer wire of
the electrode was about 700 u from the axon. .Current
density was calculated by compafing current signals
recorded with the differential electrode with those from -
the central plate; in this axon, the cé]ibrating féctdr was
1'mA/cm2 per .73 mV- between the wires in the differential

. electrodé. Full Na, Full K, 1 mM 4-AP.

Temperatures: 2.5°C.
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amplified and high-pass filtered at .06 Hz and low-pass filtered at
14 KHz before being digitized.

The spatial resolution of the e]ecfrode pair was calibrated as
sthn in Figure 2. A pipette "point" current source in the nerve
chamber simulated a smél1 piece of axon membrane, and the electrode
pair was moved parallel to the axis of the pipette; The size of
the signal recorded at various positions relative to that recorded
opposite the mouth of the pipétte (x = Oj is shown in Figure 2.

The solid line in Figure 2 gives the values expected if the field

due to the sburce falls off as 1/r3/2

in the plane parallel to

the floor of the chamber. This approximation is reasdnab]ylgood,
Jjudged both by the fit to the data in Figure 2 and by direct
heasurement of potentials in the chamber. Knowing how the current
from a small source will spread in the chamber, together with the
geometry of the axon and-electrodelpair, permits an estimation of

the magnitude of the'contributions of various parts of the axon

membrane at various distances to the total recorded current signal.

.Series resistance compensation

In.order to increase the amount of series resistance
compensation which could be employed withodt‘inducing oscillations
in theAvoTtaée'clamp system, the current signal was low-pass
filtered at 12 KHz before being fed back into the voltage clamp
amplifier (Sigworth, 1979). -The current signal from the central

plate of the external current electrode was used for series
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Figure 2.

¥ = 1/(x% + a%)

Spatial resolution of the differential electrode. The

Qpipette current source was in the chamber in the position

normally occupied by the axon, about 3 mm from the ground
electrode and about 100 y up from the floor of the

chamber. Points give the recorded voltage signals
normaliied'With respect to that reéorded opposite the mouth

of the pipette. The solid line is drawn according to

1/4 1(XZ +(a+ 5)2)1/4
with a = distance of nearer wire from source = 110

b = separation of wires = 180
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resistance compensation since the signal from the differential
electrode pair had an unstable DC component. Compensation for
10-13 ohm—cm2 was used. The series resistance measured from the
time ‘constant of the capacitative transient, in an axon in which
the membrane capacitance was independently measured, was 11
ohm-cmz. |

Except for the currents shown in Figures 3 and 5, all the
'experiments reported in this paper were performed with external

sodium concentrations of 52 mM or below, in order to further reduce

errors duc to series resistance.

Solutions
Solutions were modifications of van Harreveld's (1936)

solution: 205 mM NaCl, 5.4 mM KC1, 13.5 mM CaCl,, 2.6 mM MgCl

2’
2.3 mM NaHC03, pH 7.5<7.6. A1l solutions containing

2’

4-aminopyridine (4-AP) had the bicarbonate replaced by 2.3 mM HEPES
buffer, and were adjusted to pH 7.6-7.7. "1/4 Na; 1/2 K; 1 mM

~ 4-AP" has 52 mM NaCl, 2.7 mM KC1, normal CaCl, and MgCl,, 1 mM

2
' 4-AP, with tetramethylammonium chloride (TMA) to yield 433-438 m
Osm. The solutions named with other fractional sodium or potassium
concentrations were the same except for greater or less

substitution by TMA.



RESULTS

Use of 4-amino-pyridine to block potassium current

In most of the experiments reported in this thesis, bathing
solutions contained 1 mM 4-amino-pyridine (4-AP) to biock potassium
currents (Meves and Pichon, 1975; Yeh et al., 1976). I therefore
checked. to see if there were any evident effects of 4-AP on sodium
currents. Figure 3 shows currents at various times during the
onset of block of potassium current by 4-AP. Although potassium
current is b]ocked nearly completely after:ten minutes, there is no
change in the rise and early decay of sodium current. There was
never a decrease in the size of peak early currehts; in some axons,
peak early currents increased slightly at all pdtentia]s, with no
apparent change in kinetics. Also, in a number of experimehts
4’sodium currents were obtained from axons in the absence of 4-AP by
using tetrddotoxin (TTX) to'block sodium current and then
subtracting the X - insensitive current from the total current.
'The currenté obtained in this way were quantitatively similar in
every way examined to those obtained in axons with 4-AP present.

It thus seems reasonable to conclude tentatively that 4-AP has no

effect on sodium channel kinetics.

Methods of obtaining sodfum current from total current
Figure 4a shows membrane currents obtained in a bathing

solution containing Tow (52 mM) sodium and 1 mM 4-AP, the usual
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Figure 3. Block of potassium currents by 1 mM 4-AP. Depolarization
from =75 mV to +15 mV." Time for complete replacement. of
the solution in the chamber is several minutes.  Full Na,

Full K. Temperature: 1.5°C.
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solution employed in these experiments. Except for the early
capacitative current, a small leakage current, and, at the higher
depolarizations, some residua]lpotassium current, the currents are
sodium currents és defined by their TTX-sensitivity (Figure'4b).
In the crayfish axon, potassium currents are blocked essentially
completely byA4-AP for depolarizations to potentials less than O
mV. For these potentials, corrections for leak and capacitative
currents could be made by addition of appropriate]y scaled currents
for hyperpolarizing pulses. Currents obtained in this way appeared
to be purely sodium currents excebt for an initial, small outward
current which is almost certainly gatjné current (Armstrong and
Bezanilla, 1974). Parts c, d, and e of Figure 4 compare two
methods of correcting for leak and capacitative'current. Part ¢
shows two currents superiﬁpdsed,‘both in response to a pulse from
-86 mV ‘to -26 mV, one with and one without TTX. Part d shows the
capacitative and leakage currents in response'to a pulse from -86
mV to -166 mV. In Part e, two current sweeps have been .
superimposed; one is the sodium current 6btained by subtracting the
two sweeps in Part c, the seéond is the current obtained by scd]ing
the sweep in Part d by 8/6 and adding it to the non- TTX sweep in
Part c. Except for the initial outward blip of presumed gating
current which is bresent in the second but not 1n‘the‘first, the
twa currents match nearly perfectly.

For potentials greater than 0 mV, block by 4-AP was usually not

quite complete. Small potassium, currents, with slow kinetics (Yeh,
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- Figure 4.

"Ionic currents in low sodium and. 4-AP, {a) Currents

for depolarizations from -82 mV to -42, -32, -22, -12,
-2, 48, +18, +33, 453, 93 mV. ‘Reversal potential is
about +22 mV. 1/4 Na, 1/2 K, 1 mM 4-AP. Temperature
3.8°C. (b) Same, but with 100 nM TTX added to
bathing solution. (c) Current (in a different axon)
for depo]érization from -86 mV to -26 mV, with and
wfthout TTX. 1/5 Na, 1/5 K, 1 mM 4-AP. Temperature
3.3%. (d) Same for hyperpolarization from -86 mV to
-166 mV. (e) Superimposition of godium currents

obtained by two methods described in text. Initial

.outward current is only present in the case in which

‘capacitance and leak are corrected by current from

hyperpo1arization. Otherwise the two currents match

perfectly.
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et al., 1976),.can be seen for the.twp largest depo]arizations iﬁ

. Figure 4b. In addition, leak conductance was non-ohmic and was
.usually significantly greatek for larger depolarizations than for
hyperpolarizations and small depolarizations. For 1ar§er
depo1arizations, sodium current was isolated from total current in
two ways. One was simply to add TTX and subtract the
.TTX-insensifive current. An equally satisfactory but much more
chvenient method was to record two current sweeps; in one, the
test pulse waﬁlpreceded by a conditioning prepulse sufficiently.
long and strong to totally inactjvate the sodium current. The
prepulse was sepérated from the test pulse by a short return to
rest so that the capacitative current would be the same iﬁ the test
pulse with the prépu]se as in that without the.prepulse. This.
procedure is illustrated in Figure 9. The prepulse inactivates the
sodium current but has no apparent effect én leak or residual

. pqtassium current; subtracting the two current sweeps yields sodium -
current} This procedure appeared entiréiy equivalent to TTX
subtraction in axons in which both were used. (In principle there
is also gating current present wifh the pre-pulse subtraction
procedure, but for outward sodium currents it is obscured. When
the prepd]se subtraction technique is used for inward currents,
especially near the sodium reversal potential, gating current is

evident.)
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Spatial uniformity of membrane currents

The uniformity of sodium currents along the length of. the axon
was examined by moving the différentia] eiectrode pair described in
Methods to various positions. The general result was thét currents
were reasonably uniform in magnitude and time course -over lengths
of axon extending a few millimeters in either direction from the
control point opposite the tip of the internal potential pipette.
»Figure 5 shows currents recorded at various points spanning a 4 mm
length .of axon centered at the control point. The currents shown
are in response to a step in potential from.-75 mV to -25 mV, in
the heart of the negative-resistance region of the membrane, where
both current amp]ftudes and kinetics are sensitive to small changes
in membrane potential and where the membrane potential is
inherently unstable. Déspite this, there are only relatively minor
differences among the currents.

It is useful to express the differences in currents recorded at
various locations as differences in the "effective" membrane |
potential at the different locations. Differences in the effective
membrane potential can be estimated by comparing, at the different
locations, the éurves of peak sodium current vs. potential or
Tpo the time constant for the decay of sodium current, vs.
potential. Figure 6 shows peak sodium current as a function of
membrane potential recorded at the control point and at 1 mm in
either direction from the control point. The magnitude and the

potential dependence of the currents at the control point and at 1
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Figure 5.

Currenfs in response to a depoTarization from -75 mV to -25
mV were recorded ét three positfons: opposite the control
point, 1 mm right, 2 mm right, 1 mm left and 2 mm Teft.

The nearer wife of the electrode was 300-400 ubfrom the

axon. Leak and capacitative currents were corrected for

" with current from a hyperpolarizing pulse. Full Na, Full

K, 1 mM 4-AP. Temperafure 1.8%.
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mm right wére very similar; the currents at 1 mm'left (toward the
direction from which the piggy-back electrode had been inserted)
were effectively shifted along the potential axis in the
hyperpolarizing direction by about 2-3 mV, both in the position of
the negative—resisténce region and in the value of the reversal
potential. Also, the currents at 1 mm left are about 20 percent.
smaller in the positive limb of the current-voltage relation
relative to those ;t the control point. Figqre 7 shows plots . of
T, Vs- membrane potential taken over a 2 mm épan (in a
different axon). Above -20 mV the time courses of the currents
were essentially identical at all three positions; below =20 mV,
where the T, VS- potential curve is steep, differences a;e
evident. The points from currents recorded 1 mm left are shifted
by about 3 mV relative to those at the control'pofnt;'this is seen
most clearly in the -35 to -20 mV range. - The points from currents
recorded at 1.mm right.are very similar to those from the control
point; the effective shift at any potential is less than 1 mV.
Considering the whole ;pan,'then, it seems reasonable to conclude
~ that for any given voltage pulse, the currents over tﬁe 2 ﬁm length
originate from areas of membrane dfffering in potential by 4 mV or
less. :

The uniformity of effective ﬁembrane.potential determined in 5
-axons over spans of 2 mm and 4 mm, using the shift in T, VS.
membrane potential, is shown in Table I. Usually the shift was

determined in the region around -25 mV; here the curve was
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Figure 6. Peak sodium current vs. membrane potential at three

positions along the axon. The nearer wire was

100-200 p from the axon. 1/4 Na, 1/2 K, 1 mM 4-AP.

‘ Holding potential -83 mV. Temperature 3.7°C.
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Figure 7. Decay time constant vs. membrane potential at three
positions along the axon. The nearer wiré was 100-200
from the axon. 1/10-Na, 2/5 K, 1 mM 4-AP. Holding
potential -83 mV. Temperature 4.2-4.4°C.
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sufficiently steep to be sensitive, while the currents were big
enéugh for accurate determinations of The These were typical
axons which wére "good" in the sense that they had stable festing
potentiaislin the range -72 to -76 mV in van Harreveld's solution
at 3-4°C. A few axons had low or unstable resting potentials
(and wére not. used for experiments); most had been seen to be
damaged duriﬁg entry of the piggy-back electrode. Thesei"bad"'
axons often had spectacu]ar]y'non-uniforﬁ currents, lénding some
confidence to- the resolving power of the differential e]ecfrode.
Knowing approximately the magnitude of variations in pbtentia]
‘along the length of the axon, and knowing the resolving power of
the electrode, as shown in Figure 2, permits a rough estimation of
how much variabi]ity in membrane potential there will be in the
areas of membrane which contribute significant amounts of éurrent
density to the differential electrode when it is in its final
position opposite the control point. Assuming that the electric

(3/2), as.in the

field due to a current source spreads as 1/r
theoretical line in Figure 2, then for the differential electrode
with spacing 180u, with the nearer wire 70u from the axon, and‘
assuming an axon diametef of 200y, simple numerical approximations
lead to-the result that 75 peréent of the signal woufd originate
from about a .7 mm length 'of axon centered at the control pofnt.
90 percent of the signal would originate from about a 1.5 mm

~length. (This assumes equal membrane current densities a1ong the

axon's length.) Therefore, the estimations given in Table I of



TABLE 1 |
SPATIAL UNIFORMITY OF EFFECTIVE MEMBRANE POTENTIALS

"External sodium Potential variation Potential variation

Axon chcenttatién In 2 mm length (mV) in 4 mm_length (mv)
1 . Full 3 5
2 Full - . : 4 5
3 . 1/4 5 7
4 ©1/4 4 6
5 ' 1/4 3 5
6 ’ 1/4 6
4

7 1/10
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membrane pofentia] uniformity over a 2 mm span translate fairly
direct]y into gstimations of the potential uniformity represented
by the signal recorded at the contfo] point by the differential
electrode.  Of course, the largest contributions come from the
nearest portions of membrane, which are closest in potential to the
ideal command potential pipette.

‘The most common pattern of deviation from strict uniformity was
_that seen in Figures 6 and 7: the effective membrane potentials 1
mm right were very similar to those at the control point, but the
membrane 1 mm left was effectively more depolarized by 2-4 mV by
the same pulse.. This pattern of deviation is easily understood;
the axial wire of the piggy-back electrode was fastened to the
potential pipette by a dab of laquer about 400y long, located about
1 mm behin& the tip of the pipette. The current density delivered
by the axial wire was, therefore, not at all homogeneous in this
regiqn, and some non-uniformity in membrane potential must be
expected. In contrast, direct measurements qf current density when
current was passed with the axial wire in salt solution showed that
© the delivered current density was quite uniform to the right of the
tip of fhe pipette, in agreement with the near uniformity of
membrane currents in the part'of the axon where current was
supplied by this part of the wire.

A condition which was not optimal for recording currents from-A
the smallest possible area of membrane was the'usé'of-ground plates

on only one side of the axon. In several experiments, two plates



were used; one on either side of the aXon. - The spatia]lunifbrmity,
judged both by measurement of currents along the length of theAaxon
and by the‘biphasic decay of cufrents in the -30 mV to -35 mV range
(see Results), was not significantly better with two plates, and
the small increase in the effective resoiving power of the
electrode with this arrangement,_due to less relative contribution
by the areas of‘membrane on the far side of the axon, did not |
compensate for the smaller total signal and consequent decrease of

the signal-to-noise ratio.

Decay of sodium conductance

At most membrane pofentials, sodium conductance decays
eprnentiaf1y to zero. In Parts a,c, and e of Figure 8 are shown
sodium coﬁductances at three potentials in a ssng]e axon. The
initial downward deflection is due to gating current; leak and
capacitative current were corrected for by adding currents from
hyperpo]arizations. Iﬁ Parts b, d and f are shown the same
currents with thé falling phase fit with an exponentfa] declining
to zero. The fit is Qery gobd at all three potentials.’ The
exponential has been fit between the times at which conductance had
declined to 75 percent and 30 percent of its peak value, in order
to emphasize any‘deviation from a single exponential at Tonger
times. | |

There were three classes of exceptfbhs to the usua]ksing1e

exponential decay to zero. In most axons, currents between -35 mV
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Figure 8.

ExponentialAdecay of sodium conductance. Currents have

‘been divided by the driving force (membrane potential -

reversal potential) to'give the conductances. (a,c;e)

Conductances at =45, -17,'+8 mV in the same axon. (b,d,f)

‘Same conductances superimposed with exponential fits to

falling phases. Fits were made between 70 percent and 30
percent of the peak value. (g) Deviation from single
exponential decay at -32 mV; same axon as (a-f).

(h) Single exponential decay at -32 mV in a different

‘axon, In é]] parts, leak énd»capacitative currents were

corrected for by addihg‘currents from hyperpolarizations.
(a) and (b) are sighal averaged sums of 16 depo]ariziﬁg and
16 hyperpolarizing sweeps. (c-g) are'sums of sing]é .
sweeps, one depo]arizing and one hyperpo]arizing.’ (h) is
the signal averaged sum of 4 depolarizing and 4
hyperpq]arizing sweeps. (a-g): 1/4 Na, 1/2 K; 1mM A-AP;
3.5% (h): 1/10 Na, 2/5 K, 1 mM'4-AP; 3.3°C
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and -30 mV exhibited biphasic decay. 'Figure 8g shows a relatively
severe example. However, the degree of deviation from a singile
exponential varied from axon to axon and in axons with the best
spatia] uniformity characteristics the deviation was usually quite
small. An example is shown in Figure 8h. It seems likely,
therefore, that the deviation usually seen is due to épatfa]
variations in membrane currents and is not an intrinsic property of
the sodium channels.

A second region of membrane potential where the fit to a single
exponential was generally not excellent is for larger
depp]érizations, to potentials greater than +40 mV or so. There
waé usually a smali, slower component to the decay of currents at
- these potentials. A typical example is shown in Figure 9. In
Figuré.Qb, an exponential has been fitted to the current between
the times at which it has decayed to 75 percent and 25 percent of
its peak value; there is a clear foot in the current record
relative to the fit. This fodt is not an artifact of the prepulse
subtraction technique since it also appeared in currents obtained
by TTX.subtraction.

The third region where excepfidns were sometimes seen is at
very small depolarizations, in the region -45 mV to -40 mV. In
some axons, the.décay abpeared to proceed to a non-zero asymptote.
The asymptote was always less than 10 percent of the peak value;
the decay to the asymptote appeared exponential within the accuracy

of the determination.
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Figure 9. Prepulse subtraction technique for leak and capécitative

current correction.
(a) Pulse protocol and currents. The test pulse to +86 mV
was preceded by a 100 msec prepulse to -39 mV in order to
inactivate sodium current; the resu]tant.éurrent was
subtracted from the test pulse current with no prepu1sg to
yield sodium currenf.
(b) Current obtaihed in this way sﬁperimposed with

- least-squares exponential fit; fit was befween 75 percent
and 25 percent of the peak current. Note second component

1/4 Na, 1/2 K, 1 mM 4-AP, 3.9°C
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Double pulse measurement of inactivation

The double pulse method of.Chandler, Hodgkin, and Meves (1965)
was also used to follow the development of inactivation at varioﬁs
membrane potentials. The procedure is illustrated in the inset of
Figure 10. A prepulse of variable duration is applied to the
membrane and the level of inactivation reached during ‘the prepulse -
is assayed by the size of the current during a test pdlse following
. the prebulse and separated from it by a return to the holding
potential for 300 microseconds. The purpose of the returﬁ to rest
is to allow the non-inactivated fraction of sodium channels to
begin, as nearly as possible, from the same initial condition with
the prepulse as without it. The duration of 300 microseconds was
seiected to be short enough to allow almost no recovery fkom‘
inactivation (there was recovery of only a few tenths of a percent
at -82 mV) while long enough thaf the kinetics of currents after
prepulses were only very slightly different from those in the
absence of prepulses. In the inset to Figure 10 are shown the test
" pulse currents with various prepulse duratibns; with 5ufffcfent1y
long prepulses, in this case a 12 millisecond pulse to ~24 mvV,
there is virfually no sodium current remaining during the"test
pulse. This was confirmed in experiments employing TTX |
subtraction. Consequently, correction for leak, éabacitative, and
any residual potassium current couid be made in a simple Way by
subtracting the tesf pulse currents following a prepulse sufficient

for complete inactivation.
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Figure 10 Comparison of,doub]é pulse inactivation with sodium current
decay. Inset: the,pd]se pattern used in Part a. Details
of the performance and analysis of double pulse experiments
are given in METHODS of Chapter One. The currents shown in .
the inset are for pfepu]se durations of 0, 1, 3, and 12

. msec. The cpacitative transients have been truncated to
sﬁve space. (a,b,c) Comparison of double pulse
inactivation time course with single current decay. The
normalized double pulse points have been scaled to match
the currents when the decay of the currents is about 50'
percent comp]eté. The currents are a]T inward currents and
have been plotted with 1nwardvcurrent positive for

_ convenient comparison with the double pulse'points. Dashed
Tines ihdfcate start of the depo]grization; arrows indicate
terminatioq. In the currents shoWn in a-c, leak and
capacitative currents were corrected for by adding currenté
for hyperpolarizations. 1/4 Na, 1/2 K, 1 M 4-AP,
Temperatures: 3.2°C for the single pulse éurrents; 3.5 -

" 3.6%C for double pulse experiments in (a) and (b); 3.3 -

3.49C for the double pulse, experiment in (c).

—
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| In Parts a, b, and c of Figure-10 the time course of
inactivation determined by the double pulse method is compared to
'the fime course ofAdecay of single pulse current at the prepulse
potential. The double pulse points have been.superjmposed on the
current records and scaled so that the two curves matcﬁ when the
éing]e pulse current has decayed to about half of its peak value.
At all potentials, the kfnetics of inactivation followed by the two -
methods appear similar over the time at which they may be
compared. Of particular interest for kiﬁetic models of sddium
channels are the kinetics of iﬁactivation for small |
depolarizations; it is in this region of membrane potential that
Goldman and Schauf (1973) found, in the Myxicola axon, that single
pulse currents decayed much faster-than the time course of
inactivation determined by the prepulse method. Figﬁre 11 shows
data 1ike that in Figure 10 but from an axon in which signal
averaging was employed to obtain a clearer record of the single
pulse current at -42 mV, where peak conductance is small (  1/7 of
the -peak conductance.at,+36 mV) and decays s]ow]y; With a time
constant of about 10 mi]]iseconds. The time courses are closely
similar,

Pooled data from three axons are given in Figure 12. Both
measurements show that the rate of 1nactivatjon is sharply
‘dependent on membrane potential in the region from -50 to 15 mV,
which is also the region in which peak sodium cohductance varies

steeply with membrane potentia]h The smal]_differences in time
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Figure 11. Time courses of doub1é—pulse inactivation and sodium
current'decay at -42 mV. - Current is the signal averaged
sum of 16 dépb]arizing-and 16 hyperpolarizing pulses.

;Dbublé pulse points'are scaled to match whenAthe éurrent
has decayed about halfway. Dashed line indicates start of
pulse; arrow indicates end. 1/4 Na, 1/2 K, 1 mM 4-AP.

Temperature: 3.5 - 3.6%C.
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Figure 12. Collected double -pulse inactivatioh and current decay data
for three axons. Time constants were obtained from
exponential fits to the decay phéses of the currents and to
the double pulse inacfivation curves -after the initial
lag. 1/4ANa, 1/2 AK, 1 mM 4-AP for all axons. Experiments
performed at 3.2 - 3.6°C. |
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constants for inactivation. determined by the.kwo proéedures may be
accounted for by spatia1‘nonuniformity of membrane potential
amounting to a few mV. In general the time course of inactivation
determined by the double pulse mefhod waé less well described by a
single exponential than were the decay'phases of the sing]e,ﬁu]se
currents. This may also be understood as the result of -spatial

nonuniformity.

Lag in double pulse inactivation

The time course of inactivation measured with the double pulse
method always showed a "lag", or a delay of .2-2 msec before the
rate of development of-fnactivation reached its maximum. Similar
lags in-double pulse inactivation are seen in other nerves
(Armstrong, 1970; Bezanilla and Armstrong, 1977; Goldman and
Schauf, 1972; Peganov, 1973); in these nerves, the time course of
the 1ég appears'to be roughly similar to the time for the sodium
current during the prepulse to reach its peak. The Tag in double
pulse inactivation and its relation to the current during the
prepulse are shown in Figure 13 for a prepulse to -3 mV. Both the

prepulse sodium current and the doubie.pu]se inactivation points
:(crdsses in Figure 12a) decay exponentially after about 1.5 msec.
The double pulse inactivation points have been scaled to match the
sodium current for Tater times. Also p]qtted is'an exponential
decay curve which fité both the double pulse inactivation boints

and the sodium current for times, beyond 1.5 msec; the deviation of
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the double pulse points from the exponential curve at earlier times
is obvious.

How accurately does the development of double pulse
inactivation correlate with the sodium conductanceiddring the
prepulse? For the simplest étrfctly coupled models, in which
channels must open before inactivating, the-rate of development of
inactivation would be proportional to the number'of channels able
to undergo inactivation, that is, to the number of open channels,
and to sodium conductance. Chandler, Hodgkin, and Meves (1965)
performed a double pulse experiment designed to test such a-
mechanism; their data showed‘no 1a§ and was betfer fit by an
exponential decay than by a ﬁurve drawn on the assumption that the
rate of inactivation was proportiona1 to sodium current during the
prepulse. The result of this same experiment performed in the cray
fish axon areAshown in Figure 13a; the curve labeled f(t) was
calculated assuming that the rate of inactivation is proportional
to‘the sodium current. Although both f(t) and the time course of
double pulse 1nactiv§tion show an initial lag and then exponentia]h
decay, they are not identical. The main difference is that the
double pulse points show less of a lag at early times; this is
shown more clearly in the inset to Figufe 13a, where the two curves |
have been scaled to match at time zero. |

Are the Qifferences between f(t) and double pulse inactivation
in Figure 13a experimentally significant? There is difficulty in

obtaining sodium currents which are precise enough in the first



106

hundred microseconds or.so, where gating current, imperfect
cabaéitative current cofreqtion, or imperfect TTX subtraction often
introduces some error. Also, since the calculation of f(t) curves
depends on taking the integral of the sodium current, small errors
in the baseline due to imperfect leak correction can have.
significant consequences. A method which giveé the samel
-information»butlminimizes the effect such errors have on the

© comparison is to calculate the rate of inactivation from the double
pulse 1nactivatioh curve and compare it directly with the time |
course of sodium current. This is shown in Figure 13b. A smooth
curve, the sum of two exponentials and a constant, was fit.to match
the double pulse inactivation points. Then the derivative of this
curve, which gives the rate of deve1opment of inactivation, is
compared to the sodium current. In thi§ example, and in -other
cases in different axons, the rate of inactivatibn is not
proportional to sodium current at early times; it rises faster and
reaches a peak earlier. It is difficult to know to what degree
experimental erroré affect suchAcomparisons. One problem is the
use 6f the peak test pulse current as an index of the fraction of
non-inactivated channels; it is not clear, without knowing the
kinetic mechanism of the channel, exactly how good an index it is
under various pulse protocols. It seems quite clear that the
general time course of tﬁe lag in inactivation is not an artifact
due to different relative rates of-activatjon and inactivation

during the test pulse with and without prepulses of various
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Figure 13. Lag in double pu]se inactivation (a) The time course of>
double pulse inactivatibﬁ is éompared to currenf decay at

the prepulse potential of -2 mV as in Figures 10 and 11.

- Crosses give the double pulse points. The curve Tabeled

f(t) was calculated as

with t0'= 64 mscc.

" The curve labeled exp (-t/l.éS) is the exponential fit to
the falling phase of the current. -
Inset: f(t) and double pulse inactivation points scaled to
match at fime zero.
(b) Same data; g(t) is an empirical fit to the double
pulse inactivationApo{nts; the negative of its time
defivative is plotted sca]ed'to match the peak current
height. 1/4 Na, 1/2 K, 1 mM' 4-AP. Single pulse current
3.5°C; double pulse pointsy 3.1 - 3.4°C. |



exp (—t/1.
_ p( 125).

.2:mA/cm?2

e . . cmn e e e eEn cwe E— .= Ll d

4

!
I
I
|
!
| ' .
. _ ] .
, ‘ o 4
L . ' :
2 3 4 5 6 ' i 1 2

TIME (ms) - TIME (ms)



108

durations; 'with a 300 upsec return to rest between.the prepulse

and the tesf pulse, the time to peak in the test pulse current
decreases only vefy slightly even with 1arge prepu1ses. Also, the
lag is just as evident when a 3 msec return to rest is dsed instead
of 300 usec, and iﬁvthis case the time to peak in the test pulse
currents does not change at all. A more troublesome problem is the
possibility that small non-uniformities in membrane potential might
contribute in unknown ways to distort comparisons like those in

. Figure 13. In axons with poor spatial uniformity the time course
of double pulse inactivation often does not correspond very well
with the time course of single pulse currents, and it would not be
surprising if in axons with good but not perfect uniformity there

were large enough errors to affect results like those in Figure 13.

Testing simple coupled models

The simplest model for strictly coupled inactivation kinetics,
in which channels must open before inactivating, is

K ,
Closed + + + Open -+ Inaclivated (Scheme I)

for poténtia]s af which inactivation is complete; for potentials at
which inactivation is incomplete, there would have to be a
significant rate constant for the Inactivated + Open transition

as well. Bezanilla and Afmstrong (1977) have shown that models of
this type with the rate consiant K being voltage independent can

account for the main features of inactivation.
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-échéﬁe 1 mékeg p;edictions about the form of sodem curreﬁts
which can be tested féirly simply. In this model, the rate of
inactivation is given by the fraction of the channels in the open -
state multiplied by the rate constant K. The results of the
previous section suggest that the rate of inactivation is not
strictly proportional to the number of open channels and would be
inconsistent with Scheme l.‘ There is another, similar, calculation
which appears to rule out the simplest case of scheme 1, with K
beingAvo1tage independent. This approach is baséd on the
observation that this model predicts that at all membrane
potentials where inactivation is complete, the integral of the
sodium conductance during a depolarizing pulse will be a constant.
The rate of inactivation is proportional to the fraction of open
channels: h

d [Inactivated] / dtle [Open] x K
Intggrating from 0 to e, since :ﬂl the channels become inactivated,
S K x;[Open] dt
o _°° :
K x S | [Open] dt (Expression 1)
o .

®
1= j d{Inactivated]
°

and if K is not voltage dependent, the integral ought to be the
same at each mgmbrane potential. ‘

The experimental results are shown in Figure 14. It is clear
that the integral of sodium conductance is not independent of
membrane potential; the integral is at a maximum in the region -10
to -20 mV, but quickly becomes small af'more negative membrane

potentials and also becomes small, but not as steeply, at more
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Figure 14. Dependence of integrals of sodium conductance on membrane 
" potential. Details of the calculation are given in the
“text., Data from two axons;'the integrals in each axon were
normajized with respect to the largest vane. Crosses:
1/4 Na, 1/2 K, 1 mM 4-AP, 3.5°C. Leak and capacitative
.current corrécted for by hyperpolarizing pulse-currents. -
Squares: 1/4 Na, 1/2 K, 1 mM-4AP, 3.6°C. Leak and.
capacitative cufrent corrected for by prepulse inaétivation

method.
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positive potentials. The smaller values at more negative
potentials are not simply due to the time constants for decay being
so long that the integral cannot be calculated for long enough
times; the time constants for decay in the aXonS shown in Figure 14
were about 10 msec near -40 mV, with the 64 msec pulse duration
used in one of the axons the current would have decayed to a
fraction of a percent. The fact that inactivation is not quite
complete for the points in the -50 mV to -40 mV range (See Figure
'16) probably has only a small effect and would.be in the direction
of making the integrals larger.

The integrals of conductance plotted in Figure 14 were
calculated on the basis of an ohmic conductance,

Gya = Ina !/ (Vg - VRev) ‘

where VRev is the reversal potential. "Some of the curvature in
Figure 14 could be caused by the current-voitage curve for open
sadium channels being non-linear. The instantaneous
current-voltage curve for the sodium currents in one of the axons’
in Figure 14 is shown in Figure 15. It is essentially linear from
-30 mV to +60.  Below -30 mV, it was impossible to accurately
- measure tail currents for the instantaneous current-voltage curve
because of the presence of an extremely fast (10 - 20 usec) initial
decay phase in the tails-which makes extrapolating back to.time .
zero impossible; this has also been noted in the Myxicola axon by
Go]dmaﬁ and Hahin (1978). For membrane potentials above +60 mV,

there is some deviation from linearity in the current-voltage
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Figure 15. Instantanéous current-voltage relation for'sodium
channels. Channels were opened with a-.7 msec pulse from
=79 mV to +11 mV, fo]]owed by a step to a variable membrane
potential. The instantanebus current at the new pbtential
was obtained by extrapolating an exponential fit to the
first 50-100 usec back to the transition time. ‘Same axon -
as represented by squares in Figure 14. 1/4 Na, 1/2 K,
1 mM 4-AP, 2.6°C.
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relation but it is not large enough'to account alone for the
decrease in the integral at these potentials.

The decrease in conductance integrals for both 1argé and small
depolarizations relative to -10 to -20 mV meaﬁs that Figure 14 is
inconsistent with any version of Scheme 1 with an inaétivation rate
constant showing a monotonic dependence on membrane potential.

My attempts at finding kinetic models for the sodium channel
consistent with the data described in this Chapter will not be
detailed here; I found no model which would simultaneously give, in
detail, the correct dependences on membrane potential of the peak
sodium current activation curve, the decay time constant, and the
conductance integral. My efforts concentrated on linear
mu]ti—state‘mode1s in which the probability of inactivétion is much
greater when the channel is open or is in an.intermediate state
between the closed and open states; the extremely close correlation
in membrane potential between the steep parts of the activation
curve and the decay time constant curve make it hard to believe »

that inactivation is not coupled in some way to activation.

Steady—state inactivation determined with different test pulses

In the Myxicola axon, it is found that the steady-state
jnactivation curve shifts along the memhrane potentiaT axis when
test pulses producing different peak levels of conductance are used
to assay the 1hactivation'échieved during the prepulse; the
signifiéance of such shifts for kinetic models. has been discussed

by Hoyt (1968) and Goldman (1976).



In Figure 16 are shown the results of an experiment designed t
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test for this effect in the crayfish axon. Prepulses of 100 msec

were followed by test pulses to -34 or +51 mV and the resulting
steady-state inactivation curves obtained with the two test pulse
potentials are compared. (In the experiment in Figure 16, the
prepulse and test pulse were separated by a 300 usec return to the
holding pofentia] so that the capacitative currents would be the
same in all test pulses, to allow for accurate subtraction of
them). The curves are identical within the accuracy of the data,
at all membrane potentials. In this axon, the peak conductance at
-34 mV was about 1/5 of that at +51 mV. In the Myxicola axon, the
steady-state inactivation cufve shifts 5.8 mV for a two-fold
increase in péak sodium conductance, so that a shift of absmilar

magnitudé would have been detected.



115

Fighre 16. Absence of shift in steady-state activation curve with test
pulse height. Steady-state inactivation curves were

"~ obtained by giving a 100 msec prepulse to a variable
potential, returning to rest for 300 psec, and stepping
to the test pu]sg potential. The péak currents during the
test pulses are plotted-as a function of the prepulse
potential, normalized to the value for a step from -84 mV,
the holding potential. (The data points for -94 mV and
-104 mV for the -34 mV test pulse show that there was
virtually no inactivation at -84 mV; beak current was oﬁ]y
5 pércent increased by the 100 msec prepulse to -104 mV and
much of this may have been due to removal of ‘slow
inactivation. See METHODS, Chapter One.)' The curves are
identiéa] fbr'test pulses to -34 mV and +51 mV. Peak
conductance at -34 mV was .19 of that at +51 mv. 1/4 Na,
1/2 K, 1 mM 4-AP, 3.3 - 3.5°C,
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DISCUSSION

The main purpose of the work described in this Chapter was to
peform in the crayfish axon some of the experiments on sodium
channel inactivation necessary to begin to formulate kinetic models
for the sodium channel consistent with‘the macroscopic currents.
The results of the experiments are similar in general but different
in detail to the results in other nerves; a complete combarison and
enumeration of the various similarities and differences nerve by
nerve is beyond the scope of this thesis. The basic kinetic
properties of inactivations; the sharply vo]tage—dependent decay
time constant and the similarity in time course between CUfrent
decay and double pulse inactivation, are ‘more like those of the
squid axon and frog nerve than the Myxicola axon.. The simple
exponentiai deCay to zero of sodium current in the crayfish axon
makes it an attractive preparation for quantitative experiments on
sodium channel kinetics.

The inability of Scheme 1 to fit the conductance integral data
~may put limitations on how cToser)the b]ock,of channels by
internal catiohs (Armstrong, 1970; Yeh and Armétrdng, 1978; Cahalan

and Almers, 1979) resembles normal inactivation.
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APPENDIX: PHARMACOLOGY OF GENERAL ANESTHETICS
INTRODUCTION

General anesthetics are gases or volatile 1liquids which produce
“unconsciousness when inhaled. Any gas, even an inert gas (Fenn,
1969) can produce genefa1 anesthesia if present at sufficient
pressure. This fact has led to the idea of a mechanism of genera]
anesthes1a which does not depend on the specific chemistry of each
gas.

For the purposes of this thesis, barbiturates, opiates,
ketamine, and other "intravenous anesthetics" wi}] not be
considered to be general anesthetics, although this term is
gometimes used to inc1udeAthem. Their actions on the central
nervous sysfem appear to differ from those of gaseous and vo]ati]e
agents (van Harreveld et al., 1951; Price and Dripps, 1970;

‘Brazier, 1972) although the resu]ting clinical states are similar.

NEUROPHYSIOLOGY OF GENERAL ANESTHESIA

It is not known how the general anesthetics produce
unconsciousness. As will become clear, electrical recordings from
-almost every area of the nervous system show some change during
genera].aneSthesia. If there is a specific effect on a particular
structure which underlies the loss of consciousness, we do not yet

know what it is.
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The reticular the9ry

Until fairly recently, it was widely believed that the loss of
consciousness was due to block of the ascendiné reticular system,
with the consequent removal of a ténic-excitatoryiaction normally
exerted on the cefebra] cortex by the reticular system. This view,
due mainly to the work of Magoun and his collaborators, was based
part]y on analogies to states of coma produced by sleep or
reticular transection, and -partly on the observations that
responses in the reticular formation due to peripheral sensory
stimulation were greatly reduced during ether or pentobarbital
anesthesia (French et al., 1953; Magoun, 1963) and that the
"arousal response" seen in the cortex Ubon stimulation of the
reticular formation was blocked duriﬁg pentobarbital anesthesia
(French and King, 1955).

Recent evidence has accumulated which is inconsistent with the
reticular theory. Darbinjan, Golovchinsky and Plehotkin (1971),v
using deep-brain recordings in cats, found that the arousal
response during stimulation of the reticular formation was not
abolished during ether anesthesia and conc]uded-that,the decreases
in the reticular formation respénses to sensory stimulation were
due to depression of the synaptic input to the reticular formation,
rather than to-depression of the reticular formation itself, Mori
-and his colleagues found increased activity of reticular neurons
during cyclopropane anesthesia‘(Mori et al., 1972) as did Shimoji

and Bickford (1971) during halothane anésthesia. So, although
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recordings during barbiturate anesthesia are consistent with the
reticular theory (French et al., 1953; French and King, 1955;
Darbinjan et al., 1971), those during inhalant general anesthesia

are not.

Changes in activity of specific regions

There‘js a voluminous Titerature on changes in electro-
encephalographic recordings during general anesthesia (reviewed by
Stockard and Bickford, 1975). Such data is of limited value in
determining effects on specific regions of the brain because of the
problem of deciding whether changes in the activity of a particular
reg}on are "intrinsic" or the result of changes in input from other
regions.

In the case of the cerebral cortex, there are several studies
showing dramatic decreases in the intrinsic activity of neurons.
Darbinjan et al. (1971) showed that callosal potentials, evoked in
one part of the cortex in response to stimulation of the
contralateral hemisphere, and thought to involve only transmission
by cortiﬁa] neurons, were markedly depressed during'ether
anesthesia. Richards and his collaborators observed depreésion in
the function of specific neuronal tracts in-in vitro brain slices
from the olfactory cortex (Richards, 1973 a,b; Richards et al.,
1975) and from the dehtateAgyruS'of the hippocampus (Richards. and

whité; 1975) at sub-clinical levels of general anesthetics.
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CELLULAR ELECTROPHYSIOLOGY OF GENERAL ANESTHESIA

A ]afge number of effects of general anesthetics at the
cellular level have been observed in in vitro studies: depression
of cilial beating (Nunn, 1974), of mitosis (Nunn, 1974), of
aétomyosin ATPase activity (Merin, 1975); of bacterial luminescence
(White et al., 1975), of cell aggregation (Ungar, 1975), of
phospﬁo]ipid metabolism (J. Miller, 1975), of mitochondrial
respiration (Rosenberg and Naugaard, 1973). These actions were all
seen at clinical concentrations of anesthetics. The following
review will deal only with actions of anesthetics on nerve
conduction and synaptic transmission, both because it is c]eakést
how these effects may alter the functfon of the nervous system and
because of the subjéct of this thesis, but the diversity of.

~ cellular actions of general anesthetics should be borne in mind.

Anesthetic concentrations and in vitro experiments

It is important to compare the concentration of anesthetics
producing in vitro effects to the concentrations present during
general anesthesia of an anfma1. Anesthetic concentrations during
surgical anesthesia can be meésured as blood concentrations or as
alveolar concentratjohs. Eger and his associates'(Eger, 1964; Eger
et al., 1965; Regan-and Eger, 1967) deve1oped'the concept of the
"minimum alveolar concentratijon": the alveolar concentratfon at
which 50 pekcent‘of’the subjects do not move in response to a skin

incision. {de Jong and Eger. (1975) have pointed out that,



practically speaking, this is below a minimum for a surgeon, since
at this concentration 50 percent of hié patients woq]d be leaping
up from the operating fable). Concentrations present in surgical
anesthesia range up to two to three times the minimum alveolar
concentration, depending on the anesthetic and the level of
anesthesia. I will refer to this range as. "surgical" or "clinical™
concentrations of anesthetic. Respiratory arrest occurs at from
two to six times the minimum alveolar concentration, again
depending on the anesthetic (Regan and Eger, 1967). I will refer
to thése as "apneic" concentrations. -

Most research (including the experiments of this thesis) has-
been peformed with ether and with halothane, the most venerable and
the most popular (respectively) surgical general anesthetics.

The minimum alveolar concentration for ether anesthesia of dogs
is 3.29 percent (V/V) and the apenic alveolar concentration is 9.3
percent (Regan and Eger, 1967) which correspond (assuming
equilibrium) to concentrations in saline solution of about 15 mM
and 44 mM, respectively, using an air:saline partition coefficient
of 12 (Steward et al., 1973; Renzi and Waud, 19/7). #lood
concgntrations of ether during'anesthesia of dogs range from about
15 to 24 mM (Ronzoni, 1923; Robbins, 1945; Haggard, 1924), |
corresponding to saline concentrations of about the same, since the
 blood:water partition coefficient is about 1 (Steward et al.,
1973). Blood concentrations of ether at respiratory arrest are 21

to 26 mM (Ronzoni, 1923). Aqueous concentrations of ether needed

0
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for narcosis of poikliotherms at 37° are similar to those needed
for anesthesia of mammals at the same temperature: 25 mM for newts
(Miller et al., 1973) and goldfish (Cherkin and Catchpool, 1964).
Concentrations needed for narcosis of goldfish which have been
adapted to lower temperatures are-higher: 34 mM at 10° and 35 mM
at 5° (Cherkin and Catchpoo1,.1964). The requirement for higher
concentrations at lower temperatures is‘consistent with a membrane
site of action since the oil:water partition coeffiéient decreases
with femperature.

The minimum alveolar concentration for halothane anesfhesia of
dogs is .87 percent (v/v) and the apneic concentration is 2.5
percent (Regan and Eger, 1967); éssuming equilibrium, these values
correspond to .28 mM and .79 mM in saline solution at 37°, using a
part%tion coefficient of .76 for the air:saline partition (Steward

et al., 1973)

Synapses

It is widely believed that the production of géneral‘anesthesia
is due, at the cellular level, to the block of synaptic
transmission. As will be seen in the following review, there is
ample evidence that synaptic transmission in the spinal cord, in
synaptic ganglia, and in the brain itself can be significantly
- depressed by clinical levels of genera1.anesthetics..'However, in
most of these-cases, there is 11tt1e,understanding'of the mechanism

by which synaptic transmission is depressed.
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Sympathetic ganglia

One of the themes running through cellular electrophysiological .
studies of general anesthetics is the observation thaf at clinical
levels of anestﬁetiés, synaptic transmission can be depressed with‘
little effect on the ability of nerve fibers to conduct action
potentials. The classical work demonstrating this was that of
Larrabee and Posternak (1952), who investigated the effect of
several general anesthetics both on difect nerve conduction and on
conduction through perfused sympathetic gaﬁg]ia from cats, rats,
and rabbits. They found that for a inen concentration of
anesthetic, the_reduction in the height'of the (externally
recorded) action potential was greater in post-synaptic fibers than
in direct-conduction fibers. Clinical concentrations of ether and
chloroform decreased the height of post-synaptic action potentials
by about 20 percent; significant depression of direct
action-potential conduction required anesthetic concentrations two
or three times larger than clinical levels. Larrabee and Posfernak
emphasized that their reﬁu]ts did not necessarily imply a selective
effect on synaptic processes (now known to be pre-synaptic release
of transmitter and post—éynaptic membrane conductance changes in
response to transmitter); since the safety factorvis much higher in
axonal conduction than in synaptic transmission, selective block of
trans-synaptic excitation could be explained "without assuming an
‘action on synaptic structures which differs in any way from the

action on other portions of the neuron”.
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Sympathetic ganglia synaptic transmission and pressure revérsa]

of general anesthesia

Johnson and Flagler (1950) showed that ethanol narcosis of
tadpoles could be reversed by high pressures (100-200
atmoépheres). This feversal has since been foudd also for a
variety of gaseous and volatile anesthetics (Halsey and
Wardley-Smith, 1975). The observation.of pressure reversal has led
to the expectation that if there is a single "fundamen£a]" action
responsible for general anesthesia, it ought to be revefsib]e by
pressure.

. Kendig and her collaborators (1975) examined the pressure
sensitivity of the block of synaptic transmission in rat
sympathetic gaﬁg]ia by halothane and methoxyflurane. At
atmospheric pressure, reduction of the post-synaptic action
potential was greater than the reduction of the pre-synaptic
(direct conduction) action potential; a surgical concentration of
hé]othane (.25 mM) depressed the post-synaptic action potential by.
about 20 percent. .(This is in good agreement with Larrabee and
Posternak's (1953) wprk with the cat ganglia where a surgical
concentration of ether (20 mM) depressed the post-synaptic action

.potential by 20 percent). Kendig and her collaborators found that
depression of transmission in both "slow" (muscarinic) and “fast"
(nicotinic) acetylcholine-mediated synapses was not antagonized by
pressure: pressure itself depressed transmission and augmentéd the

. depression produced by -halothane or methoxyflurane. In contrast,
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pressure didA(slight1y) antagonize the depression of pre-synaptic
action potentials by higher concentrations of anesthetic (Kendig et

al., 1975; Kendig and Cohen, 1977).

Spinal cord

Austin and Pask (1952) recorded extracellular potentials in the
spinal cords of cats exposed to vafious concentrations of ether and
found that monosynaptic ventral root potentials in response to
stimu1ation of the sciatic peripheral nerve were markedly depressed
by concentrations of ether (measured in the blood) corresponding to
surgical anesthetic‘]eye]s. The dorsal root potential, on the
other Hand, reflecting only the conduction of action potentials in
"type A" fibers, was unaffected up to concentrations of ether which
produce respiratory arrest. -

Somjen and Gill (1963) and Somjen'(1967) used the techniques
developed by Eccles and his collaborators to record intracellularly
from spinal cord motonéurons in animals which inhaled ether.
Excitatory post-synaptic potentials elicited by stimu]étion of
sensory nerves were decreased in amp1itudé during ether inhalation.

Somjen and Gill also'tested‘the excitabiTity of motoneurons by
injecfing current with an intracellular electrode, to see if, in
“addition to the'depression of synaptic potentials, the generation
of action potentials in response to a given excitation might be
~affected by ether. They found that aTthpugh the threshold
potential for firing was not regu]af]y affected, the ability to

respond to a sustained depolarization with repetitive firing was
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- depressed, and the degree of accommodation tb a gradually
increasing current was enhanced. This was true in some but not all
neurons; when present, these effects were reversible and
reproducib]e. In these experiments no estimate was made of the
ether concentrations.

Richens (1969'a,b) used both extracellular and intracellular
recording to invéstigate the depression by volatile anesthetics of
synaptic transmission in the isolated frog spinal cord. Synaptic
transmission was completely blocked By concentrations of
anesthetics which did not impair conduction of action potentials in
pre-synaptic fibers. In attempting to localize the site of action
of the anesthetics in blocking synaptic transmission, Richens found
that post-synaptic potentials were smaller, that the threshold for
firing of the motoneurons was higher, and that intrace11u]ar]y-
recorded motoneuron action potentials were smaller in the pressure

of chloroform.

Synapses in the brain

Recently, Richards and his collaborators have demonstrated that
general anesthetics can depress éxcitatory synaptic transmission in
the brain itself (Richards, 1973 a,b,c; Richards et al., 1975;
Richards and White, 1975). They recorded potentials from the
~surface of thin in vitro quinea pig brain s]ﬁces while stimu]atfng

" tracts containing a large number of parai1e1 axons which synapsé
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onto a second‘popu1ation of ﬁeurons. The evoked fie]d,potenfia1s
recorded in this way have various components which reflect the
action potentials in the stimuiated tract, thevsynaptic potehtials
in the post-synaptic cel]s,‘and also the action potentials arising
in the post-synaptic'neurons (Richards and Sercombe, 1970; Richards
and White, 1975). Beca&se the neuron populations in these tracts
_are very homogeneous, thé signals are QUité sharp and stable.

Richards (1973a) and Richards, Russell and Smaje (1975), using
braih slices from the o]facfory cortex, found that~ha10thane,
ether, énd‘methoxyflurane, at concentrations below the minimum
alveolar concentrations, depressed the amplitude of the post-
synaptic potential. The pre-synaptic action potentials were
depressed only at.higher concentrations (but these were still
within the range of surgical concentrations). Richards and White
(1975) made similar observations on'slices from the dentate gyrus
iﬁ the hippocampus. | |

Richards and his co]]aboratoré have attempted to identify the
point or points at which synaptic transmission is depressed. It is
very difficult to eliminate any possibility. For example, 1t is-
‘clear that at the lowest concentrations which ‘affect transmission,
the action potentials in the bulk of the pre-synaptic nerve tract
are not failing, but it is impossible to eliminate the possibiiity
that.conduction ié failing in thé very fine pre-synaptic
akborization§ of these-nérves; the small currents from these
prdbab]y make almost no contribution to the recorded field

potentials.



133

The threshold for firing of‘fhe post-synaptic cells could be
estimated (in a necessarily crude way) from the size of the
synaptic potential necessary to excite a given amplitude of the
post-synaptic action potential signal. The threshold did not seem
to change with the general anesthetics present, in agreement with
the findjngs of Somjen and Gill (1963) on motoneurons. However, as
with the motoneuron experiments, there were suggestions that the
generation of action potentials was altered in more subtle ways.
Trich]oroethylené produced a tendency for repetitive firing not
normally seen (Richards, 1973c). Ether simp1y depressed the’firing
of some cells but induced latent and repeitive fifing in others
(Richards et al., 1975). Halothane and methoxyflurane depressed
the activity of all cells observed (Richards, 1973a; Richards et
al., 1975). B

Some of the action of some of the anesthetics could be shoﬁn to
be post-synaptic. Glutamate applied iontophoretica]iy to fhe
post-synaptié cells produced action potential activity in these
cells. Ether, methoxyflurane, and trichloroethylene diminished
this activity, suggesting a post-synaptic effect of these
anesthetics (Richards, 1973c; Richards et al., 1975; Richards and
Smaje, 1976). Howeyer, halothane had no efféect even at levels
which profoundly reduce stimulation—evokeq activity (Richards,
1973b; Richards and Smaje, 1976). Smaje (1976) tested the ability |
of general anesthetics fo'altek';ction potential activifyrproduced

by iontophoresis of acetylcholine onto these cells (the action of
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acetylcholine is of the "s]bw" type in these neurons). A1l the
gaseous and volatile genera1 anesthetics tried, ether, methoxyfjurane,:
trichloroethylene, and halothane, caused a dose-dependent increase in
the firing rate produced by acetylicholine. |
Nic011 (1972) also studied synaptic traﬁsmission in the mammalian

cortex, in this case in the in vivo olfactorylbulb of rabbits. Mitral
axons (in the 1afera1 olfactory tract) were stimulated; the mitral
somas were thus excited.antidromfca11y, and the excitatory synapses of-
the mitral dendrites (which have reciprocal synapses with the
dendrifes of granule cells (Eccles, 1973)) were thus activated. These
events were followed by recording extracellular field potentia]s; In
contrast to the findings of Richards and his collaborators with
~olfactory cortex synapses, Nicoll found thét excitatory synaptic
potentia]s were depressed in these olfactory bulb synapses only at
high (aﬁproximate]y apneiﬁ) concentrations. Furthermore, depression
of the nerve conduction and of synaptic transmission took place at .
about the some concentrations.

| The granule cells onto which the mitral cells synapse in turn have
synapses back onto the mitral'celi dendrites. These ‘are inhibitory ‘
synapses (ch]es, 1973). By using paired stimuli, Nicoll found that
the inhibition of mitral cells by the granule cells was markedly
prolonged by moderate anesthetic concentrations. There was no way
from these results to distinguish between various possible mechanisms:
blockage of re-uptake of the transmitter, facilitation of release of

the transmitter, and so on). ‘
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The most striking facet}of‘thé observations made on the actions
of general anesthetics on synapses is the complexity and diversity
of the effects seen: not only do effects on inhibitory synapses
differ from those on excitatory synapses (Nicoll, 1972) but, even
within the same neurons, excitation prbduced by.one transmitter is
depressed while that produced by andther.is not (Rithards and
Smaje, 1976; Smaje, 1976) aﬁdieven when.considering,the actions on
the excitation produced by a single transhitter on a single type of
'neuron, halothane is strikingly differeﬁt fn,its effects from the
other angsthetics.(Richards and Smaje, 1976). It is clear that a
simple statement of the sort "general anesthesia is produced by
block of excitatory synaptic transmission” will not suffice to.
explain ‘the action of general anesfhetics: which synapses in which
neurons in wh%ch part of the brain must be determined.

S

Neuromuscular junctions

Action of general anesthetics at the neuromuscular junction‘has
been of.interest for two.reasons. First, ever since Auer and
Meltzer (1914) suggested a "curare-like" action of ether,
depression of neuromuscular transmission has been postulated to
contribute to the loss of muscle tone seen in deep ether
anesthesia. 'Second, fhe neuromuscular synapse may provide a model
for actions of anesthetics at central synapses. From the'point.of'

view of this thesis, the muscle end-plate provides a case where the



actions of general anesthetics in modifying the operation of a
voltage-sensitive jonic channel have been described.

Auer andAMeltzer (1914) found that in deeply etherized dogs
indirect stimulation of muscles via nerves was depressed while
directly stimulated muscle contraction was normal.- Secher (1951)
tried to determine whether this depression was due to nerve failure
by recording exterha1‘nerve action potentials in the rat phrenic
nerve-diaphragm muscle preparations; he found that nerve codduction
failed at about the same time as muscle contraction. Ether
_concentrations were not reported.

Karis, Gissen and Nastuk (1966, 1967) found that clinical
concentrations of ether completely blocked tension development 1n'
the'frog sciatic nerve-sartorius muscle system. (Axonal conduction
was found to be.unaffécted by these concentrations "in general
agreement with the earlier work of Secher", but Secher found
parallel depression except in experiments where an unspe@ified
amount\of curare Wa§ also present). In fhese experiments clinical
concentrations of ether and halothane diminished the amplitude of
end-plate potentials and of miniature end-plate potentiais
(m.e.p.p.s). The threshold for firing of the muscle membrane was
found to be increased. |

In attempting to define the site of genefa] anesthetic action
on the neuromuscular junction, Galindo (1971) found that clinical
concentrations of halothane decreased both thé‘amp1itude and the

frequency of m.e.p.p.S, suggesting actions both pre- and
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post-synaptically. Kennedy and Galindo (1975) found that clinical
concentrations of enflurane decreased the amplitude of m.e.p.p.s
but not their frequency; the threshold of the muscle membrﬁne was
increased, as fof ether and halothane. '

Waud and Waud (1975 a,b) found that clinical 1evels‘of a number
of general anesthetics reduced the depolarization produced in fhe
frog end-p]até by the acetylcholine analog carbamylcholine.

Minimum alveolar concentrations reduced depolarization in resﬁonse
to a given dose of carbamylcholine by about 25 bgrcent.'

Reéent]y,'Gage and Hamill (1976 a,b) examined miniature
end-plate currents (m.e.p.c.s) and the resulting m.e.p.p.s in rat °
diaphragm muscle in the presence of ether, halothane, chloroform,
and enflurane and Gage, Hémi]], and Van Helden (1979) examined the -
effect of ether on m.e.p.c.s and on the current noise induced by
acetyicho1ine in toad sartorius muscles. Subclinical levels of
anesthetics increaséd the rate of decay of m.e.p.c.s with no (rat
muscle) or on]y slight (toad muscle) decreases in m.e.p.c.
amp 1itudes; this:resulfs in diminished m.e.p.p. amplitudes.
Concentration éorresponding to minimum alveolar concentrationg
caused about 30 Seréent decreases in the time constant for decay of
M.€.P.C.S. _Largelconcentrations of anesthetics (fbr example, more.
than 40 mM ether) produced the opposite effect: larger time
constants than the control. Gage et al. (1979) used the theory
developed by Anderson and Stevens (1973) toAcaicu1ate the mean

" channel lifetime from the current noise produced by applied
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acetylcholine; the mean.channel lifetime decreased-progressively
with concentrations of ether from 5 to 70 mM. Gage et al. (1979)
_interpreted their results to suggest that ether in some way reduces
the stability of open end-plate channels (the increase in the
m.e.p.c. decay time constant with high concentrations of ether
appeared to be due to inhjbition of acetylcholinesterase and
consequent delayed removal of acetylcholine from the synaptic
cleft), while pointing out that the altérnative'hypothesis that

ether blocks open end-plate channels could not be ruled out.

Nerve conduction

Many experiments have shown that nerve conduction can be
reversibly b1ocked by general anesfhetics. However, since the
concentration of anesthetic required for significant block in all
nerves so far examined are higher than those needed for induction
of general anesthesia, most workeré discouni nerve conduction block
as the basis of general Ahesthesia.

- Following are summaries of work done with the most studied of
the general anesthetics, ether and haiothane. Unless otherwise
noted, action potentfals were recorded extracellularly from:
multi-axon nerves. Where gas concenfrations'have been éonverted
into saline conéentrations, I hdve used partition coefficients
given by Steward et al. (1973), Regan and Eger (1967), and
Mastrangelo et al. (1975), with the temperature dependence of the

partition coefficients taken into account.
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Ether Minimum alveolar concentration 15 mM

Apneic concentration 44 mM

Lorente de No (1947) found reversib?e block of mye]inatéd frog
fibers by ether, AEther concentrations were not known.

Larrabee and Posternak (1952) found that 48 mM ether reduced
‘the height of the action potential of type A (myelinated) fibers in
the cat cervical ganglion by 40 percent. Type C (unmyelinated)
fibers were blocked by only 10 percent at this concentration. At
77 mM, tybe A fibers were blocked by 90 percent and type C fibers
by 40 percent. .

Roth (1975) found that 5.6 percent (v/v) ether in the gas‘phase '
(54 mM in sa]ine at 25°) blocked frog sciatic nerve action
potentials by 30 percent.

Schwartz (1968) found that 90 mM ether was required to block
conduction ih a single squid gfant axon.

Richards, RuSse]], and Smaje (1975) found that 4.5 pércent
(v/v) ether (21 mM in saline solution) blocked the action potential
from lateral olfactory tract fibers from guinea pigs by 10
‘percent. Smaller concentrations Ead no significant effect.

Richards and White (1975) found that 4.5 percent ether blocked
conduction 5h perforant tract neurons by more than 40 percent

(equiTibrium was not reached).
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Halothane Minimum -alveolar concentration .28 mM

Apneic concentration S 79 mM

E11is (1969) found that 4 percent (v/v) halothane (1.3 mM in
ga]ine) blocked rat sciatic nerve fibers by 15 percent. 2.5 mM
produced 40 percent block. Conduction velocity was slowed 10
percent by 2.5 mM.

Roth (1975) found that 3.6 percent (c/c) halothane (2.0 mM in
saline solution at 250) blocked frog sciatic nerve action
potentials by 50 percent; 3 mM blocked by 70 percent.

Diamond, Havdala, and Sabelli (1975) reported that 18 mM
halothane blocked the action potential in frog sciatic nerveAby 25
percent. (The‘discrepanéy between the result énd Roth's is
- probably due the fact that Diamond et al. did not use desheathed
nerves). | |

Kendig and Cohen. (1975) found that .5 mM halothane blocked
impulses in the rat cervical ganglian by 15 percent. 1 mM b]oékéd
by 25 percent. o |

Richards (1973a) found a 10 percent decrease in the signal from
. the lateral olfactory tract fibers of the guinea pigs with 3
peréent (v/v) ha]othéne (corresponding to .97 mM in saline
solution). | |

While it is true fhat rélative1y large concentrations of
anesthetics are required to block conduction significantly in most

nerves so far examined, it is clear that there is considerable
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variation in the sensitivity of various types of nerves. The data
are‘too scanty to make definite statements about variation of
sensitivity with, say, fiber diameter, but it is interesting that
the most sensitive neurons are the small (.5 -~ 1 miﬁron) central |
neurons. The perforant tract neurons are at least 40 percent
blocked by a high clinical .level of ether.

A number of people (Wall, 1967; Seeman, 1972; Richards, 1§73a;
Richards and White, 1975) have suggested that block of conduction
in the very fine pre-synaptic arborizations, aS‘ﬁmall as .1 micron
in diameter (gggggg et al., 1970), could be important in general
anesthesia. (Not'a11 of those who have suggested this think it is
likely). This thinking js based on numerous observations of '
Qreater sensitivity of smal]ér fibers to a variety of blocking-
agents (Gasser and Erlanger, 1929; Uehara, 1960; Staiman and
Seeman, 1974). However,lthese studies Have been done with
myelinated fibers, while the central arborizations are
unmye]inated; also, such studies seem not to have been done with
volatile or gaseous anesthetics.

A second point from this nerve block data is that there is.a
significant level of conddction block of a number of nerve types ;t
apneic concentrations of anesthetic. Thus, while it is probably .
not important-in the production of general anesthesia, nerve block

could well be involved in respiratory arrest.
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' Mechanism of nerve block

There.are only a few studies with information about how nerve
conduction is blocked by general anesthetics. Most of the
available work suggests that the priméry cause of block is a
depolarization of the nerve fiber; ‘Alcock (1906) found that 50
percent ether (v/v) caused depolarization of frog sciatic nerves,
as measured by injury currents through a cut end. Wright (1946),
‘working with cat peroneal and rat tibial fibers, found that dilute
ether vapors both reveréib]y depolarized the nerves and blocked
their action potentials, with simi1ér time courses." Lorente de No
(1947) made the same observation with frog sciatic nerves, and in
addition noted that hyperpolarization restored the excitability of
an ether-treated nervé. ‘Ether concentrations were not known.

Depolarization probably causes loss of éxcitabi]ity by
inactivation of sodium channels; the fact that the inactivation vs.
membrane potential curve is shifted in the hyperpolarizing
direqtion by ether, as reported here in Chapter 1 for the cray fish
axon and by Kendig et al. (1979) for the frog node, means that
depo]ariiing the nerve-wgll inactivate an eveh greater fracfion of
the sodium channels than in the control case. The loss of |
available sodium channels through inactivation is consistent with
Lorente de No's observation of restoration of action potentials by 
hyperpolarization; this observation shows clearly that sodium
channels can be made avai]ablé with a sufficiently negative

membrane potential. This is also in agreement with the observation
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in Chapter 2 that 200 mM ether decreases peak sodium currents by only
about 50 percent with holding potentials of -80 to 100 mV;"However,-
in the crayfish axon even large concentratidns of ether and halothane
did not depo]arize the resting membrane, and it is likely that at low
temperatures the axon would st111'be excitable with as‘much-as 200 mM |
ether. Most of the studies showing depo]arization in the other nerves
were done at room temperature or above with large concentrations of

ether; I did not do experiments with these conditions.’

Changes jgvaecommodation and repetitive activity

It is intereeting te note fhat in a number of‘syStems, subtle
changes in nerve firing are seen with concentrations of anesthetics
too low to block excitation. It is interestihg to speculate that at
Teast some of these may be related to the changes.in sodium and
potassium current kinetics described in Chapters 2 and 3.

Perhaps the most Striking observation is one made by Heinbecker
and Bartley (1940). They found, in frog eciatie nerves, that 42 mM
ether, which depressed the size of single action potentials but did
not eliminate them, produced a dramatic increase in.the rate of
accommodation to a'SUbthresho]d depolarization.. The rate of
accommodation depends on the rate of sodium channel inactivation and
the rate of potassium channel activation (Hodgkin end Huxley, 1952);
both these rates are increased by ether in the crayfish axon and it is
very tehpting to relate those effects to the one observed by )

Heinbecker and Bartley. '
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Somjen and Gill (1963) also observed cases in which
accommodation was enhanced by ether, in cat spinal motoneurons.
They found also that the ability to respond to a long
depolarization with sustained firing was depressed by ether. Both
effects could be explainable by changes in sodium channel
inactivation kinetics, and potassiuﬁ channel activation kinetics,
like those seen in the crayfish axon. However, the motoneuron has -
a much more complex sét of voltage-dependent channels and the
factors governing accommodation and repetitive firing are likely to
be-very complicated. The same caution applies to any attempt to
interpret the changes in firing patterns seen in the guinea pig
olfactory cortex'(Richards, 1973c; Richards et al., 1975). Another
finding of this type is the depression of post-tetanic repetitive
firing seen by Van Poznak (1963) in cat soleus motpr axons with
é]inicaT concentrations of ether. In any case, it is clear that
aneéthetics may have significanf effects on action potential
generation even at concentrations too small to block excitability;
even if such effects are not of fundamental importance in the
physiology of general anesthesia, it is possible they play a role
in more subtle ways, such as determining differences in the

detailed effects of the different anesthetics.

Molecular theories of general anesthesia

A cornerstone of most molecular theories of anesthesia is the
idea that the anesthetic properties of gases somehow result from

their dissolving inta cell membranes; a hypothesis originally made
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by Overton (1901) as a consequence of noting the excellent correlation
between the aﬁesthetic potency of a compound and its olive oil:water
partition coefficient.

Before discussing the effects of general anesthetics on membrane
structure, it should be emphasized that .it is by no means certain that
these effects underly general anesthesia. Correlations between
anesthetic potency and physi¢a1 properties other than 1ipid solubility
have been made, including, for example, van der Waals constants (Koski
et al., 1975) and ionization potentials (Sandorfy, 1976). Pauling
(1961) and S. Miller (1961) independently suggested that anesthetic
potency was correlated with the ability of the gas to form
micro-crystalline hydrates (“clathrates") 6f structured water
molecules; Pauling proposed that clathrates would form near protein
.mo1ecu1es and would affect their activity. However, recently
molecules have been found, SF6 for example, fdr_which the correlation
is not very good (K. Miller, 1969). A number of workers have pointed
out that the correlation of anesthetic potency with ]ipid solubility
would be consistent with anesthetic molecules interacting wfth
hydrophobic regions of probes and causing conformational changes
Ieading to los§ of activity (Eyring, 1966; Eyring et al., 1973; Hsia
and Boggs, 1975; Ueda et al., 1975; WOodbury'gglgl.,.1975; Franks and

.Lieb,Al978). A few aqueous énzymes have been found whose activity is
inhibited by general anesthetics, but clinical concentrations did not
produce significant inhibition (Brammall 23331., 1973; Ueda and

Kamaya, 1973).
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Critical volume hypothesis

Mullins (1954, 1973, 1975) suggested that anesthesia occurs
when a critical volume of anesthetic has entered a cell membrane,
regardless of the structure of the anesthetic molecule. In various
forms, this has been a popular idea. K.W. Miller and his
collaborators (S. Johnson and K. Miller, 1970; K. Miller et al.,
1973; K. Miller, 1974; K. Miller, 1975) have suggested that
anesthetic molecules dissolve in some membrane in the cell and
cause that membrane to expand by disordering the lipids. This
hypothesis was designed'in part to account for the pressure
reversal of narcosis shown in narcotized tadpoles, newts, and mice
(F. Johnson and Flagler, 1950; K. Miller et -al., 1973; Lever et al.
1971; Halsey and Wardley-Smith, 1975). Pressure is believed by
Miller and his collaborators to reverse the effects of'aﬁ;;thetics
by compressing the membrane back to its original volume. From the
amount of pressure needed to reverse effects from various doses of
anesthefic, they calculated that during general anesthesia the
membrane would be expanded by about .4 percent.

Seeman and Roth (1972) have shown that erythrocyte mémbranes
areAexpanded by aboﬁt -4 percent with clinical levels of
anesthetics. Seeman (1972, 1974, 1975) calculated that the actual
occupying volume of anesthetic at these concentrations would be
only about -.02 percent in the membrane; he suggested that extensive
_ conformational changes in membrane proteins must be involved in the

hembrahe expansion. However, Ueda, Shieh and'Eyring (1974)'have
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- found that a pure1y phospholipid monoiayer was}expanded by .5
percént in the presence of clinical concentrations of a number of

genera]_énesthetics, so that it is not clear that proteins must

- .contribute to the erythrocyte expansion.

It is not clear how expansion of bilayers would produce general
anesthesia. Mu]]jns (1975) suggested that the volume ihcrease
- would cause a local increase in pressure within the bilayer and
that this pressure would affect membrane proteins by compressing
them. Seeman (1975) suggested specifically. that the sodium channel
in'the nerve membrane is compressed or distorted so that it is
blocked. It is difficult to see how these models could account for
the pressure reversal of anesthesia, since they postulate that
proteins are made inactive by local increases in pressure to begin

with.

Changes in membrane fluidity

Trudell, Hubbé]]; and Cohen (1973a) found that halothane and
methoxyflurane decreased the order of fatty-acid chains in
phosphplipid bilayer vesicles. The order is estimated by the
average tilt of nitroxide spin labels on fatty-acid chains,
detected by electron spin resonance (Hubbell and McConnell, 1971);‘
"fluidity" is often used to mean the inverse of "order" in this
sense. Trudei], Hubbell, ahd Cohen (1973b) also showed that
pressure reversed the decrease in order caused by the anesthetics.

They suggested that biological mémbranes would be similarly affected
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and that this is the basis of general anesthesia. Later work has
confirmed the increase in fluidity for other anesthetics; while
there are some differences in estimates of the concentrations of
anesthetics needed for significant effects, it is clear that large
concentrations (for example, above 50 mM ether) have clear effects,
‘and clinical levels probably have small, but real, effects (Boggs
et al., 1976; Mastrangelo et al, 1977).

Other measurements have also shown perturbation of bilayer
structure by general anesthetics. The rotational diffusion rate of
the fluorescent probe 1-‘pheny1—6—pheny]hexatriene was shown by
Vanderkooi et al. (1977) to be increased in the presence of a
vériety of general anesthetics; they also showed that the lateral
diffusion rate of the fluorescent molecule pyrene was faster with
general anesthetics present (for example, increased by a factor of
2.7 by 200 mM ether). |

S. Johnson and K. Miller (1970) and Johnson, Miller, and
Bangham (1973) showed that general anesthetics at clinical levels
increased the cation permeability of liposomes, both native sodium
permeability and va]inomycin—mediated potassium permeébi]ity. They
further demonstrated that thisAeffect could be reversed by high
pressures. .
| It is hot clear-that the effects seen on bilayer systems have
any bearing on the physiological phenomenon of general anesthesia.
It is possible that the functioning of some of the membrane-bound

ionic channels and enzymes in nerves might be influenced by the



state of Tipids sufrounding them; Gage and Hamill (1976 a,b) and
Gage, Hamill and Van'Helden (1979) suggested that the reduction of
the stability of end-plate channels they observed could possibly be
due to an effect of the anesthetics on the 1ipids surrounding the
end-p]ate.channel. However, it is clear that much more must be
understood about the functioning pf membrane proteins, and about

the action of general anesthetics on lipids and oﬁ proteins, before
the molecular basis for the pharmaco]dgica] actions of general

anesthetics becomes clear.
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