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A. Jaffe
ELECTROPHYSIOLOGIC AND PHARMACOLOGIC PROPERTIES OF MAMMALIAN SENSORY NEURONS

ABSTRACT

Passive and active electrical properties of the soma membrane
of neurons in nodose ganglia removed from cats and rabbits were
studied. The ganglia were maintained in vitro and were superfused
at 37°C with a solution formulated to approximate the extracellular
fluid of each species. The solution was buffered to pH 7.34,
continuously equilibrated with 95% 02 and 5% C02, and contained
dialyzed calf serum and glucose. These properties were also
examined in nodose ganglion neurons in vivo. Intracellular recordings
were obtained with glass micropipettes filled with either 3 M KC1
or 5 M K acetate. Mean values (*SEM) for the resting membrane
potential (-49 + 0.4 mV; -52 + 0.4 mV), input resistance (21 + 0.9 MQ;
18 + 0.4 MQ), time constant (3.6 + 0.16 msec; 3.0 + 0.14 msec) and
action potential amplitude (78 + 0.7 mV; 87 + 0.36 mV), duration
(1.7 +0.05 msec; 1.7 = 0.02 msec), rate of rise (151 * 10 V/sec;
217 + 3 V/sec), rate of fall (72 + 2 V/sec; 75 + 2 V/sec) and
afterhyperpolarization (18 + 0.5 mV; 15 + 0.2 mV) were determined
for both rabbit and cat nodose ganglion neurons respectively.
Values obtained in vitro did not differ significantly from those
obtained in vivo. Based on a comparison of electrophysiologic
properties of the soma membrane, neurons in the nodose ganglion
appear to be a uniform population, despite the different sensory
modalities conveyed by the afferent fibers. Many neurons, both in
vitro and in vivo developed a persistent hyperpolarization when
repetitive action potentials occurred in the soma. This hyper-

polarization was apparent at frequencies as low as 1-2 Hz, persisted



for up to 5 s after the occurrence of the last somatic spike, and
sometimes caused failure of somatic spikes to be generated.

Neurons in both species differed in their responses to supra-
threshold depolarization applied through the recording electrode.
Some neurons produced a train of action potentials which lasted

for the duration of the depolarizing pulse, the frequency of the
train being related to the magnitude of depolarization. Other
neurons responded with only a single spike or brief burst of

action potentials at the beginning of depolarization to threshold.

It is suggested that the adaptive properties of the soma membrane

of a peripheral sensory neuron are similar to those of its sensory
ending, and that electrophysiological studies of the soma membrane
may provide an opportunity to examine mechanisms of receptor
adaptation. The ionic contributions to the resting and action
potentials in neurons in cat nodose ganglia were studied. The maximum
slope of the potassium-potential curve (25 mV/decade), however, was
significantly less than the Nernst predicted value of 61 mV/decade.
The amplitude of the afterhyperpolarization in these cat sensory
neurons was less affected by changes in external potassium concentra-
tion than was the resting potential. The membrane potential
depolarized when the external sodium concentration was reduced. This
is in marked contrast to findings in similar studies in other species
which reported either no change or slight hyperpolarization of the
resting potential upon removal of extracellular sodium. A small rise
in external chloride ion concentration increased the resting membrane

potential while significantly reducing the membrane resistance.



Membrane resistance was also significantly affected by changes in
external calcium concentration. Measurements of the specific ion
contributions to the resting and action potentials have revealed
several differences between these mammalian neurons and the neurons
of nonmammalian species. These differences need to be studied in
more detail before any definitive conclusions can be reached. The
pharmacologic actions of a variety of drugs were tested on neurons in
cat and rabbit nodose ganglia. Results suggest that the cell bodies
possess receptors for drugs, and that drug-induced effects may result
in the initiation of action potentials or the modification of pre-
existing activity. Thus, the nodose ganglion may be an important

site of action for the autonomic effects of some drugs.
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"...Are we nearly there?" Alice managed to
pant out at last.

“Nearly there!" the Queen repeated. "Why,
we passed it ten minutes ago! Faster!"

"Through the
Looking Glass"

- Lewis Carroll
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I.  STATEMENT OF THE PROBLEM

Many of the generally accepted, basic principles of neurophysiology

such as those used to explain the maintenance of the resting membrane
potential, and the generation and propagation of the action potential
have been derived primarily from the study of invertebrate giant axons
and neurons, and frog skeletal muscle cells. The utility of, and
s ignificance of the data obtained from these preparations cannot be
oOverestimated. In large part, however, they owe much of their impor-
tance to the fact that they are relatively easy to study with available
techniques. In marked contrast to mammalian cells, these axons and
Neurons are often quite large and remarkably rugged, being able to
Mma-intain and generate, resting and action potentials long after they
have been removed from the animal and, in some cases, even after the
Forcible extrusion of their cytoplasm. These simple systems, in addi-
Tt 1on to providing the foundations of presently accepted neurophysiologic
P rinciples, are being used to study the effects of a variety of pharma-
COlogic agents and provide insight into their mechanisms of action. An
Tmplicit assumption is that observations on these simple systems, with
Perhaps minor modification, are directly applicable to all neurons. The
Universality of that assumption may be questioned.

Until now few adult mammalian nerve cell preparations have been
QA vailable that allow the precise manipulation of the extracellular
€ nvironment and the control of current passing through the membrane

Wh ile recording the transmembrane electrical potential. The need
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for this type of preparation becomes apparent if one accepts as an
important goal of neurophysiology the elucidation of the fundamental
mechanisms underlying mammalian neural functions. The purpose of this
project, therefore, was to develop the procedures and techniques neces-
sary for the short-term maintenance of adult mammalian nodose ganglion

neurons in vitro. The primary goal was to characterize some of the

basic electrophysiologic and pharmacologic properties of the soma
membrane of these pseudounipolar sensory neurons with the use of intra-

cellular microelectrode techniques.

II. HISTORICAL BACKGROUND

A. Introduction

In 1902, Burnstein (26) proposed an explanation for the potential
d i fference observed between the intact surface of a nerve or muscle
¥4 ber and its cut surface. He suggested that the cell was surrounded
by a specialized membrane which was selectively permeable to
PoOtassium ions but not to sodium ions. Moreover, he proposed that
during the action potential, this selective permeability barrier broke
down resulting in the elimination of the membrane potential. However,
Wi th the advent of intracellular recording techniques, it became ap-
Parent that the amplitude of the action potential was significantly
9 reater than the resting potential. Hodgkin and Katz (111) proposed
T hat the action potential was due to a large and selective increase in

T he permeability of the membrane to sodium and that the resulting
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inward movement of sodium ions down their electrochemical gradient
accounted for the overshoot of the action potential. According to
Hodgkin and Katz, the membrane at rest was predominantly permeable to
po tassium and, thus, its potential approached the potassium equilibrium
po tential calculated from the Nernst equation (172).
The origin of the membrane potential is fundamental to the under-
s tanding of all neural phenomena. The Nernst equation describes the
magnitude of the equilibrium potential as a function of the unequal
d 1 stribution of an ion species on either side of a semipermeable mem-

brane (172):

Where

equilibrium potential, R = gas constant, T = absolute tempera-

tUY‘e, Z = ion valence, F = Faraday constant, C] and C2 = concentrations
OY . more accurately, activities of the ion species on either side of the
Membrane. When the constants are combined at a temperature of 37°C, and
for monovalent ions, the equation reduces to: E = 61 log gl— Thus, a

1 O—F01d difference in concentration across a semipermeab]ezmembrane will
resuylt ina 61 mv change in potential. Measurements of intracellular
QANd extracellular ionic concentrations have demonstrated that ions are
""“equal'ly distributed on either side of the cell membrane. The unequal
di S tribution of ions will result in a diffusion potential because of

a3 F Ferences in mobilities of different ionic species as they diffuse
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down their concentration gradients. The semipermeable membrane can
enhance the differential mobilities to the extent that only one ion
species may be able to permeate the membrane. It is in this case, that
the Nernst equation can predict the membrane potential. This is a
s table or equilibrium potential because continued diffusion of the

pevrmeant ion down its concentration gradient is prevented by its genera-

+ 4 on of an opposing electrical gradient. If the membrane were permeable

to other ions, then the electrical and concentration gradients would
eventually be eliminated. Large, impermeant organic anions are present
w1 thin the cell and significantly contribute to the existence of an
Osmotic pressure gradient. The type of equilibrium characterized by the
S Tmultaneous existence of both osmotic and electrical gradients is
Cal1ed the Donnan equilibrium. The Donnan relation predicts that
wWhenever a charged impermeant ion is present on one side of the mem-
br‘ane, an electrical potential will exist across that membrane. This
PO tential may, in part, account for the unequal distribution of potas-
ST um and chloride ions.

If the resting membrane is permeable only to potassium, then
changes in the external potassium concentration should cause precise and
Predictable changes in the membrane potential. The Nernst equation
Predicts a 1inear relationship between membrane potential and the
1 O garithm of the external potassium concentration, having a slope of
61 myv per decade (58 mV per decade at 20°C). In fact, there is often

COn s iderable deviation of measured potentials from those predicted by
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the Nernst equation in many systems. The observed, nonlinear nature of

the relationship, especially at low potassium concentrations, as well as
the usually decreased slope, has been attributed to the possibility that
the resting membrane is permeable to other ions, or that changes in
ex ternal potassium concentration may affect potassium conductance or
4 ndirectly alter the internal ionic composition (49,107,131,211,229).
The possibility that permeability to other ions may contribute to

t he resting membrane potential was considered by Goldman in his constant

£ i eld theory (87). According to this theory, as modified by Hodgkin and
Ka tz (111) the membrane potential could be predicted by a modified form
Of the Nernst equation relating permeability coefficients for the

various ions to their concentration differences:

+ + -
PK[K ]0 + PNa[Na ]0 + PC][CI ]i

+ + -
PK[K ]i + PNa[Na ]1 + PC][Cl ]0

at 37°C

E =61 log

Where [X]0 = specific ion concentrations (activity) outside, [X]i =

SPecific ion concentrations (activity) inside and Px = specific ion

De"‘meabih’t_y coefficients. Implicit in the Goldman equation are the

requirenents that ion permeation be a constant, linear, passive property
OF  the membrane. Hodgkin and Horowicz (107) were able to account for
Tthe deviation from Nernst predicted values for resting potential in
Muscle fibers by assuming that the resting membrane was also permeable

to sodium. The sodium permeability being about 0.01 of the potassium
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permeability. Thus, in the resting state, potassium, and possibly
chloride, permeabilities predominate and the membrane potential ap-
proaches the Nernst predicted potassium or chloride equilibrium poten-
tials. According to the sodium hypothesis, however, during the action
po tential the sodium permeability becomes predominant and the membrane
po tential approaches the sodium equilibrium potential.

General support of the sodium hypothesis came with the development
o voltage clamping techniques. The voltage clamp permits the imposi-
t i on of a sudden change in the membrane potential and the simultaneous
measurement of the magnitude and time course of the current necessary to
cause and maintain the sudden change. Hence, it is possible to quantify
directly the ionic current which flows across a nerve or muscle mem-
brane. The particular ion species responsible for specific components
OFf +the total membrane current can be determined by examining the effects
OF wariations in the ionic composition of the extracellular or intra-
Ce 1 Tuylar medium on the changes in current. In the case of the squid
91ant axon, removal of the extracellular sodium ions has been shown to
€1 iminate the early, transient inward current flow in response to a
SUprathreshold step depolarization. Reduction of the external sodium
Ton concentration had already been associated with a decrease in both
the rate of rise and amplitude of the action potential in the squid
QAXxon (111). Direct evidence that the movement of potassium ions is

heSponsible for the later steady current flow, observed under voltage

S Tamp conditions, was provided by Hodgkin and Huxley (110) when they
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reported a study on radioactive potassium tracer efflux during trans-
membrane current flow. Shortly thereafter, Hodgkin and Keynes (112)
demonstrated that an active metabolic process was responsible for the
ma intenance of the ionic concentration gradients across the squid axon
membrane. They raise the possibility that this active ionic transport
may contribute to the resting membrane potential.
The temptation to generalize the sodium hypothesis and therefore
o ther findings obtained from the study of giant axons must be tempered
by the fact that in some neurons [including both molluscan (39,83) and
mammalian (106)] it has been clearly demonstrated that inward calcium
F0on movement is responsible for a significant portion of the total
transient depolarizing current flow. Furthermore, it has been shown
that active transport of ions significantly contributes to the resting
Membrane potential in many systems (29,218), thus violating one of the

Pr inciple requirements of the Goldman equation and the constant field

1:*\€Ec1ry.

B. Electrophysiologic Properties of Vertebrate Neurons

In 1949, Ling and Gerard (153) demonstrated that it was possible to
Produce glass capillary micropipettes with a tip diameter of less than
1 M and that these microelectrodes could be used to penetrate a cell
Membrane without causing significant injury or leakage of the intra-
Ce 7 Jular contents. They then used these electrodes to measure the

t"‘atnsme|nbr~ane resting potential of frog muscle fibers. This event
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signaled, perhaps, the single most important advance in neurophysiologic

techniques. The intracellular microelectrode was to permit, for the

first time, the direct measurement of transmembrane potentials in

vertebrate neurons.
The first study to make use of the intracellular microelectrode, on

v ertebrate neurons, was published in 1951 by Svaetichin (212). He found

t h e transmembrane resting potentials of neurons in dorsal root ganglia

removed from frogs and a cat, to range between -50 and -90 mV with

respect to an external reference electrode. He reported further that

the action potential had no positive phase; that is, it had no over-

This study was quickly followed by others on the spinal moto-
Table 1 is

shoot.
nNneuron, neurons in sympathetic ganglia and sensory neurons.
@ compilation of all published research (excluding abstracts) in which
TN tracellular microelectrodes were used to study the passive and active
el €ectrophysiological properties of the cell bodies of vertebrate neu-
rOns. Whereas a discussion of each individual report would involve much
re@petition of information not directly relevant to this project, a
COnsideration of certain particular studies is in order.

Araki and Otani (6) were the first to make extensive use of a
S 1 ngle microelectrode for both stimulating and recording. They were
Ab T e to eliminate selectively the voltage drop produced by stimulating
CUuvrrent flowing through the resistances of the microelectrodes, tissue
QANd bathing medium, and to retain the ability to measure the voltage

d"‘op produced by the resistance of the cell membrane. This was
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TABLE 1A. Passive Electrophysiologic Properties 17
of Vertebrate Neurons

v R R! c c T

m m m m m
Reference Species (mv) (M) (Q/cm?) (nF) (uF/cm?) (msec)
I. MOTONEURONS
226 cat -50-80 - - - - -
23 cat -70 - - - - -
7 toad -40-50 - - - - -

6 toad -40-50 4.5 269 1.05 17.5 4.3
a2 cat -70 0.4-1.3 500 - 8.0 4.0
72 cat - 1.65 1000 - - 1.08
40 cat -64 - - - - -

189 cat - - 2000 - 2 4
62 cat -62 - - - - -
94 cat -40-50 - - - - -

a1 cat -55-80 1.2 600 2.5 5 3.1
168 cat - 1 - - - 4.2

12 cat - - 1770 - - 5.2
195 cat - 2 - - - 3.2
na mouse -66 - - - ) - -

11,

SYMPATHETIC NEURONS
6

3 rabbit -65-75 - - - - -
a3

frog -60-70* - - - - -
178
frog -65 20 456 - 24.4 10.6
16
frog -54 - - - - -
e .
frog -48 100 5000 0.138 2.8 12.8
65
rabbit -69 - - - - 2.8-7.7
17
G. pig - 55.5 1000 0.17 10 9.11
184
rat -45-90 39.4 1800 0.07 1.6 2.7
184
G. pig -45-90 40.6 2300 0.117 2.1 4.4
217
rabbit -50-60 20-490 - - - -
14
6. pig -40-70 40-150 - - - 5-200
33
chick -45 45 436 0.088 1" 3.8
AW A
mouse -42 30 - 0.75 - 1.8

v - P
%e potential R - input resistance

- m
- :’ecf Fic membrane resistance Cy - input capacitance
Peciric membrane capacitance T - membrane time constant

=4
®'Otes that only maximum values were reported



TABLE 1A. (Continued)

v R R! C c' 1
m m m . m m
Reference Species (mv) (M) (o/em?) (nF) (uF/cm?) (msec)
III. PERIPHERAL SENSORY NEURONS
212 frog -50-90 - - - - -
212 cat -50-90 - - - - -
a3 chick -50-65* - - - - -
119 toad -65 22.3 4030 0.207 1.18 4.63
199 cat -30-80 - - - - -
203 chick -40-55 - - - - -
214 fl"Og =80 - - - - -
183 mouse -51 - - - - -
59 cat -57 5.6 - - - -
u3 chick -50 - - - - -
I\. OTHER NEURONS
215 fish -60* - - - - -
mauthner
ns cat inter- -40-60 - - - - -
neurons
08,128 cat -52 13 - - - 9.9
pyramidal
157 chick -50-70 - - - - -
ciliary
21 cat -50-70 - - - - -
Dieter's
108 G. pig -50-70 - - - - -
cortex
155 cat Betz -50-70 6.7 - 0.77 - 8.4
Ry cat -56-74 - - - - -
pyramidal
69 chick -51.3 21.4 - - - -
spinal cord
169 mouse -37 20 - - - -
cerebellum
95 fish super- -60-70 0.6-2.5 0.4-1 8.0 5-15 4-6
medu 1lary
200 cat -25-66 - - - - -
pyramidal
100 cat -50* - - - - -
cerebellum
194 cat
-60 7.2 - - - -
medu 11 a
® thick -20-60 - - - - -
SPinal cord
T Testing memie——
2. spe”:'g Membrane potential R, - input resistance
o ¢ Membrape resistance - input capacitance
n ~ specific mem, m
.. B rane capacitance T - membrane time constant

tenotes th
atc Only maximum values were reported



TABLE 18. Active Electrophysiologic Properties 19
of Vertebrate Neurons
APA ovsT APD RT FT Arnxp
reference Species (mv) (mv) (msec) (V/sec) (V/sec) (mV)
. MOTONEURONS
226 cat 40-80 - - - - -
23 cat 90-100 20-30 - 400 250 -
7 toad 70* 20-30 - - - -
24 cat 100 - 1.0 - - -
6 toad 40-65 - - 218* 177% -
72 cat 79 - - - - -
40 cat 78 14 - - . -
195 cat 83 - 1.6 345 17 4.9
na mouse 86 20 - - - 1.8
II. SYMPATHETIC NEURONS
63 rabbit 75-85 - 4.7 - - 20*
213 frog 70-85* - - - - -
175 frog 90 25 3.0 160* 80* 25
16 frog £9 35 - - - -
ne frog 76 28 - - - -
65 rabbit 7 8 3.1 - - -
184 rat 75 - 3.6 230 - 21*
184 G. pig 76" - 3.0 155 - 21*
a7 rabbit - - - 262 - -
14 G. pig 72 - - - - 14
33 chick 65 20 4.0 60 - -
n mouse . - - 24 - -
111, PERIPHE
RAL SENSORY REURONS
A2
frog 50-90 - - - - -
A2
cat 50-90 - - - - -
q
3 chick 80-95* 30-40* 2.0-4.0 500* 70%* 3-10
9
toad 100 35 2.8 319 161 1-6
19
i cat 53 5-10 1.29 76 - 6.88
214
frog 100 20 - ~100 - 10
183
Mouse -- - - 144 - -
59
cat 82 25 - - - -
223
Chick 65 15 - - - .
= act
é;D - actig: PoOtential amplitude OVST - overshoot
« " rat PoOtential duration RT - rate of rise of action potential

o
- de"Otes fan

that only maximum values were reported

AFHYP - afterhyperpolarization



Reference

Species

. OTHER NEURONS

215

ns

128

155
69

95
104
200
121

194

fish
Mauthner

cat inter-
neurons

cat
pyramidal

cat Betz
chick
spinal cord

cat
cerebellum

fish supra-
medullary

G. pig
cortex
cat
pyramidal
cat
Dieter's

cat
medulla

TABLE 1B. (Continued)

APA VST APD RT FT AFHYP

(mv) (mv) (msec) (V/sec) (V/sec) (mv)
- - 1.0-1.5 - - -
- - 0.51 - - -
70 18 1.84 - - -
= - 0.75 - - -
60 9.1 2.6 132 - -
70* 20* 1.5-3.0 - - -
80-100 - 6.0-7.0 - - 13-20
27-70 - - - - -
10-56 - 0.5-2.0 - - -
80 10-30 - - - -
62 2 1.6 21 104 4.1

PR T action—sr—
APD action potential amplitude

= action potential duration
= rate of fan !

= denotes that only maximum values were reported

0VST - overshoot
RT - rate of rise of action potential
AFHYP - afterhyperpolarization
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accomplished by inserting the microelectrode in one arm of a Wheatstone
bridge. Theoretically the bridge was to be balanced (that is, all
artifacts of a stimulus current flow were to be eliminated) with the tip
of the electrode just extracellular, then on penetrating the membrane,
the bridge would be thrown out of balance by the series addition of the
membrane resistance in the stimulus current path. Thus, not only was it
possible to inject current while simultaneously recording potentials
with a single electrode, but it was also possible to measure the elec-
trical resistance of the cell membrane. Resistance measurements were
accomplished by measuring both the current flowing through the electrode
and the voltage drop (bridge imbalance) which it caused. Then, with the
application of Ohm's law: R = E + I, where R = resistance, E = voltage
drop, and I = current. Araki and Otani (6) calculated an average input
resistance of 4.5 M2 and, assuming a surface area of 6,000 uz, a spe-
Cific membrane resistance of 269 Q/cmz. Because the cell membrane can
behave 7ike a capacitor, a finite amount of time is taken to charge or
discharge in response to an applied current. The time constant of the
Mmembrane can be determined by measuring the time it takes to change from
its Original level to 1-1/e of its final level in response to an instan-
taneous current step. This assumes that the time course can be de-
SCribed py a simple exponential curve. Araki and Otani (6) reported
time COnstants ranging from 1.5 to 8 msec. Membrane capacitance (Cm)
can pe Calculated from the membrane resistance (Rm) and time constant

(t): Cm = Rm/T. Araki and Otani obtained an average value for input
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capacitance of 1.05 x ]0'9 F and a specific input capacitance of
17.5 uF/cmz. This was the first study to determine by direct measure-
ment, the passive electrophysiologic properties of a vertebrate neuron.

A1 though nerve cells had been successfully maintained in culture,
it was not until 1956 when Crain (43) published the results of a series
of experiments which demonstrated for the first time, that nerve cells
grown 1in tissue culture could retain their characteristic electrical
function. He obtained records of resting and action potentials from
over 60 neurons from dissociated embryonic chick spinal ganglia that had
been maintained at least 7 days in vitro. Resting potentials were as
high as -50 to -60 mV with overshoots of up to 40 mV, although fre-
quently much smaller action potentials were recorded. The most dis-
tinctive advantage of Crain's preparation, in addition to the fact that
1t permitted direct observation of impaled neurons, was that the ex-
ternal environment of the neurons could be completely defined and
experimentally controlled. Although the neurons were removed from
7-9 day chick embryos, it is quite possible that they already possessed,
Or were able to develop in culture, the features and characteristics of
adult avian neurons.

The study by Ito (119), published in 1957, deserves special mention
because it was at the time, and it still remains, the most complete
characterization of the passive and active electrophysiologic properties
of a Vertebrate sensory neuron. Data for computation of mean values for

resting potential and action potential amplitude (Table 1) were obtained
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from 50 cells, and mean values for action potential duration and rates
of rise and fall were calculated from a selected subpopulation of

25 cells. An analysis of the same spike configurations revealed simi-
larities to action potentials generated in cat motoneurons. Thus, two
inflection points were observed on the rising phase of the action
potential and its multicomponent nature was demonstrated. The smallest
component, called "M spike" had an amplitude of 4.2-7.6 mV and was
believed to originate in the myelinated axon of the cell. The second
component, called the "NM spike", had an amplitude ranging from 32-58 mV
in different neurons and was believed to originate in the nonmyelinated,
initial segment of the axon, near the axon hillock. These two compo-
nents are exactly analagous to the M and NM spikes reported by Brock

et al. (23,24) for cat motoneurons. The largest component had been
called the "SD spike" by Brock et al. (23,24) indicating its origin in
the soma and dendrites, Ito named this component the "S spike" in
deference to the absence of dendrites from DRG neurons. The falling
Phase of the action potential was characterized by the presence of an
afte"hyPer‘polarization of 1-6 mV similar to the "after-positivity"
Observed following action potentials in squid axon (111) and toad
Motoneuron (6). Mean values for membrane resistance, capacitance and
time Constant were derived from measurements on only 6 neurons. It was
found that membrane resistance was not a linear function of membrane
pot""‘"tia'l. Slope resistance (dV/dI) was 4-7 MQ less when measured with

d s . . -
€Polar 4 zing current pulses than when measured with hyperpolarizing
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pulses. This type of rectification had also been observed in squid

axon (37) but not cat motoneuron (42). An interesting type of behavior
which had not previously been reported consisted of a time-dependent
change 1in membrane resistance in response to a long polarizing current
pulse. This delayed resistance change was most pronounced with hyper-
polarizing current pulses greater than 0.5 nA, and it was suggested that
it might be due to an increase in chloride conductance.

A11 data reported by Ito were obtained from large diameter
(60-90 u) neurons which he believed were associated with myelinated
axons (no conduction velocities were reported). On three occasions,
however, data were obtained from small neurons with conduction veloc-
ities of about 0.3 M/sec. These cells had properties similar to those
of the larger neurons except that their time constant and action poten-
tial duration were significantly longer. In addition, these small
neurons did not exhibit a delayed decrease in membrane resistance during
h)'Pef‘Polarizing current pulses.

The basic electrophysiologic properties of mammalian sensory
Neurons had not been studied in any detail, and the possiblity that they
differed from those properties which had been measured in amphibian or
invertebrate neurons deserved consideration. Sato and Austin (199), who
Studied cat dorsal root ganglia (DRG) in situ, were the first to present
data that suggested that mammalian sensory neurons do indeed differ
from Neurons of other species. They reported values for action poten-

tial Parameters which were significantly different from values reported
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by Ito (119,120) in toad spinal ganglia. For example, the typical

action potential in cat DRG neurons was found to have an amplitude of
52.6 mV and a duration of 1.29 msec compared with the 100 mV and

2.9 msec reported for toad sensory neurons. Similar differences for
other parameters are shown in Table 1. Sato and Austin were unable to
observe any inflections on the rising phase of the action potential.
Spike failure was characterized by a gradual decrease in amplitude with
no change in time course. In their discussion on the origin of the
somatic action potential, they concluded that the threshold of the soma
membrane is nearly as low as that of the nonmyelinated segment. There-
fore, invasion of the soma could proceed without significant delay or
b]ockage. An M spike was not observed because the distance between the
myelinated - nonmyelinated junction was too great for effective elec-
trotonic spread. The possibility that the complex nonmyelinated segment
and the dense covering of satellite cells associated with each neuron
May be of functional significance in the regulation of soma excitability
Was also discussed.

Several electrophysiologic studies on embryonic avian neurons in
Culture have been published (see Table 1). Comparable studies on
Marmalian neurons maintained in culture have not often been reported.
Aside from the work of Hild and Tasaki (100), the only other published
e]eCtPCJPhysiologic study of cultured mammalian neurons is that of
Peacoc;< et al. in 1973 (183). They studied neurons from fetal mouse

dorsai root ganglia and spinal cords, and demonstrated that the complex
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differentiated electrical properties of mammalian neurons could be
maintained in culture up to 14 weeks. They suggest that the cultured
mammal ian neuron will provide a unique opportunity to examine many of

the problems of mammalian neurophysiology.

C. Roles of Extracellular Ions

The nature of the ionic contributions to the resting and action
potentials in vertebrate neurons has received comparatively little
attention. It is generally agreed that the resting membrane potential
is primarily determined by the ratio of internal to external potassium
ion concentrations and the resting potassium permeability of the mem-
brane. The action potential is most strongly affected by changes in
Sodium ion concentration, behaving as though the membrane were mainly
Permeable to sodium at the peak of the action potential.

1. Potassium. Huxley and Stampfli in 1951 (117) were first to
report on the specific contribution of potassium and sodium to the
resting and action potentials in a vertebrate neuron. In general, the

results of their studies in frog myelinated nerve in vitro, closely

resembled those obtained from squid giant axon for the effect of potas-
Sium (Curtis and Cole, 47) and sodium (Hodgkin and Katz, 111). Huxley
and St &mpf1i made use of their newly developed oil-gap apparatus to
Measure the effects of alterations in the external jonic environment on
resti Ng membrane potentials and action potentials. Potassium concen-

tration was altered by direct exchange with sodium. The magnitude of



27

the resting potential varied inversely with the external potassium
concentration between 0 and 117 mM (normal = 2.5 mM). When the log of
the external potassium concentration was plotted against the membrane
POtential, the relationship was linear only at potassium concentrations
Above 10 mM. The maximum change in membrane potential for a 10-fold
Change in external potassium concentration was found to be 51 mV. This
was compared to the 56 mV per decade change observed in squid axon (37)
AnNd the 58 mV change predicted by the Nernst equation, if it is assumed
T hat the membrane is permeable only to potassium. At potassium concen-
Trations below 10 mM, the slope of the relation decreased markedly.
These findings suggested that the membrane potential was not simply a
d 1 ffusion potential for potassium. Indeed, Hodgkin and Katz (111) had
Q T ready explained similar behavior in the squid axon by assuming that
T he resting membrane was permeable to both sodium and chloride as well
QA s to potassium ions. Differences in the relative permeabilities for
Tt hese three jons were suggested to account for the observed nonlinear
re1ationship between membrane potential and log external potassium

c o ncentration. In the case of the frog myelinated nerve, it would

QA ppear that the relative contributions of the sodium and chloride
Permeabilities are of even greater significance. External potassium
CoOncentration was found to affect action potential overshoot, the

A ction potential being blocked at potassium concentrations above 20 mM.
Below 20 mM, the overshoot varied inversely with external potassium

COncentration. It was suggested that this was not a direct effect of



potassium on the overshoot, but rather it was an indirect effect of
Potassium acting through changes in the membrane potential.

2. Sodium. Huxley and Stdampfli (117) reported that the reduction
OF external sodium jon concentration (with equimolar choline substi-
tuti on) caused a marked decrease in the overshoot and a slight increase
TN the resting potential (hyperpolarization) in frog myelinated nerve.
They demonstrated that the overshoot changed approximately 58 mV per
1 O~ 014 change in external sodium concentration, and agreed with Hodgkin
QAnd Katz (111) that the overshoot represents a sudden large increase in
The membrane permeability to sodium. Huxley and Stampfli also noted
T hat the rate of rise of the action potential was approximately propor-
T 7 onal to the external sodium concentration. This provided further
€ Vv idence that increased sodium permeability had a major role in the
T O rmation of the action potential. The replacement of sodium by lithium
wWa s almost without effect on either the resting potential, or amplitude
and rate of rise of the action potential.

The extensive work by Frankenhaeuser and associates (21,74,78),
U s ing voltage clamp techniques on isolated frog myelinated nerve fibers,
S upported many of these findings. In addition, they have demonstrated
that the initial inward current of the action potential was carried by
Sodium ions and the delayed outward current was carried primarily by
PoOtassium ions. In general, their data are remarkably similar to
VOl tage clamp data obtained from squid giant axon (108), and they
COnclude that the ionic phenomena underlying the generation of the

Qction potential are essentially identical in both species.

28
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When one considers vertebrate nervous tissue other than frog
mye1 inated nerve the similarities to squid giant axon become much harder
to find and the overall complexity appears to be greatly increased.
Blackman et al. (16) examined the effects of changes in ionic concen-
Ttration on intracellularly recorded potentials from neurons in frog
SYmpathetic ganglia. They found that a reduction in external potassium
COncentration, from its normal 2 mM to zero, had no effect on the
resting membrane potential. Moreover, a 10-fold increase in external
PO tassium concentration caused a maximum change in the membrane poten-
Tiaj of only 43 mV, far less than the 59 mV predicted by the Nernst
€ quation for their experimental temperature. Similarly, low values for
T he slope of the relation between external potassium and membrane
PO tential have been reported by others (90,105,144,176). Thus, Koketsu
€t al. (139) reported a slope of 38 mV per decade change for the mem-
b r-ane potential recorded in frog dorsal root neurons, and Armett and
R i tchie (8) reported a potassium-potential slope of 28 mV per decade
wi th essentially no effect on the resting potential at potassium concen-
Ttrations below 5 mM for nonmyelinated nerve fibers in the rabbit. These
Variious authors suggested that the ratio of potassium to sodium perme-
ab i lity in vertebrate neurons must be significantly higher than the
O . O1 reported for frog muscle fiber (107) or the 0.04 reported for squid
giant axon (111). Using a sucrose-gap technique, Armett and Ritchie (8),
in Ffact, reported a sodium-potassium permeability ratio of 0.25 for

rabbit vagal C fibers and a value of 0.10 for cat hypogastric nerve.
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The 1interpretation of the effects of changing extracellular potassium
ion concentration is further complicated by studies indicating that
glial cells may have an important role in regulating potassium concen-
tration in the perineuronal space (99,219). Thus, it may well be
Tmpossible to determine accurately the composition of the ionic micro-
€N vironment around an individual neuron. It does, however, seem safe to
COnclude that potassium contributes significantly, but not exclusively,
TO the maintenance of the resting membrane potential in vertebrate
N eurons.

Blackman et al. (16) also examined the effects of changes in
€ X tracellular sodium ion concentration on the resting and action poten-
T ials. Because it had been demonstrated that the nerve membrane was not
Perfectly selective to potassium, a small but significant resting perme-
aQbility to sodium was considered. In their experiments, Blackman
et _al. (16) substituted choline chloride, choline methylsulfate or
S ucrose for most of the sodium chloride in the extracellular medium.
IF, in fact, the membrane was permeable to sodium ions at rest, then
replacement of sodium by an impermeant cation should cause hyperpolari-
Za tion. They stated that "(hyperpolarization) was never observed: in
T he better experiments. . .there was no change in the resting potential
OF the cell." This would seem to imply that depolarization was often
S een upon reduction of extracellular sodium, a finding subsequently
COonfirmed by Hillman and Hydén (105) in experiments on isolated rabbit

Medullary neurons. They demonstrated that a reduction in extracellular
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sodium ion concentration caused a significant reduction (depolarization)
in the resting membrane potential, in spite of the fact that these
Nneurons exhibited a maximum change in membrane potential of only 35 mV
Per 10-fold change in external potassium. Koketsu et al. (140) also
reported that replacement of sodium chloride by either choline chloride
Or djethenol-dimethylammonium chloride caused a reduction in the mem-
brape potential in frog dorsal root neurons. Effects on membrane
"esjstance were not reported in any of these studies (16,105,140).
Tashiro and Nishi (217) reported that no change occurred in membrane
PO tential or resistance of rabbit sympathetic ganglion cells when TRIS
was substituted for sodium in the extracellular environment. In studies
Where low external sodium induced hyperpolarization, it was charac-

T erized as small (<5 mV) and transient (96,176). Adrian and Freygang
( 2) offered some alternative explanations for the absence of the ex-

P ected hyperpolarization. They suggested that the substituent cations
C e .g., choline, TRIS) were not truly impermeant, although osmotic

S tudies do not support that contention (98). They also suggested that
t here could be an imperfect seal around the tip of the microelectrode.
Hy perpolarization was induced by other means during the course of these
e Xxperiments, however, forcing one to assume the existence of a rather
Selective imperfection. A more satisfactory explanation can be postu-
Tated from recent studies (20,21) indicating that the permeability
Properties of a nerve membrane are, in part, dependent upon the ionic

COmposition of the external medium. Voltage clamp experiments on frog
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mye1 inated nerve (20) have demonstrated that membrane permeability to
Potassium can be decreased by decreasing external sodium concentration;
but not by decreasing external calcium concentration. Other experiments
in the same study have shown that the concentration of univalent ions or
Calcium can affect the voltage dependence of the sodium and potassium
Pevrmeability changes. In another study on frog myelinated nerve (21) it
Was shown that sodium permeability was affected by changes in the

€ X ternal concentrations of sodium, potassium, or calcium. Sodium

P eymeability being increased by simultaneously increasing both sodium
A nd potassium concentration or by decreasing calcium concentration.

E x periments on voltage-clamped molluscan neurons (35) showed that

< hanges in hydrogen ion concentration as well as calcium concentration
Q F fected the membrane potential by a specific change in chloride conduc-
Tance. Thus, the complex interactions between the ionic composition of
T he external medium and membrane permeability might result in membrane
b ehavior that otherwise could not be predicted.

In summary, the origin of the resting membrane potential in mam-
ma 1 ian peripheral sensory neurons has not been studied, but experiments
On other mammalian neurons have demonstrated the importance of an
unequal distribution of ions on either side of the selectively permeable
nerve membrane. Several studies have shown that the mammalian nerve
Mmembrane, at rest, does not behave as a simple potassium electrode but
Must also be permeable to other jon species. A possible consequence of
this increased permeability is that the internal ionic composition (see
Table 6), and therefore the membrane potential determined by the trans-

Memb rane jonic distribution, differ from that measured in many
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nonmammalian species. The analysis of experiments designed to ellu-
cidate specific ion contributions have been complicated by the existence
Of poorly understood interactions between membrane permeability and the
Concentration of certain ions in the external medium. The possibility
Tthat electrogenic ion pumps contribute to the resting potential, espe-
€ 1ally under conditions of altered ion concentrations, needs further
COnsideration. Finally, many types of mammalian neurons are densely
COvered by glial cells, and if one hypothesizes that these cells, with
Their active ionic pumps, can act as a diffusion barrier, then the

M 1 croenvironment surrounding each nerve cell may not reflect the compo-
S 1 tion of the external bathing medium, further complicating experimental
A nalyses.

The effects of changes in sodium concentration on the action
PoOtential are more consistent and less difficult to interpret than those
O n the resting membrane potential. It has been shown that both the rate
O F rise and the amplitude of the action potential are reduced in sodium
deficient media (16,90,139,140). According to the sodium hypothesis,
Tt he membrane permeability to sodium is predominant at the peak of the
ac tion potential. Thus, it is expected that the overshoot will vary
wi th the sodium concentration as predicted by the Nernst equation, that
TS, the overshoot should decrease by 58 mV for a 10-fold change in
€Xternal sodium concentration at 20°C. That this occurs in squid axon
has been demonstrated by Hodgkin and Katz (111), however, changes of
this magnitude in vertebrate neurons have not been observed (16,90,

139, 140,210). The possibility that, at the peak of the overshoot, the
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active membrane is significantly permeable to other ions in addition to
sodium has been considered. Hodgkin and Huxley (109) have shown that
Potassium permeability is increasing at the peak of the action potential
and this may account for some deviation from predicted behavior. Hirst
and Spence (106) reported that, at least in some mammalian peripheral
Neurons, complete blockade of both resting and active sodium perme-
ability had little effect on the action potential. A reduction in
extracellular sodium concentration to 25% of its normal value (sucrose
replacement) had no effect on the action potential. Their experiments
went on to demonstrate that a significant proportion of the inward
depolarizating current was carried by calcium ions.

3. Calcium. The importance of calcium ions in the maintenance
of membrane excitability and the regulation of membrane permeability
is well known (1,29,48,73,138). The relation of calcium ions to
the resting and action potential appears to be quite complex. In both
Ffrog dorsal root neurons and skeletal muscle fibers it has been shown
that the resting potential varies directly with the external calcium
concentration (138), presumably because the membrane permeability to
s odium and potassium ions (but not to chloride ions) is directly af-
Tected by changes in the external calcium ion concentration (138,141,
142,143). External calcium also affects membrane permeability during

the action potential. In frog dorsal root neurons it has been shown
that the maximum rate of rise of the action potential can be affected by

Changes in calcium concentration (138). In addition to its ability to
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regulate membrane permeability during both the resting and active
states, calcium can also function as a charge carrier (138). Thus,
intracellular calcium may be increased during activity. Krnjevic and
Lisiewicz (149) reported that injections of calcium ions into cat
motoneurons caused hyperpolarization and a decrease in membrane resis-
tance. These effects were attributed to a calcium mediated increase in
Potassium conductance. The complex interrelationship between calcium

and membrane permeability can make the interpretation of the effects

Observed during the manipulation of extracellular calcium concentration
qQuite difficult.

Ichioka (118) published one of the first studies that described
the effects of calcium on action potentials in vertebrate neurons. In
calcium-free media the action potential amplitude was often reduced up
to 50% but was occasionally unaffected or even increased. In high
calcium media the action potential amplitude was usually reduced, but
again, this effect was variable. Ichioka concluded that the effects of
calcium were dependent on the fiber type and not simply on the concen-
Ttration of calcium in the external medium. Subsequently, Hashimura
and Wright (97) reported that removal of extracellular calcium had no
significant effects on the resting membrane potential or configuration
Of the action potential in frog single nerve fibers. Koketsu and
Koyama (141) reported that simple reduction of external calcium con-:

Centration for up to 3 hours was without effect on the resting potential
Or configuration of the action potential of neurons in frog dorsal root

ganglia. When the calcium chelating agent EDTA was added to the
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calcium-free solution, the resting membrane potential and input resis-
tance decreased markedly within 15-30 min. Action potentials developed
prolonged plateaus on their falling phase and eventually the neurons
became inexcitable. The neurons were, however, capable of generating
action potentials, provided that they were stimulated during a hyper-
polarizing conditioning pulse. These action potentials were similar to
those obtained under identical conditions of stimulation in high-
potassium media. The need for a hyperpolarizing conditioning pulse
suggests that sodium inactivation is a result of calcium removal.
Whether or not this inactivation is a direct effect of calcium removal
on the sodium "gates" or an indirect effect of zero calcium-induced
conductance changes, and consequent membrane depolarization, remains to
be tested.

In a recent study on isolated rat dorsal root nerve fibers (90), a
Calcium-free environment caused the resting membrane potential to be
depolarized by about 3 mV, the action potential amplitude to be de-
Creased by about 7 mV, and the membrane resistance to be reduced to
about 70% of control. It was suggested that calcium may have a role in
Controlling sodium efflux in a manner similar to that demonstrated in
Squid axon (10).

4. Chloride. Chloride is the principle permeant anion in both
€Xtracellular and intracellular fluids. It is generally believed to be
paSSively distributed according to the electrical gradient maintained by

the active distribution of sodium and potassium ions. The existence of
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a chloride pump, however, has been demonstrated in nerve cells as
diverse as squid giant axon (131) and cat motoneuron (154). Thus,
chloride is actively transported into squid axon resulting in an inter-
nal chloride concentration significantly higher than that predicted by
the Nernst equation. The function of this high internal chloride
concentration is not known although it has been suggested that it may
reduce internal resistivity thereby increasing conduction velocity (29).
Chloride appears to be actively transported out of cat motoneuron, but
the function of this transport system is not clear. It has been sug-
gested that this outwardly directed chloride pump may have a role in the
generation of the chloride-dependent inhibitory post-synaptic poten-
tial (154).

If chloride ions contribute significantly to the membrane conduc-
tance, then the replacement of extracellular chloride jons by impermeant
anions should cause a transient depolarization and, upon return to a
Chloride-containing media, a transient hyperpolarization (107). In this
regard, Blackman et al. (16) found that reduction of extracellular
Chloride concentration (methylsulfate replacement) had no effects on
frog sympathetic ganglion neurons, and they concluded that chloride ions
do not contribute significantly to either resting or active membrane
Conductance. In contrast, Nishi et al. (176) reported that replacement
of Chloride by either sulfate or methylsulfate caused a 10 mV depolari-
Zation and a 30-70% decrease in membrane resistance in frog dorsal root

neur'C’ns. Thus it would appear, at least in the case of these vertebrate
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neurons, that chloride ions are not freely permeable and that changes in
chloride concentration may affect total membrane conductance. The
possibility that chloride conductance may be controlled by the extra-
cellular concentration of other ions has been suggested (35). For
example, some of the effects caused by changes in extracellular calcium
concentration may be mediated through changes in chloride conductance.
In summary, several studies have shown that the resting membrane
potential in mammalian neurons depends primarily on the unequal distri-
bution of potassium across the selectively permeable nerve membrane. It
appears, however, that the mammalian nerve membrane is not as selective
for potassium as is the nerve membrane of nonmammalian species. At-
tempts to experimentally analyze the specific contributions of sodium,
chloride and calcium, to the resting potential are considerably compli-
cated by concentration-permeability interactions and other previously
discussed factors. The generation of action potentials in many mam-
malian neurons is known to be the result of a sudden increase in sodium
permeability. It has been shown, however, that at the peak of the
action potential the membrane does not behave as a sodium electrode,
implying significant contributions by other ions. Attempts to assess
these contributions accurately have been frustrated by many of the

same problems complicating the analysis of the resting potential.

[II. THE NODOSE GANGLION OF THE VAGUS NERVE

A. Cellular Structure and Function

The nodose ganglion is the principal sensory ganglion of the vagus

nerve and contains the cell bodies of afferent fibers that innervate



nearly all of the thoracic and abdominal viscera (4,181). The neurons
of the nodose ganglion are similar to pseudounipolar neurons found in
dorsal root ganglia. However, a large proportion of neurons in the
nodose ganglion are of a complex type in which the initial axon may be
long and cdi]ed or give rise to several roots to form a plexus near the
cell body (190). The cell bodies range in diameter from 20-60 um and
are devoid of dendrites and synapses (30,190). In addition to sensory
neurons, small intensely fluorescent (SIF) cells have been identified in
nodose ganglia of both cat and rabbit (89,125; M. Grillo, personal
communication) but their function is unknown. The passive and active
electrophysiological properties of vertebrate sensory neurons have not
been characterized completely, although certain properties have been
described for neurons in amphibian spinal ganglia (119,120,139,140,
212,213) and mammalian dorsal root ganglia both in vivo (59,68,199,213),
and in tissue culture (43,183,223). The only published work on the
nodose ganglion was by Mei (160), who studied its functional activity

and organization with extracellular microelectrodes.

B. Pharmacology

Cell bodies of neurons in the peripheral craniospinal ganglia
provide a trophic function for the afferent fibers and are not believed
to play a role in modulation of afferent nerve activity. Recent
studies, however, indicate that these cells possess receptors for drugs

either to initiate action potentials or to modify activity, and that

39
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these neurons have properties that may modify transmission of afferent
impulses. Thus, the nodose ganglion of cat has been shown to be a site
for the initiation of certain reflexes (apnea, bradycardia, hypotension,
emesis) caused by 5-hydroxytryptamine (5-HT) and phenyl diguanide (125),
veratrum alkaloids (18,19,31) and cardiac glycosides (32). It has been
shown that 5-HT, phenyl diguianide or veratridine, administered by close
intra-arterial injection, can cause some neurons in the nodose ganglion
to generate action potentials, and that small doses of pentobarbital
administered intravenously can depress the sensitivity of these neurons
to 5-HT and veratridine (198). Finally, mammalian dorsal root ganglion
cells are depolarized by drugs such as gamma-aminobutyric acid (54,
55,56) and the convulsant barbiturate 5-(2-cyclohexilidenethyl)-5-ethyl
barbituric acid (59). The precise sites and mechanisms of action of
these various agents in the sensory ganglia are unknown. With regard to
mechanisms in craniospinal ganglia for modifying afferent impulse
activity, Tagini and Camino (214), in a study of frog dorsal root
ganglion cells, reported that trains of stimuli at frequencies of
20-100 Hz to the infraganglion nerve trunk produced action potentials in
the dorsal root that exceeded the number of stimuli applied to the
nerve. They attributed this increase to a delay in the generation of
action potentials in the soma of the ganglion cells, which are brought
to threshold level by an action potential in the initial segment. It
thus appears likely that activity in afferent nerve fibers may be
modified both pharmacologically and physiologically in craniospinal

ganglia.



C. The Nodose Ganglion: A Possible Model for the Study of Drug Action

The findings that peripheral sensory neurons are sensitive to the
action of a number of drugs raise the possibility that these nerve cells
may provide a useful model for studying the manner in which drugs may
influence the basic electrophysiologic properties of mammalian neurons.
Although there is a vast literature on the effects of drugs on the
nervous system, there have been relatively few studies directed toward
elucidating the mechanisms by which such drugs affect basic electro-
physiologic properties of individual mammalian neurons. Crawford (45)
reported that anesthetics reduced both spontaneous and drug induced
activity of neurons in the cerebral cortex of cat, and Richens (192,193)
found that volatile anesthetics depressed excitability of the membrane
of motoneurons in the isolated superfused frog spinal cord. In neither
of these studies was a detailed examination made of the effects of
anesthetic agents on threshold and membrane resistance or on various
properties of the action potential (amplitude, rise time, fall time,
duration, after-potentials). Somjen and Gill (205) observed that
thiopental and ether blocked the generation of orthodromic action
potentials in spinal motoneurons of cat by causing an increase in
threshold and a decrease in the amplitude of synaptic potentials, but
they did not examine effects of these drugs on other passive or active
electrical properties of the motoneuron. Moreover, in assessing such
studies, it is difficult to determine whether the drug acts directly on

the nerve cell under study or indirectly by causing changes in synaptic
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(excitatory or inhibitory) input to the cell. Thus, for the study of
drug effects on mammalian nerve membranes, a distinctive advantage is
offered by the nerve cell bodies in cat and rabbit nodose ganglia, as
they are known to lack both dendrites and synapses (30,190).

The effects of different agents on properties of mammalian periph-
eral nerves have also been examined. Kosterlitz and Wallis (145)
reported that certain analgesics decreased the size of the compound
action potential and slowed the conduction velocity of cat hypogastric
and rabbit vagus nerves, and Julien and Halpern (127) found that the
anticonvulsant diphenylhydantoin caused a significant shortening of the
duration of the hyperpolarization induced in mammalian C-fibers by

tetanic stimulation. Byck and Ritchie (27) observed that A9

-tetrahydro-
cannabinol decreased the size of the compound action potential of
mammalian C-fibers, an effect reduced by removal of extracellular
chloride ion. Whereas studies such as these provide clues as to pos-
sible mechanisms of action of drugs on the mammalian nervous system, the
techniques used do not allow for detailed examination of the basic
phenomena underlying the described effects.

Experiments designed to elucidate precise mechanisms by which drugs
alter normal neuronal behavior have been conducted on single neurons of
several invertebrate species. Narahashi, Moore and Poston (166) using
the squid axon, reported that dibucaine and pentobarbital caused re-
versible blockade of both peak transient and steady state components of

changes in conductance and, sometimes, hyperpolarization of the mem-

brane. Levitan and Barker (152) found that nonnarcotic analgesics
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produced hyperpolarization and a fall in input resistance of neurons in
the buccal ganglion of molluscs, effects which they attributed to
changes in membrane permeability to potassium and chloride ions.
Similarly, the mechanisms of action of pentylenetetrazol and mephenesin
have been studied by examination of changes in membrane resistance and
by voltage clamp analysis of neurons in Aplysia; pentylenetetrazol
caused an increase in the inward (sodium) current in response to changes
in membrane potential, resulting in bursts of action potentials (51),
and mephenesin diminished the amplitude of the action potential and
selectively reduced the early inward current caused by membrane depolar-
ization (135). Whereas studies such as these provide an accurate
description of the mechanisms underlying drug effects on invertebrate
neurons, the assumption that similar mechanisms of action are involved

in their effects on mammalian neurons may not be valid.
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METHODS

I. INTRACELLULAR RECORDING IN VIVO

Young New Zealand white rabbits, weighing between 1.4 kg and
3.0 kg, were anesthetized with ethyl carbamate (urethan, Merck),
1.5 gm/kg injected intraperitoneally. Urethan was selected as the
anesthetic of choice for these in vivo studies because it has been
reported to depress the excitability and chemical sensitivity of
neurons to a lesser extent than many other anesthetic agents (45,150)
and because of its accepted use in similar situations (144,184,225).
Cats, weighing between 2.5 kg and 3.5 kg were also anesthetized with
urethan (1.5 gm/kg) injected intraperitoneally. Body temperature was
maintained at 37.5°C + 1°C with the aid of a D.C. heating lamp and,
occasionally, by the use of a water circulating heating pad. Blood
pressure was continuously measured with a Statham P23dc pressure
transducer attached to a polyethylene catheter inserted into a femoral
artery. End-tidal CO2 was monitored with a Beckman LB-1 infrared CO2
analyzer. Both arterial blood pressure and end-tidal CO2 were recorded
on a Grass model 7 polygraph throughout the experiment.

The surgical procedure for exposing the nodose ganglion in both
cats and rabbits was as follows. The animal was secured on its back
to the operating table and its skull immobilized by means of a specially
designed head holder. A midline incision was made extending from the

chin to the thorax. Blunt dissection was utilized to separate superficial
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from deep muscle layers. The skin and attached superficial muscle
layer were retracted laterally to expose the deeper cervical
structures. Al1l bleeding points were either ligated or cauterized.

A Tow cervical tracheostomy was performed and a "U"-shaped glass
cannula was inserted into the trachea and tied securely in place.

The trachea, esophagus and their associated musculature were doubly
ligated near the point of tracheal cannulation, care being taken to
assure that the common carotid arteries, and the vagal and sympathetic
nerve trunks were not damaged during this procedure. The trachea,
esophagus and their associated musculature were then cut between the
ligatures and reflected cranially. The superior laryngeal nerves
were transected near the larynx in order to prevent any tension on

the vagus nerves. The carotid sheath on the right side was opened

and the vagus nerve was carefully separated from surrounding structures.
With the aid of a Ziess operating microscope, the nodose ganglion on
the right side was exposed and separated from surrounding structures.
The blood supply to the ganglion was kept intact. To stabilize the
ganglion for intracellular recording, a small stainless steel platform
was placed under the ganglion and firmly attached to the frame of the
operating table. A solution of agar (4% in saline) was poured into
neck, completely covering the ganglion, and allowed to harden. The
hardened agar immediately above the ganglion was removed and, with

the aid of the operating microscope, a small opening was made in the

outer connective tissue capsule of the ganglion. Warmed and oxygenated



physiologic saline was poured over the ganglion. In order to further
minimize the possibility of movement artifacts, the hydraulic micro-
drive (David Kopf) attached to a Narashige micromanipulator (model
ME-5), the ganglion platform, and the operating microscope were all
firmly mounted on the operating table which in turn rested on a
vibration-free work bench (Serva-Bench Mark III).

The animal was paralyzed with gallamine triethiodide (8 mg/kg,
i.v.) and ventilated artificially with a Harvard small animal respirator.
The rate and depth of respiration were adjusted to minimize movement
artifacts while adequate ventilation was maintained as determined by
measurements of end-tidal C02. Periodically, samples of arterial
blood were taken in order to determine the pH, P02, and PCOZ.

Glass microelectrodes, filled with either 3 M KC1 or 5 M KAc
were used to obtain intracellular recordings from neurons in the
ganglion (see Methods: Intracellular Recording Apparatus). The
electrodes were held in the carrier of the hydraulic microdrive and
positioned directly above the opening in the connective tissue capsule
of the ganglion. It was not possible to observe directly the cell
bodies of the neurons in this type of preparation. Several problems
were associated with in vivo intracellular recording. Because of the
ganglion's close proximity to several major arteries and the jugular
vein, movement artifacts associated with changes in blood pressure
and ventilation were a constant problem. Only in some preparations,

because of slight anatomical variations, could the movement artifact
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be controlled adequately to permit stable intracellular penetrations.

It is from these preparations that data will be reported.

II. INTRACELLULAR RECORDING IN VITRO

New Zealand white rabbits, weighing between 1 kg and 3 kg were
obtained from Hilltop Rabbitry, CA and kept in individual cages in a
temperature controlled room with a 12 hr light/dark cycle until use.
Anesthesia was induced in rabbits with a single rapid intravenous
injection of sodium methohexital (E1i Lilly & Co.) in an approximate
dose of 5 mg/kg, following which an endotracheal catheter was inserted
and connected to a standard anesthetic méchine. Occasionally succinyl-
choline chloride (Anectine, Burroghs Wellcome & Co.) was administered
intravenously (0.5 mg/kg) to facilitate endotracheal intubation.
Anesthesia was maintained with a mixture of methoxyflurane (Metofane,
Pitman-Moore), nitrous oxide and oxygen.

Cats weighing between 1.7 kg and 4.6 kg were obtained from
various private vendors and housed individually according to accepted
standards. During the first two years of the study, cats were
anesthetized with urethan injected intraperitoneally (ethyl carbonate,
1-1.5 gm/kg). During the third and final years of the study anesthesia
was induced with sodium methohexital (E1i Lilly & Co.) in an approxi-
mate dose of 10 mg/kg injected intravenously. These animals were
then intubated and anesthesia maintained as described for rabbits.

Two alternative surgical procedures were used for the removal of

nodose ganglia from both cats and rabbits. The first procedure



closely resembled that used for the in vivo studies. The trachea was
cannulated and the nodose ganglia were exposed through a midline
incision in the neck, the esophagus, trachea and surrounding muscles
being cut between ligatures and reflected cranially. With the aid of
a dissecting microscope, tissue was carefully dissected away from the
ganglion, its nerve trunks and their branches. The infranodose and
supranodose vagus, superior laryngeal and, in rabbit, the aortic
nerves were transected as far from the ganglion as possible, and the
ganglion and its attached nerves were removed and immediately placed
into a chamber containing an oxygenated buffer solution. The second
method differed from the first only in that the trachea and esophagus
were kept intact and merely displaced from the region of the ganglion
by suitable retractors. Immediately after removal from the animal,
the ganglion was examined and clotted blood and connective tissue
remnants were carefully dissected away. The ganglion was next
transferred to a specially designed recording chamber (see Methods,
Section IV), where small pins could be used to anchor it securely to
the cork bottom. With the aid of the operating microscope, a small
opening was made in the tough outer capsule of the ganglion. Once in
the recording chamber the ganglion was continuously superfused with
an oxygenated buffer solution.

The ganglia were routinely exposed to a proteolytic enzyme in
order to facilitate penetration by the glass microelectrodes. In the

initial experiments a freshly prepared solution of chymotrypsin
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(Sigma Chemical Co., St. Louis, MO), in a concentration of 10 mg/ml,
was applied on a small cotton pledget placed over the opening in the
outer connective tissue capsule. This was carried out at room
temperature (21-23°C) for 30 min. The treatment was followed by
replacement of the buffer solution with dialyzed calf serum (Micro-
biological Associates) at 37°C for 30 min. In later experiments,

pronase (Streptomyces griseus protease, protease type VI, Sigma

Chemical Co., St. Louis, MO) was used for the enzyme treatment. It
was freshly prepared and applied to the ganglion in a concentration
of 5 mg/ml at 37°C for 5 min in a manner similar to that used for the
chymotrypsin. Dialyzed calf serum (5 vols %) was added to the super-
fusing buffer solution at the conclusion of the pronase treatment.
Following either enzyme treatment, ganglia were superfused with
normal buffer for at least 30 min prior to the first intracellular

recording.

IIT. SUPERFUSION MEDIA FOR IN VITRO EXPERIMENTS

The selection of a buffer solution with which to superfuse the
ganglia proved to be a difficult problem. In an initial series of
experiments three different Kreb's-Ringer solutions were used to
superfuse the ganglia maintained in vitro. The composition of these
solutions is described in Table 2. A1l three solutions were supple-
mented with glucose (11.2 mM) and eventually with dialyzed calf serum

(5 vol %; Microbiological Associates). In the first group of
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TABLE 2. Comparison of Serum Values and Buffer Compositions.
Values for cat and rabbit serum obtained from
Spector (114) and Coldman and Good (36).
Concentrations are expressed in milliequivalents
per liter unless otherwise noted. A1l buffers were
supplemented with dialyzed calf serum (5 vol %).
Serum Values Buffer Buffer Buffer
Component Rabbit Cat I I1 III
Nat 142-158 132-158 150.4 143 147.9
K+ 4.1 4.6-6 5.9 5.9 4.1/5.0
catt 7.0 - 5.0 5.0 7.0
Mgt 2.0 2.2 2.4 2.4 2.0
c1” 92-112 112 127.4 126.5 105.1/106
HC03' 28 - 0 25 25
504" 2.8 - 34.8 2.4 4
Glutamate™ - - 0 0 8
Fumarate™ - - 0 0 8.5
Pyruvate” - - 0 0 8
Glucose (mM) 7.4 5.5 11.1 11.1 11.1
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experiments, ganglia from both cats and rabbits were superfused with
Kreb's-Ringer phosphate buffered solution (Buffer I; 33,53) at a pH
of 7.4 adjusted by varying the monobasic to dibasic phosphate ratio.
This solution was continuously equilibriated with 100% 02. The
second group of ganglia was superfused with Kreb's-Ringer bicarbonate
buffered solution (Buffer II; 34,53) at a pH of 7.40 and continuously

equilibrated with 95% 02 and 5% CO It was possible that the high

9
chloride concentration present in these latter two buffers may affect
normal electrophysiologic behavior, perhaps by altering the chloride
equilibrium potential. Therefore, a third group of ganglia was
superfused with Improved Kreb's-Ringer bicarbonate buffered solution

in which the chloride concentration was reduced by substituting
glutamate, fumarate and pyruvate salts for some of the chloride

salts. At this time it was thought that perhaps the best superfusion
media would be one which closely duplicated the normal ionic composi-
tion of cat or rabbit serum. Therefore, the Improved Kreb's buffer

was modified for this purpose and designated Buffer III. Table 2
compares the ionic compositions reported for cat and rabbit serum

with that of the modified buffer solution. Unfortunately the glutamate,
fumarate and pyruvate salts caused difficulties in the adjustment and
maintenance of the solution pH and further complicated the formulation
of the superfusate. Various other ions were studied for their ability
to act as impermeant substitutes for the excess chloride ions.

The use of sulfate, methylsulfate, or isethionate salts to

replace the combination of glutamate, fumarate and pyruvate salts was
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found to be without effect on the various parameters measured in this
study. Thus sulfate ions were used to substitute for excess chloride
jons in much of this study. The composition of this buffer solution
(Buffer IV) is shown in Table 3. However, because it was subsequently
learned that sulfate ions may form complexes with sodium and potassium
ions (Woodbury, personal communication) and thus alter the effective
concentration of these important cations in the superfusing buffer
solution, the decision was made to replace the sulfate ions almost
entirely by glutamate ions. Glutamate ions have been shown to be
highly impermeant in other systems (227). In addition, because of
difficulties associated with repeatably reproducing the pH of the
buffer solution from experiment to experiment, and because of a

desire to improve the stability of the buffer solution, N-2-hydroxy-
ethylpiperazine-N'-2-ethane sulfonic acid (HEPES; 15 mM) and
morpholinopropane sulfonic acid (MOPS; 5 mM), were added to the
superfusion media in order to supplement the existing bicarbonate-

CO2 buffer system. This supplemented version of Buffer IV has been
designated Buffer V. Various parameters such as membrane resting
potential, stability, duration of impalement and action potential
amplitude and configuration were compared for neurons maintained in

each of the buffers (see results).

IV. THE RECORDING CHAMBER

The requirements for a recording chamber were that it permit the

continuous superfusion of a ganglion without the introduction of



TABLE 3. Composition of Extracellular Bathing Media Used
in This Study. Concentrations are expressed in
milliequivalents per liter unless otherwise noted.

Buffer Buffer
Component IV v
Na* 150 150
K" 4.1 (rabbits) 4.1 (rabbits)
5.0 (cats) 5.0 (cats)
ca*t 7 7
mgtt 2 2
c1 105.1 érabbits) 105.1 (rabbits)
106.0 (cats) 106.0 (cats)
HC03- 22.4 22.4
HP04-- 2 2
504-- 35.6 2
Glutamate™ 0 21.5
HEPES (mM) 0 15
MOPS (mM) 0 5
OH™ 0 10.1
Glucose (mM) 11.1 1.1

Dialized Calf
Serum (vol%) 5 5
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movement artifacts and provide access to the ganglion and its
attached nerves for recording and stimulation. The precise control
of temperature and gas tensions were also important considerations in
the design of the chamber. Although many different chambers were
constructed and tested during the course of these experiments only
the design of the recording chamber which proved to be most
satisfactory will be described here.

The chamber was constructed from a single block of plexiglas.

As shown in Figure 1 there were three compartments separated by thin
partitions. Slots in these partitions served to interconnect the
compartments. The round central compartment had a readily replaceable
cork bottom to which the ganglion could be affixed with small pins.

The nerves from the ganglion were led through the slots into the
peripheral compartments which were filled with paraffin oil and
contained stimulating electrodes. Connections between the compartments
were sealed with bone wax and white petroleum jelly. Al1 three
compartments were surrounded by an integral water jacket.

The superfusing media were pumped from their gassing flasks to
the recording chamber in water-jacketed nylon tubing. Water jacketing
the tubing insured that the temperature of the buffer solution was
the same as the ganglion before the solution entered the chamber. A
series of valves near the gassing flasks were used to switch from one
type of solution to another. Because of the pump rate and system

dead space there was a significant delay between the switching of the
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valves and the entry of the new solution into the recording chamber.
This delay was approximately 1.5 min. A partition within the central
compartment prevented the inflowing stream of fluid from disturbing
the ganglion. The superfusate was pumped out of the chamber through
a hole near the top of the central compartment in order to provide a
constant fluid level above the ganglion. Periodically, samples of
buffer from the recording chamber were taken in order to determine pH
(7.32-7.36), PO, (350-410 mm Hg), and PCO, (36-40 mm Hg).

At the conclusion of each experiment the entire recording
chamber, the pumping chambers and the nylon tubing were first flushed
with distilled water, then with 70% ethanol followed by another rinse
in distilled water. This procedure was found to be necessary in

order to minimize microbial growth.

V. INTRACELLULAR RECORDING APPARATUS

Glass micropipets, filled with either 3 M KC1 or 5 M potassium
acetate and having resistances ranging from 20 to 50 Ma, were used
throughout this study. These microelectrodes, constructed from
redrawn Pyrex glass capillary tubing (0.D. = 1 mm; I.D. = 0.6 mm),
were formed on a 2-stage vertical micropipet puller (David Kopf), and
filled with electrolyte using the glass fiber method (216). The
capillary tubes and glass fibers were first cleaned by rinsing in
acetone and then soaking in IN HCl1, finally rinsing in deionized,

distilled water and drying in an oven at 60°C. A bundle of 3-6 glass
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fibers was inserted into each capillary tube prior to pulling. The
heater current and final pulling tension were empirically adjusted to
provide electrodes of the desired resistance and tip shape. The
settings of these controls required periodic adjustment in order to
maintain the production of useful electrodes. The electrolyte
filling solution was filtered through a 0.45 u Millipore filter
immediately before filling the pipet. A syringe with a 6" 30 gauge
needle was used to deliver the filling solution directly into the
micropipet.

The microelectrodes were coupled to a high impedance (10]3 Q)
preamplifier (Winston Electronics, San Francisco, CA) via a short
length of chlorided silver wire. The indifferent electrode located
in the ganglion chamber was a pellet of silver chloride. For some
experiments, the indifferent electrode was separated from the ganglion
chamber by a saline agar bridge. The microelectrode preamplifier was
designed to allow for compensation of electrode tip potential as well
as for neutralization of electrode capacitance. The output of the
preamp was attached to one input of a 5A22N differential amplifier on
a Tektronix D12 storage oscilloscope (Tektronix, Beaverton, OR) The
other input to the differential amplifier received a calibrating
pulse (10 mV, 5 msec; CA5 Calibrator, Bioelectric Instruments)
triggered by each sweep of the oscilloscope. A digital voltmeter
(Hewlett-Packard, Palo Alto, CA) was also used to monitor the unity-

gain output of the preamplifier thereby providing a means for the



precise measurement of the membrane potential. The vertical output
of the D12 oscilloscope was used to drive both a second oscilloscope
(Tektronix model 565) to which was attached a Grass C4 oscilloscope
camera, and a limited bandwidth pen recorder (Grass model 7).

In order to pass current through the recording electrode, a
constant current source and bridge circuit was utilized (Winston
Electronics, San Francisco, CA). There have been several objections
to the use of a single electrode for both potential recording and
passing polarizing current. The passage of current can alter the
resistance of an electrode and thus affect the results obtained (72).
This problem was examined in order to determine to what extent it
might affect the results of this study. Figure 2 shows the results
of passing -5 to +5 nA of constant current through a recording micro-
electrode on the microelectrode's measured tip impedance. A group of
40 micropipets, 20 filled with 3 M KC1 and 20 filled with 5 M KAC,
each having resistances in the range of 20-50 M were studied.
Electrode resistance was determined by measuring the amplitude of a

1000 Hz, alternating current square wave signal adjusted so that each

millivolt of amplitude was equivalent to 1 Mo of electrode resistance.

The current passing through the microelectrode was determined by

measuring, on the second channel of the oscilloscope, the voltage

drop across a 1000 Mq 1% precision resistor in series with the electrode

and current source. The data indicate that the passage of as little
as 2 nA of hyperpolarizing current can significantly alter the

electrode's resistance characteristics.
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VI. DATA ANALYSIS

The reduction of the magnitude and time course of neural events
to numerical data was accomplished in two ways. In both cases the
event to be recorded and analyzed was triggered to occur within a
single sweep of the oscilloscope trace. The sweep speed of the
oscilloscope was always adjusted to provide maximum resolution for
the particular parameter to be measured. In the first method each
individual oscilloscope sweep, or in some cases several superimposed
traces, were recorded on single frames of 35 mm film (Kodak
Linagraph 2476). These individual frames were enlarged and
projected onto graph paper. A calibration pulse of known duration
and magnitude, occurring at the beginning of each sweep provided the
information necessary to convert the scale measurements to milli-
seconds or millivolts. As many as 30 frames for each neuron were
analyzed in this manner in order to provide the most accurate
representation of its electrophysiological properties. The second
method took advantage of the storage feature of the Tektronix D13
oscilloscope. In this case, individual traces were stored on the
oscilloscope screen and measurements of magnitude and time course
were made directly. This method suffers from the fact that data
reduction cannot be deferred until a more convenient time. Stable
intracellular recording conditions must be maintained for a minimum
of 4-5 min in order to complete the analysis. The simple photo-

graphic recording of the unanalyzed wave forms can be accomplished
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usually within 60 sec. In most cases a combination of these two
methods were utilized for the complete data analysis. In those cases
where both methods had been used, and duplicate measurements of a
particular parameter obtained, no differences in the analyzed data
were ever found.

The various properties were determined as follows:
1. Membrane potentials were measured directly by a Hewlett-Packard
digital voltmeter (model 3440A) attached to the 1X output of the
microelectrode preamplifier. The highest stable potential observed
during the course of the impalement was recorded as the membrane
potential.
2. Input resistance of the neuronal membrane was determined by
passing known constant current hyperpolarizing pulses (20-30 msec
duration) through the intracellular recording electrode and measuring
the resulting change in the membrane potential. The application of
Ohm's law permits the direct calculation of input resistance. By
measuring input resistance with several current pulses of different
magnitude it was possible to determine slope resistance. When
depolarizing current pulses were used to determine input resistance
the results were often complicated by local membrane responses. The
problems associated with the single electrode determinations of
membrane resistance have been discussed by Frank and Fuortes (72).
In their study on the cat motoneuron they observed that the passage

of current through some electrodes resulted in an apparent change in



electrode resistance which they referred to as electrode polarization.
They further noted that the time course of this electrode polari-
zation was approximately exponential. Thus, the direct measurement
of membrane resistance and time constant with concurrent polarization
of the electrode could result in serious error. They proposed

several alternative methods for the determination of these parameters.
The "spike height method" for membrane resistance was based upon
measurement of the action potential amplitude with and without the
simultaneous flow of polarizing current, membrane resistance being
equal to the change in action potential amplitude caused by the
polarizing current divided by the polarizing current (Ohm's Law).

This calculation relies on the assumption that the membrane resistance
approaches zero at the peak of the action potential. Therefore, the
magnitude of the overshoot will not be significantly affected by
polarizing current flow, and any changes in action potential amplitude
must be due to the voltage drop across the resistance of the resting
cell membrane. Because the resistance of the membrane is probably
not zero at the peak of the action potential, values determined by
this method are low estimates.

3. Time Constant. The time course of potential change during the
passage of a hyperpolarizing current pulse can be assumed to approxi-
mate an exponential curve as predicted by the resistance-capacitance
model of the nerve membrane. Time constants were determined from

measurements made during the time course of hyperpolarizing current
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pulses. Photographic records were enlarged and projected onto graph
paper. The voltage change caused by the current pulse was measured.
The time required for the membrane to change by 0.63 (i.e. 1-1/e)

of its final value minus initial value was taken as the membrane time
constant (t). The determination of the membrane time constant using
depolarizing current pulses was severely complicated by local membrane
responses which altered the time course of potential change. Frank
and Fuortes (72) proposed an alternative method for the measurement
of the time constant. Their "strength-latency method" is based on
the assumption that depolarizing current will cause the membrane
potential to decrease exponentially to a steady-state value. The
relationship between the intensity and duration of a threshold

stimulus was described by the equation:
_ t/t
Irh /1=1-e

where Iop = rheobasic current; I = stimulus current; t = stimulus
duration; t = time constant. When t = v, I = 1.58 L Therefore,
the stimulus duration at 1.58 times the rheobasic current is equiv-
alent to the membrane time constant. Unfortunately, accommodation
and local responses may distort the value of t derived from this

relationship.
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4, Membrane capacitance was calculated from the following rela-

tionship:

C = 1/R

where C = membrane capacitance, R = membrane input resistance, and

Tt = membrane time constant.

5. The following properties were usually all directly measured from
the oscilloscope trace:

Action potential amplitude, defined as the potential difference
in millivolts between the resting potential and the peak of the
overshoot; overshoot, defined as the maximum positive spike potential;
and the afterhyperpolarization, defined as the difference in milli-
volts between the resting potential and maximum negative spike
potential. The action potential duration was measured as the interval
between the start of the rising phase of the action potential and the
point where the falling phase crossed the level of the resting
potential. The maximum rates of rise and fall of the action potential
were directly measured from fast sweep speed, stored oscilloscope
traces, and expressed in volts per second. Threshold current was
measured as the minimum current, applied intracellularly for 30 msec,
necessary to stimulate the neuron approximately 50% of the time.
Threshold depolarization was determined in a similar manner, measured
between the resting potential and the inflection marking the start of

the rising phase of the action potential.



6. Latency was measured as the time between the orthodromic stimulus
artifact and the beginning of the action potential. Because of the
unknown length and complexity of the initial segment and axon leading
to the soma, it was not possible to determine the conduction distance
and it was, therefore, impossible to calculate the conduction velo-
city from the latency measurements. Conduction velocities were
measured, however, in a separate set of experiments, using two pair
of stimulating electrodes on the infranodose vagus. By dividing the
precisely measured intercathode distance by the latency difference,

conduction velocity could be calculated.

VII. IONIC CONTRIBUTIONS TO PASSIVE AND ACTIVE PROPERTIES

Two different methods were utilized to study the contributions
of sodium, potassium, calcium, and chloride ions to various passive
and active electrical properties of neurons in nodose ganglia,
primarily from cat. In the first method each ganglion was alternately
superfused with the normal control buffer solution and with an
experimental solution in which the concentration of a particular ion
had been changed. Thus, data from 3-5 cells would be obtained
initially while the ganglion was in normal buffer, then 7-10 cells
would be studied during the ganglion's exposure to the experimental
solution, and finally the ganglion would again be superfused with
normal buffer and data from an additional 2-3 cells would be obtained.
This paradigm could be repeated with the same or different experi-

mental solutions. After solutions had been switched, a minimum of
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15 min was allowed to elapse, in order to insure complete replacement
and to allow time for diffusion and equilibration, before any

additional data were obtained. The switch from control to experi-

mental solution or back again was always accomplished while continuously

recording from a neuron thereby allowing that neuron to serve as its
own control. Unfortunately the switching procedure was not without
hazard and many intracellular recordings were abruptly terminated
before all of the necessary data could be obtained.

The second method made use of compounds known to interfere with
specific ionic conductances or transport mechanisms in other systems.
Thus tetrodotoxin was added to the superfusing buffer solution
(10'9 - 1077 gm/ml1) in order to block sodium conductance (66).
Tetraethylammonium chloride was used to interfere with changes in
potassium conductance (102,103). Ouabain, a potent inhibitor of
active sodium transport (30,218), was added to the superfusate in
order to assess the role of sodium pumping in the maintenance of
passive membrane properties. The effects of 2,4-dinitrophenol,
sodium cyanide, and hypoxia, all known to inhibit oxidative phosphory-
lation were studied in order to determine if any energy requiring
process directly contributed to the maintenance of the passive

electrical properties of neurons in the nodose ganglion.

VIII. PHARMACOLOGICAL TECHNIQUES

Two different techniques were used to administer drugs to the

nodose ganglion in vitro. The first was a stop-flow technique in
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which the superfusion pump was turned off and the substance to be
studied was gently injected directly into the central compartment of
the recording chamber. Assuming reasonable mixing, and knowing the
volume of fluid in that compartment and the amount of substance
injected, it was a simple matter to calculate the concentration.
This technique suffered from several disadvantages, not the least of
which was the ganglion's susceptibility to hypoxia. For this reason
the period of observation could not exceed 3-4 min before the pump
was turned on and fresh perfusate arrived in the chamber. The drug
injection itself was not without hazard, and on several occasions
resulted in the untimely termination of an otherwise successful
impalement. In order to control for any possible effects associated
with stopping the flow of the buffer solution, and also to rule out
any possible solvent effects, it was always necessary to bracket each
test with injections of the drug solvent during 3-4 min periods of
stopped flow.

The second technique for drug administration simply consisted of
preparing a separate buffer solution which contained a known concen-
tration of the drug to be studied. It was then possible to switch
from control buffer to the test solution and back again as often as
necessary. While this overcame many of the problems associated with
the first technique, it presented new difficulties of its own. Many
drugs are susceptible to inactivation by oxidation (e.g., dopamine)

and since the oxygen tension of a buffer in its gassing flask may be



as high as 600 mm Hg it is quite possible that the concentration of
active drug reaching the ganglion could be significantly different
from that in the original ungassed buffer solution. In addition,
there is a considerable delay (1.5 min) between the time of switching
from one buffer solution to another and the time when the new solution
actually reaches the ganglion. This problem of dead space could be
reduced through the use of a multichannel pump with the switching
valves located near to the recording chamber.

The superfusion technique was best suited to the study of

populations of neurons. The usual protocol for this technique was

identical with that used in the ionic studies (see preceeding section).

The stop-flow technique, however, proved to be most useful for
studying the effects of rapidly acting, oxygen sensitive compounds
and offered the advantage that each neuron studied could serve as its
own control. The effects of several drugs were studied with this

technique.

The nodose ganglion was exposed to each of the following compounds

using the method indicated (S = stop-flow technique; P = superfusion
technique). Sodium methohexital (Brevane, E1i Lilly & Co., S);

sodium pentobarbital (Nembutal, Abbot Laboratories, S); lidocaine
(Xylocaine, Astra Pharmaceutical, S); atropine sulfate (E1i Lilly &
Co., S); tetraethylammonium chloride (Etamon chloride, Parke, Davis &
Co., P); veratridine (K & K Laboratories, P); phenyldiguanide (Aldrich
Chemical Co., P); sodium cyanide (J. T. Baker Chemical Co., P);
tetrodotoxin, ouabain, 2,4-dinitrophenol, and 5-hydroxytryptamine

(Sigma Chemical Co., P).
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RESULTS

I.  SUPERFUSION MEDIA SELECTION

The selection of a buffer and the compositon of the in vitro
extracellular medium were determined by a preliminary series of
experiments. These experiments were designed to examine the effects
of various buffered media (see Methods) on resting and action
potentials in isolated nodose ganglia from both cats and rabbits.

The solutions were judged for their ability to sustain neuronal
function in vitro. The following criteria were used: 1. neuron-
ganglion ratio: this was the total number of successful intracellular
recordings in a particular buffer divided by the total number of
ganglia tested in that buffer; 2. magnitude of resting and action
potentials; 3. nerve conduction velocity as estimated from stimulus
response latency; and 4. average duration of intracellular recording.
The results obtained in buffer types I, II and III are summarized in
Table 4.

The bicarbonate buffers (II and III) appear to be significantly
better than the phosphate buffer (I). More cells were obtained per
ganglion, having higher resting potentials and shorter latencies in
the bicarbonate buffered solutions than in phosphate buffer. It is
also important to note that the average time of intracellular record-

ing was significantly longer in the bicarbonate solutions. There



68

juswdjedwt JO uoijednp = 1 300YS43A0 = 1SAQ
Aduaje| = 1 apnj||dwe jepjuajod uoijoe = ydy
uorjednp |erjuszod uopjoe = Qady Letjuarod aueaquaw Hurysad = E>

*sasayjuaded up pajedLpul SL paLpnis S|192 40 Jaqunu 3yl
*UOLJRULWASIIP YO U0 JOJJUD PARPURIS pUR URBW BY} dJe San|ep
*U0L399S SPOYIBW Yz UL PaqLJUOSIp 3de Spoylauw Bulpaodad pue suoL3Lsodwod 4aiing  :ILON

(pa3sa3 auou) 111 J4944ng

(6€) (€) (€2) (€2) (L€)
0°2 F¢°8 0°'6 72l - 0°€ 7 L2 0°€ 7 €L 0L 7 €5- I1 4934ng
(s2) () (5) (L) (L) (L€)
L'L ¥6°¢ 0t €2 9'2 ¥2°6 LY 7 L2 0°L 7 ¥L 9°L F €p- I J344ng
1e)
(8tL) (26) (26) (26) (6¥1)
0'L ¥2°9 8°0 ¥ /L - L'L F /2 €L ¥ 6L 90 * Lp- 111 4344ng
(8L1) (67) (99) (28) (621)
9'L ¥0°8 L0 ¥ 0l - vl F 92 p'L ¥ SL 6°0 * Lp- I1 4334ng
(€) (11) (eL) (€1) (€1) (5€)
9€°0 F €°¢ 8'G * 42 0'L 24 2°€ 791 v ¥ LS vl ¥ 2 I 4944ng
31qqey
(utw) | (oasw) 7 (o9sw) ady (Aw) 1SAO (Aw) vdv (Aw) E> uoLjeaedadd

“III pue II I S3dALl 4843ng Y3LM OAIIA UL
pauLe3qQ S3LNSay Adeujwi|ddd O uostdedwony ¥ °p 3GVl




69

were no significant differences between bicarbonate buffer II and the
“improved" bicarbonate buffer III in which the extracellular chloride
concentration had been reduced. Buffer IV featured sulfate or
glutamate ions as the impermeant extracellular anion and a pH (7.34)
which more closely approximated cat and rabbit arterial blood pH.
This buffer solution allowed for stable and reproducible intracellular
recordings and was the superfusion medium used throughout most of
this study. Buffer V featured a complex buffer system (HEPES-MOPS-
Bicarbonate) which yielded an extremely stable pH. This solution was
used to superfuse a large number of cat ganglia. Data obtained with
this buffer (see below) were identical to those obtained for cat in

buffer IV.

IT. PASSIVE ELECTROPHYSIOLOGIC PROPERTIES

A. Resting Membrane Potentials

Cells from which stable resting potentials were recorded were
classified as neurons only if they generated action potentials in
response to direct stimulation applied to the nerve or through the
recording electrode. Occasionally, cells were impaled that, despite
high resting potentials (-60 to -70 mV), could not be stimulated
either directly through the electrode or indirectly by stimulation of
the nerve. This type of cell could be depolarized through zero to a
positive membrane potential without generating any detectable active

response. The identity of these cells is not known.
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To provide anatomical reference for the intracellular recording
sites, the ganglion was topographically partitioned into nine areas
following the pattern established by Mei (160). No differences in
the passive electrical properties of cells from these different
regions were found; during the course of an experiment, intracellular
potentials were recorded from the cells in each of the different
areas with equal facility. Measurements of resting potentials were
obtained from cells whose recorded potentials either remained stable
or did not decrease more than a few mV over a minimal period of
30 sec; the resting potential was taken to be the highest stable
potential obtained during such a recording period. Among the cells
from which stable recordings were obtained, the actual time of
recording ranged from about 1 min to over 3 hrs, averaging 7.4 min in
rabbit cells and 8.3 min in cat cells. Figure 3 shows the distri-
bution of resting membrane potentials recorded in this study (buffer
IV). The mean value for the resting membrane potential recorded from

cat cells in vitro was -51 mV for buffer IV and -52 mV for buffer V,

and that for rabbit neurons in buffer IV was -50 mV. Table 5a

summarizes these data. There was no significant difference between

in vivo and in vitro values for either of these species.

B. Membrane Resistance

Membrane resistance was determined by passing current pulses of

known and constant amplitude (usually 0.1-1 nA) across the membrane



and measuring the potential change produced. Figure 4 shows responses
of a neuron (from rabbit) to anodal and to subthreshold cathodal
current pulses. The effectiveness of the bridge circuit and pre-
amplifier in balancing out the nonmembrane resistive and capacitative
elements is also clearly demonstrated. The analysis of the response
to subthreshold depolarizing current pulses was often complicated
local membrane activity generated by the current. Typically, on
obtaining a stable impalement, several different hyperpolarizing
current pulses (between 0.1 and 1 nA) were applied intracellularly to
permit the determination of slope resistance. Table 5a contains the
mean values for the membrane resistance measured in cats and rabbits.
Rabbit ganglion cells had a significantly higher input resistance
than that found for cat cells (p <0.01). The input resistance
determined in vitro did not differ from that determined in vivo for
either rabbit or cat. Figure 5 shows examples of the current-voltage
relations in nodose ganglion cells. Several cells were studied for
possible voltage-dependent changes in membrane resistance. To
accomplish this, we varied the resting membrane potential by applying
polarizing currents of different intensities (current clamping);
there was no significant constant relationship change in membrane
resistance as a function of membrane potential (Figure 6). However,
the membrane resistance was related to the condition of the cell.
When this gradually deteriorated, as evidenced by changes in config-

uration of the action potential and decline in resting potential, the
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membrane resistance of the cell decreased. If these damaged cells
were current-clamped to their original resting potential, then their
membrane resistance increased, often to the original value.

Although rectifying behavior was rarely observed when cells were
tested with hyperpolarizing current pulses of less than 1.5 nA, on
those occasions when the current pulse exceeded 1.5 nA, what appeared
to be rectification was more frequently observed. With the application
of these larger current pulses, the initial hyperpolarizing response
decayed with time to a steady, less hyperpolarized level, suggesting
that the resistance had decreased. Thus, in the record shown in
Figure 7, a current pulse of 2 nA caused the membrane potential to
hyperpolarize from the resting value of -50 mV to -94 mV. The
potential then declined slowly over the next 55 msec to -82 mV. 1In
other words, it appeared as though the input resistance had decreased
from an initial value of 22 Mq to the steady value of 15.5 Mq in
response to hyperpolarizing current of 2 nA. Rectifying behavior of
this kind was seen in many neurons (approximately 60%) in both
species when such relatively large currents were applied. The
microelectrodes were always tested before and after impalement in
order to insure that they did not exhibit rectification at these
current levels. The presence of rectifying behavior could not be
statistically correlated with any other neuronal property.

Frank and Fuortes (72) discussed problems associated with the

use of a single microelectrode for both stimulating and recording.
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Although the magnitude of the possible recording errors associated
with electrode polarization (see Methods) were assessed and believed
to be relatively insignificant in this experimental situation, an
indirect method was also used to measure membrane resistance in a few
cells. This method is based upon measuring changes in the action
potential amplitude caused by the passage of polarizing current
across the cell membrane. Details of this method have already been
reviewed. No significant differences were found between the values
for membrane resistance determined by either the direct or indirect

methods.

C. Membrane Time Constant

The time course of the changes in membrane potential at the
beginning and end of a hyperpolarizing rectangular pulse (0.1-1 nA,
20-30 msec) closely resembled simple exponential curves. This would
be expected from the resistance-capacitance (RC) network model for
nerve membranes. Direct measurements of the time constant were made,
as described in the Methods, and are reported in Table 5a. There was
a statistically significant difference between the time constants
measured in cat cells and those in rabbit cells (p <0.01).

The reliability of the single electrode method for determining
membrane time constant has been questioned (41,72). Therefore, to
validate our directly determined values we used the strength-latency

relationship developed by Frank and Fuortes (72) as an indirect
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method for determining time constant. When membrane time constants
were determined by both methods for several cells, no significant
differences were found between the two values. However, there was a
considerable discrepancy between directly determined values derived
from depolarizing pulses and those derived from hyperpolarizing
pulses. This was probably caused by depolarization induced, sub-
threshold local current flow that was sufficient to distort the time

course for potential change.

D. Membrane Capacitance

Total input capacitance (C) was calculated for each cell in
which measurements of input resistance (R) and time constant (t) had
been obtained. The means of these calculated values are reported in
Table 5a. Neurons in cat had a significantly higher input capacitance
than did those in rabbit (p <0.03); there was no difference between

in vitro and in vivo values for either species.

E. Specific Membrane Resistance and Capacitance

The calculation of specific values for membrane resistance and
capacitance requires a knowledge of the membrane surface area.
Because it was not possible to observe and measure the surface areas
of the impaled cells directly, an average value for surface area was
assumed. To determine this, several ganglia were prepared histolo-

gically, and cell diameters were subsequently measured with an ocular
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micrometer. We also assumed that larger cells would be most readily
impaled and that they were perfectly spherical. Based upon these
assumptions and measurements, it was concluded that the "typical"
cell had a diameter of 60 u, although most of the cells in the
ganglion were considerably smaller. Thus, the surface area was

calculated to be 113 x 10°°

cmz, and values for specific membrane
resistance and capacitance are based on this area. There are .
indications, however, that the cells are not perfectly spherical and
may have a complex surface morphology which would tend to greatly
increase their effective surface area (M. Grillo, personal communi-

cation). It is important to recognize the limitations of these

specific values, which are reported for comparative purposes only.

IIT. ACTIVE ELECTROPHYSIOLOGIC PROPERTIES

Table 5b summarizes the active membrane properties of nodose
ganglion cells recorded in vitro and compares them with measurements
of the same properties obtained in vivo. The different properties of
the action potential are defined as stated in the Methods section.
Because it was difficult to obtain stable intracellular recordings in
vivo, it is possible to present data from only a relatively few
cells. Nonetheless, there was no significant difference between

action potentials recorded in vivo and those recorded in vitro.

A. Spontaneous and Repetitive Activity

In studies in which in vivo recordings were made, spontaneously

occurring action potentials were recorded from many neurons impaled



during the course of the experiments in both cats and rabbits. In
many cases, the pattern and frequency of discharge were easily
correlated with some phase of the cardiac or respiratory cycles.
Occasionally, however, recordings were made from a neuron which was
silent or which fired in an apparently irregular manner. Another
type of activity was often observed, both in vivo and in vitro on
impalement of a ganglion cell. It consisted of a high frequency
spiking discharge (occasionally greater than 100 Hz) beginning as
soon as the electrode entered the cell. The frequency gradually
decreased until it stopped. At the same time the resting membrane
potential rapidly fell toward zero. This activity was probably
caused by damage to the cell sustained at the time of impalement.
Slight changes in the position of the electrode or the passage of
steady polarizing currents through the electrode did not preserve the
resting potentials. Rarely, high frequency discharges (50-100/sec)
continued for several minutes, without changes in resting potential.
In these cases, polarizing currents significantly altered the
frequency of discharge. Hyperpolarization of the membrane to approxi-
mately -60 mV blocked these discharges, and depolarization generally
augmented the rate of discharge at first and then depressed it as the

resting membrane potential approached zero.

B. The Action Potential

Typical action potentials recorded in cat and rabbit nodose

ganglion cells are shown in Figure 8. The action potential amplitude
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ranged between 107 mV and 53 mV in cats and 114 mV and 48 mV in
rabbits. A1l neurons exhibited an overshoot although in some,
whether because of injury or deteriorating conditions, the overshoot
eventually decreased or was completely eliminated. This change in
overshoot was most often accompanied by a simultaneous decrease in
resting membrane potential and membrane resistance. The values for
overshoot and action potential amplitude measured in cat were signi-
ficantly different from those measured in rabbit cells (p <0.001 and
p <0.002, respectively).

Although not apparent at normal oscilloscope sweep speeds and
stimulation conditions, there were deflections in the rising phase
that probably contributed to the normally recorded action potential.
As the spike electrogenic mechanisms in the soma membrane begin to
fail, a distinct inflection was frequently recorded. In addition,
continuous repetitive stimulation at frequencies as low as 10-20 Hz,
either directly through the recording electrode or indirectly via one
of the nerve trunks, also often resulted in soma spike failure
(Figure 9). The remaining active potential probably originated in
the initial segment of the axon or axon hillock region, spreading
electrotonically to the recording electrode. This is analagous to
the IS spike (or NM) component recorded in other neurons.

A third smaller spike component was observed only rarely and
after failure of the IS spike. This small local potential probably

originated at a point more distant from the recording electrode than
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the IS spike, possibly at the bifurcation of the nerve fiber or in
the nerve fiber itself, and could be analagous to the M spike observed
in motoneurons (24) and also described for toad spinal ganglion cells
(119). Occasionally, intracellular action potentials were recorded
that had a different configuration from that shown in Figure 8.
These spikes were of short duration (<0.5 msec) and exhibited no
afterhyperpolarization. Their stimulus-response latencies were
extremely short (always less than 1 msec), and there were no other
components evident in these action potentials. We assumed that these
recordings were obtained from axons.

The duration of the action potential ranged from 0.40 to
2.50 msec in cat ganglia, and from 0.75 to 2.40 msec in rabbit
ganglia. The rate of rise ranged from 70 to 720 V/sec in cats and
from 70 to 400 V/sec in rabbits. Mean values are presented in
Table 5b. The falling phase of the somatic action potential recorded
in rabbit neurons was normally smooth with no detectable inflection
points. In neurons from cat ganglia, however, there was occasionally
an inflection on the falling phase of the action potential, partic-
ularly evident when the latter was viewed at fast sweep speeds on the
oscilloscope. In both species, the falling phase was always followed
by a period of afterhyperpolarization, whose magnitude and duration
ranged from 2 to 28 mV and 8 and 30 msec, respectively. The membrane
potential returned to the pre-spike resting level without any evidence
of a subsequent depolarizing phase. There was no period of afterhyper-

polarization associated with the IS or M spikes.
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A11 data on active membrane properties (Table 5b) were obtained
by analyzing action potentials evoked indirectly by stimulation of
the vagus nerve or one of its branches. In addition, all of the
cells could be stimulated directly by brief depolarizing current
pulses passed through the recording electrode. Typical action
potentials were generated whenever the intracellularly applied
current pulse exceeded a threshold level (Figure 10). The threshold
depolarization for generating an action potential by direct intra-
cellular stimulation ranged between 7 and 29 mV (mean of 299 cat

cells, 14.8 mV; mean of 98 rabbit cells, 15.1 mV).

C. Effects of Depolarizing and Hyperpolarizing Currents

A variety of responses was observed when neurons were stimulated
by Tong (up to 10 sec) suprathreshold current pulses. A classifi-
cation system for the various response types was established. Type 1
neurons were characterized by generating a burst of 1-3 action
potentials in response to the current pulse (Figure 11a). Type 2
neurons generated a short train of impulses characterized by gradually
decreasing spike amplitudes and increasing interspike intervals
(Figure 11b). The duration of this response never exceeded 3 sec and
rarely exceeded 1 sec. Types 3 and 4 were characterized by their
ability to fire continuously for the duration of the suprathreshold
current pulse, up to 10 sec. The type 3 response consisted of an

initial burst of impulses followed by continuous activity at a lower



frequency (Figure 11c). The type 4 neuron fired continuously without
significant change in frequency (Figure 11d). When type 4 neurons
were current clamped to suprathreshold levels, spike frequency was
found to be directly proportional to the magnitude of depolarization.
As shown in Figure 12, stepwise changes in the stimulus strength
caused stepwise changes in the response frequency. At the step
transitions, off responses, similar to those observed in many slowly-
adapting sensory receptors (52,156), were seen.

A population of 114 neurons, in ganglia removed from cat, was
studied in order to determine if the adaptive response type of a
particular neuron could be related to any of its other passive or
active electrophysiologic properties. Of the 114 neurons examined,
24% were classified as type 1, 24% as type 2, 34% as type 3, and 18%
as type 4. An analysis of the electrophysiologic properties of these
neurons, showed that significant differences occurred only between
the rapidly adapting type 1 neurons and the nonadapting type 4
neurons. In this case, the conduction velocity of the type 4 neurons
was significantly (p <0.01) faster than that of the type 1 neurons.
Discriminant analysis revealed that no single property, however, was
sufficiently well correlated with adaptation type to permit its use
as a predictor of adaptation type.

Invasion of the soma could be blocked by hyperpolarizing pulses.
If an indirectly-evoked action potential was timed to occur during

the passage of a hyperpolarizing current pulse, the somatic spike
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could be blocked completely, clearly demonstrating an IS spike
(Figure 13), but a further increase in the magnitude of the hyper-
polarizing pulse did not block the IS spike or significantly affect
its amplitude. Occasionally, cells generated action potentials at
the termination of a hyperpolarizing current pulse. This "anodal
break" excitation was considered to be a sign of deterioration, as it
was usually associated with decreases in both resting potential and
input resistance.

Alteration of the resting potential by the passage of steady
polarizing current across the cell membrane usually caused
significant changes in the magnitude and duration of the afterhyper-
polarization (Figure 14). The afterhyperpolarization was increased
by depolarization (Figure 14a) and reduced by hyperpolarization
(Figures 14c-f) of the membrane. With anodal current, the cells
could be hyperpolarized to the reversal potential for the after-
hyperpolarization (EAH). At EAH’ the falling phase of the action
potential terminated when the level of the prespike resting potential
was reached and, thus, resembled an axon spike (Figure 14e). Further
hyperpolarization of the membrane resulted in the appearance of an
afterdepolarization (Figure 14f). The reversal potential was
determined for 83 cells from both cats and rabbits and ranged
between -62 and -86 mV (mean = -71.8 mV + 0.5).

Changes in the resting membrane potential, produced by the

intracellular application of polarizing current, had little or no
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effect on the magnitude of the action potential overshoot, thereby
allowing the action potential amplitude to vary directly with changes
in membrane potential. The rates of potential change for the rising
and falling phases of the action potential were also found to be

proportional to the resting membrane potential in any one cell.

D. Repetitive Stimulation

Many neurons could be stimulated to fire repetitively at rates
as high as 50-100 spikes per second. Indirect (nerve) stimulation
was as effective as direct (intracellular) stimulation even at these
high frequencies. On many occasions, both in vivo and in vitro,
recordings were made from cells that developed a distinct, persistent
hyperpolarization when repetitive action potentials occurred
(Figure 15). In contrast to post-tetanic hyperpolarization, this
hyperpolarization began with the first action potential and persisted
no longer than 5 sec after stimulation was stopped. The magnitude of
this hyperpolarization was often as high as 10-15 mV and appeared to
be dependent on the frequency of discharge, some hyperpolarization
being observed at frequencies as low as 1-2 spikes per second. This
persistent hyperpolarization only occurred if action potentials were
generated in the cell body, and sometimes caused failure of somatic
spike generation.

In several preliminary experiments, the effect of the resting

membrane potential on the magnitude of this activity hyperpolarization
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was investigated. Membrane potential was altered by the passage of
steady polarizing currents (current clamping). The magnitude of
activity hyperpolarization was found to be dependent upon the
membrane potential, increasing during depolarization and decreasing
during hyperpolarization. It appeared that the reversal potential
for this process was approximately the same as the reversal potential

for the afterhyperpolarization in the same cell.

E. Latency and Conduction Velocity

Anatomical uncertainties such as the exact location of the cell
within the ganglion, and the length of the complex initial segment
and intraganglionic conduction path, precluded the precise deter-
mination of the distance between the stimulating and recording
electrodes. Values are reported for the latency, which is defined as
the time (in msec) between the stimulus artifact and the onset of the
action potential. Figure 16 shows the distribution of latencies
measured in both cat and rabbit neurons in vitro. The design of the
recording chamber and the fixed positions of the stimulating electrodes
make it unlikely that the observed latency differences were signi-
ficantly affected by the recording arrangement.

The measurement of latency cannot be considered a reliable way
to determine conduction velocity. Accordingly, in a separate group
of cat ganglia, conduction velocity was measured using two sets of

stimulating electrodes separated by a precisely known distance.



Conduction velocities determined by this technique ranged between 0.4
to 30 M/sec (mean of 51 neurons, 4 M/sec). The latencies determined
for this same population of neurons were negatively correlated with
the conduction velocities (s < 0.001) as would be expected. Figure 17
shows the distribution of conduction velocities and latencies measured
in this population of neurons.

A statistical analysis of the distribution of individual values
obtained for the passive and active electrophysiological properties
(other than conduction velocity or latency) measured in both cat and
rabbit nodose ganglion neurons indicated that they were unimodally
distributed about their respective means. Tests for correlation
among the various properties did not reveal any unexpected relation-

ships.

IV. IONIC CONTRIBUTIONS

A. Potassium

The effect of varying the external potassium concentration
between 0.25 mM and 98 mM on the resting membrane potential in cat
neurons is shown in Figure 18. In all cases, potassium was exchanged
for sodium in the bathing medium and measurements were taken at least
15 min after the solutions were changed. In those experiments in
which the time course of the effect of potassium on a single neuron
was observed, potassium-induced changes in the membrane potential

were complete within 3-5 min.
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The slope of the line relating the log of the external potassium
concentration to the membrane potential is nonlinear at potassium
concentrations below 2.5 mM (Figure 18). The maximum slope of the
relation at potassium concentrations above 2.5 mM is 25 mV per
10-fold change in potassium concentration. Input resistance was
detennined for the same population of neurons and is shown in
Figure 18. |

An external potassium concentration greater than 10 mM usually

blocked nerve conduction and this was rapidly followed by failure of
the soma to generate action potentials. Consequently, little data are
available from neurons exposed to high extracellular potassium.
These blocking and other effects were usually reversible upon return
to solutions containing normal potassium concentrations. The rate of
potential change (dV/dt) of the falling phase of the action potential
was found to vary as a function of potassium concentration between
2.5 and 25 mM. As the external potassium concentration was increased
within this range, the rate of fall decreased from 88 V/sec at 2.5 mM
(#2.4, n=11) to 40 V/sec at 25 mM (+3.8, n=5). At concentrations of
extracellular potassium below 2.5 mM, the rate of fall was not signi-
ficantly affected, occasionally showing a slight tendency to increase.
The rate of rise of the action potential was not significantly
affected by changes in external potassium concentration ranging
between 1 and 10 mM.

The magnitude of the afterhyperpolarization varied as a function

of the external potassium concentration. The maximum slope of the
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relation between log potassium concentration and afterhyperpolari-
zation was, however, only 16 mV per decade (Figure 18). The reversal
potential for the afterhyperpolarization (EAH) was not significantly
changed in solutions containing potassium concentrations below 5 mM.
At concentrations above 5 mM, however, EAH decreased at the rate of
30 mV per ten-fold change in external potassium concentration. EAH
was equal to -72 mV (:0.9, n=30) at the normal external potassium
concentration of 5 mM, and decreased to -64 mV (+0.8, n=13) at an
external potassium concentration of 10 mM.

The amount of current necessary to bring the cell body to
threshold and generate an action potential increased under conditions
of low potassium concentration and decreased in high potassium. The
threshold level itself also appeared to be dependent upon the external
potassium concentration, varying inversely with it. Thus, the
threshold potential was -51 mV (#1.1, n-14) in 0.25 mM potassium,

-37 mV (#0.3, n=299) in normal buffer, and -30 mV (2.8, n=5) in

25 mM potassium.

B. Sodium

External sodium concentration could not be increased without
seriously affecting the osmotic equilibrium. Therefore, changes in
sodium concentration were confined to a reduction from its normal
150 mM to 34.4 mM. The lower value was selected both because it
represented a significant reduction in external sodium and because

the buffer media could be prepared conveniently at that concentration.



Choline chloride or TRIS chloride was used to replace sodium chloride
in most experiments. In some experiments an osmotically equivalent
amount of sucrose was used to replace partially both sodium and
chloride.

The replacement of all but 34.4 mM of sodium in the bathing
medium with either choline or TRIS caused a slight but statistically
significant decrease in resting membrane potentials (3-4 mV; n = 34;
p < 0.05). Reducing extracellular sodium concentration to 34.4 mM
and chloride concentration to 12.1 mM with sucrose replacement caused
a slight (4 mV) but again, significant (p < 0.01) depolarization in
the 21 neurons tested. Membrane input resistance was unchanged in
low sodium media containing choline or TRIS substituent ions. The
input resistance was, however, significantly increased (average
increase = 11 M; n = 14; p < 0.02) when an osmotically equivalent
quantity of sucrose was used to replace all but 34.4 mM of sodium and
12.1 mM of chloride ions.

The overshoot and absolute amplitude of the action potential
were both reduced in the low sodium media. The amplitude of the
overshoot was found to change by 23 mV per 10-fold change in extra-
cellular sodium concentration. The rates of potential change (dV/dt)
for both the rising and falling phases of the action potential were
reduced in low sodium media. The rate of rise was decreased by an
average of 74% from control values and the rate of fall was decreased

by an average of 36%. The magnitude of the afterhyperpolarization
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was unaffected in choline substituted Tow sodium media, but was
usually reduced by up to 50% in low sodium solutions containing
either TRIS or sucrose. These effects on the action potential are
shown in Figure 19.

The average current necessary to bring the soma membrane to
threshold was significantly reduced in sucrose-substituted low sodium
media but unchanged when either TRIS or choline were used to replace
sodium. The threshold potential was decreased in low sodium media by
an average of +8 mV (n=17, p < 0.02) from its normal value of -37 mV.

The effects of replacing most of the extracellular sodium with
lithium were examined in 5 neurons from 2 cat nodose ganglia. The
lithium substitution had no effect on either the resting membrane
potential or input resistance. The overshoot, action potential
amplitude, and afterhyperpolarization were variably but often signi-
ficantly reduced in the lithium substituted medium as were the rate
of rise and, to a lesser extent, the rate of fall of the action

potential.

C. Calcium

The extracellular concentration of calcium was reduced to zero
by elimination of calcium-containing salts from the superfusing
solution and by the addition of the calcium chelating agent EGTA
(1 mM), the calcium ions being replaced by sodium ions. Resting

membrane potentials were unchanged from control in zero calcium
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media. The input resistance, however, was reduced by 40% (6-8 MR,
n=13; p < .02) in the absence of calcium. The overshoot and, there-
fore, the action potential amplitude were slightly (2-7 mV) but
significantly (n = 14, p < .05) reduced. Although the rate of rise of
the action potential was unaffected, the rate of fall and the after-
hyperpolarization were both significantly reduced in zero calcium media.
The rate of fall was decreased by 30% (n = 13, p < .02) and the after-
hyperpolarization was decreased by 37% (n = 13, p < .02). The elimi-
nation of extracellular calcium had no effect on threshold current but
did cause a slight increase in threshold potential (increased excita-
bility).

In a second group of experiments, the extracellular calcium
concentration was increased from its normal value of 3.5 mM to a
final value of 25 mM. The sodium concentration was correspondingly
reduced to maintain osmotic balance. This increased calcium concen-
tration had no effect on the resting membrane potential and caused a
slight increase (average 30%; n=5, not statistically significant) in
the input resistance. The overshoot and therefore the action poten-
tial amplitude were slightly (5-10 mV) but significantly (n=5,
p < 0.05) reduced by the high calcium concentration. It should be
noted that the extracellular sodium concentration was slightly reduced
in the high calcium media. Although the rate of rise of the action
potential was unaffected, the rate of fall was increased by an average
of 50% (n=5, p < 0.01). Both the magnitude of the afterhyperpolari-
Zation and the threshold current were unaffected by the increased

calcium concentration.
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D. Chloride

The presumably impermeant anions glutamate and methylsulfate
were used to replace chloride ions in the chloride-free media. The
effect of glutamate was identical to the effect of methylsulfate.
The resting membrane potential was unaffected while the input
resistance was increased by 7-12 MQ (n = 26, p < 0.02). Because the
sudden changes in chloride concentration usually resulted in electrode
polarization artifacts, transient effects on the membrane potential
occurring within 60 sec of the solution change may have been undetected.
The threshold current appeared to be slightly reduced. A1l other
parameters were unaffected by exposure to a chloride-free environment.

An increase in the external chloride concentration from 106 mM
to 127.5 mM caused a significant (n=11, p < 0.03) 5 mV hyperpolari-
zation of the resting membrane potential. The input resistance was
reduced by an average of 35%, and there was a slight increase in the
current required to bring the cell body to threshold. No other
parameters were significantly affected by this increase in chloride

concentration.

V.  PHARMACOLOGIC PROPERTIES

Neurons in nodose ganglia of both cat and rabbit were exposed to
a variety of pharmacologically active compounds. The purpose of
these experiments was to provide a qualitative indication of the

existence of chemical sensitivity in mammalian nodose ganglion neurons.



As these experiments were regarded as preliminary in nature, no
attempt was made to precisely quantify all drug effects or to determine

underlying mechanisms.

A. Tetrodotoxin

Several ganglia removed from cat were exposed to tetrodotoxin

7

(TTX) at concentrations from 1072 to 10° gm/ml in the superfusing

medium. At TTX concentrations of 5 x 10'8

gm/ml or less, the action
potential remained unaffected for the duration of the exposure, up to
32 min. During this same period of time, however, the resting
membrane potential appeared to hyperpolarize slightly and progressively,
reaching a maximum hyperpolarization of 3-5 mV. At TTX concentrations
greater than 5 x 10'8 gm/m1 action potential generation was blocked
within 4.5 - 7 min. Prior to spike failure, the configuration of the
action potential underwent certain characteristic changes. The spike
became progressively prolonged, and its rate of rise and overshoot
were markedly reduced. Nerve conduction block occurred first and was
shortly followed by soma spike failure. In all cases (n=8), complete
spike failure was followed by a general deterioration of the neuron,
characterized by a decrease in membrane potential and input resistance,
and associated with increased difficulty in maintaining a stable

intracellular impalement. This eventually led to a total inability

to obtain intracellular recordings.
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B. Tetraethylammonium Ions

Nodose ganglia removed from both cat and rabbit were exposed to
external bathing media containing tetraethylammonium chloride (TEA)
at a concentration of 1073 - 5 x 1074 gn/ml. As shown in Figure 20
the falling phase of the action potential always developed a distinct
plateau. This effect of TEA was associated with a slight but signi-
ficant depolarization of the membrane (2-5 mV; n=6, p < 0.02). A1l
of the effects of TEA were readily and completely reversible upon

return to normal external media.

C. Quabain
Neurons in cat nodose ganglia exposed to ouabain, for more than

1 hr, at concentrations of 10'7

M or less were unaffected except for
the membrane potentials which occasionally showed a slight hyperpola-
rizing tendency, an effect which was reversible after return to

normal media. At concentrations higher than 10'7

M, ouabain appeared
to cause relatively rapid and irreversible damage to the ganglion.
The following sequence of events was typical when recording from a
neuron suddenly exposed to ouabain at this concentration or greater.
Within 5 min the neuron hyperpolarized by 3-7 mV, followed within

30 min by a complete loss of excitability. Shortly thereafter the
impalement was lost and subsequent attempts to obtain other intra-

cellular recordings were unsuccessful. These effects were not

reversible within the period of observation up to 2 hrs (n=25).
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D. Metabolic Inhibitors

Both cyanide (CN) and 2,4-dinitrophenol (2,4-DNP) are potent
inhibitors of oxidative metabolism. Cat and rabbit nodose ganglion
neurons were superfused with media containing CN (100 ng/ml) or
2,4-DNP (1 ug/ml). Both agents had effects similar to those observed
under hypoxic conditions. That is, over a period of 5-15 min both
the membrane potential and input resistance gradually decreased. The
configuration of the action potential changed to resemble that of an
obviously deteriorating neuron. In a manner reminiscent of TTX and
ouabain, the intracellular impalement was eventually lost and subse-
quent attempts to obtain other stable intracellular records were
unsuccessful. These effects were not reversible upon return to

control for up to 3 hrs of observation (CN, n=6; DNP, n=1).

E. Local and General Anesthetics

The local anesthetic lidocaine (2 ug/ml) and the general
anesthetics sodium pentobarbital (30-300 pg/ml1) and sodium metho-
hexital (50 ug/ml1) all had similar effects on nodose ganglion neurons.
A typical example of these effects is shown in Figure 21. At the
concentrations indicated, these agents all rapidly and reversibly
blocked generation of somatic spikes. The IS spike and, therefore,
presumably nerve conduction remained unaffected. Exposure to these
anesthetics at slightly higher concentrations or for longer periods

of time, however, resulted in nerve conduction block. As shown in
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Figure 22 the effects of atropine (10 ug/ml) closely resembled those

of the anesthetic agents.

F. Veratridine, Phenyldiguanide, and 5-Hydroxytryptamine

Veratridine, phenyldiguanide (PDG), and 5-hydroxytryptamine
(5-HT) were all reported to produce action potentials in cat nodose
ganglion neurons (198) when injected into the common carotid artery
while simultaneously recording activity in small nerve bundles
dissected from either the supra- or infranodose vagus. In the
present study, the effects of these agents on intracellularly recorded
potentials in nodose ganglion neurons of both cat and rabbit were
examined.

Veratridine produced several significant effects on both cat and
rabbit neurons at a concentration of 1 ug/ml. Whereas resting
membrane potentials in both species were unaffected, the membrane
input resistance of cat neurons was decreased by 3-15 Ma (n=15,

p < 0.01), and in rabbit neurons was increased by 5-19 Mo (n=18,

p < 0.02). The most prominent effect of veratridine was its ability
to produce a large and long-lasting after-depolarization following
the generation of an action potential either by direct intracellular
stimulation or by stimuli applied to the nerve trunk. The nature and
magnitude of this after-depolarization is clearly shown in Figure 23.
The depolarizing response often gave rise to a train of action
potentials as shown in the same figure. The duration of this

repetitive activity was frequently quite prolonged. In the example
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shown in Figure 24, a stimulus pulse applied to the nerve caused a
single action potential to be generated (indicated by the arrow) in
the cell body. The subsequent after-depolarization resulted in the
repetitive generation of action potentials for approximately the next
5 sec. The generation of spike trains in response to a single action
potential was observed in about one-third of the neurons tested. For
technical reasons it was not possible to make correlations between
veratridine response and adaptation type. Blackman et al. (13) have
recently confirmed many of these findings.

Neither 5-HT (1-3 ug/ml1) nor PDG (0.5-2 ug/ml) had any effect on
action potential generation in nodose ganglion neurons of either cat
or rabbit. PPG caused a slight, 3-4 mV hyperpolarization (n=9,

p < 0.005) associated with a 4-10 Mo increase in membrane resistance

(n=12, p < 0.01); 5-HT had no effect on either of these properties.
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DISCUSSION

The passive and active membrane properties recorded from neurons in
rabbit and cat nodose ganglia maintained in vitro were indistinguishable
from those obtained in vivo. This indicates that the neurons did not
deteriorate appreciably while in vitro, and that the data represent a
reasonable description of these properties of adult mammalian sensory
neurons. The values obtained in this study were similar to those
reported for other peripheral sensory neurons under different recording
conditions (Table 1), despite the fact that cells in other studies were
often selected on the basis of high resting membrane potentials. In
this study, properties were analyzed for all cells that had stable
resting membrane potentials and were able to generate action potentials,
and there were no additional criteria for selection. Another indication

of the viability of the neurons maintained in vitro is that stable

recordings were routinely made for upwards of 20-30 min, and, when
specific attempts were made, intracellular recordings could be obtained
for as long as 2-3 hrs with no decline in either passive or active
properties. The ease with which such recordings can be made in this

in vitro preparation, and the ability to vary and control the extra-
cellular medium, provided an opportunity to examine the role of dif-
ferent ions in the maintenance of passive properties of mammalian nerve

cells and in the generation of their action potentials.
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I. PASSIVE ELECTROPHYSIOLOGIC PROPERTIES

The resting membrane potentials of nodose ganglion cells of both
rabbit and cat had unimodal distributions about their respective means,
indicative of a uniform population of neurons within the ganglion even
though different sensory modalities are carried by their afferent fibers
and there is a wide range of cell diameters (20-60 u). Although neurons
in cat differed from those of rabbit with regard to certain specific
properties, such as membrane resistance, time constant, overshoot and
action potential amplitude, the physiological significance of these
differences is unknown.

Within the range of changes in membrane potential used in this
study (+10 to -110 mV), voltage-dependent changes in membrane resistance
were not observed. Indeed, the only time such changes occurred was when
the neurons were deteriorating as indicated by a relatively slow decline
in the membrane potential. Under these conditions, the membrane resis-
tance was also decreasing, and the application of hyperpolarizing
current caused the resistance to increase toward the control value. On
studies in similar neurons, Ito (119) reported that the membrane resis-
tance of toad spinal ganglion cells was decreased by depolarization and
increased by hyperpolarization.

A significant decrease (50-60%) in membrane resistance associated
with hyperpolarization of the membrane potential has been reported to
occur in cat motoneuron (123,167) and rabbit sympathetic ganglion cells

(34). This "anomalous rectification" has also been observed in the



ganglion cells of Helix aspersa (129), frog muscle cells (2,163) and in

the horizontal cells in the retina of the mudpuppy (224). The physi-
ological significance of this voltage dependent conductance change has
been related to possible effects on synaptic transmission. Anomalous
rectification has also been used to explain the nonlinear relationship
between membrane potential and EPSP amplitude observed in some neurons.

Anomalous rectification has not been reported in primary sensory
neurons, (e.g., dorsal root or spinal ganglia). This study demonstrated
that some neurons in nodose ganglia of both cat and rabbit do exhibit
some form of rectifying behavior (Figure 6). This delayed decrease in
membrane resistance is identical with that reported for other rectifying
neurons (123,224). The anomalous rectification in nodose ganglion cells
occurred only when the membrane was hyperpolarized beyond the reversal
potential for the afterhyperpolarization (EAH). Because Ep, is believed
to be near the potassium equilibrium potential, a delayed increase in
potassium conductance may account for the rectification as was suggested
in sympathetic neurons (34). The physiologic role of anomalous recti-
fication is thought to be the modification of postsynaptic potentials.
Further studies will be necessary in order both to characterize fully
the rectifying behavior of nodose ganglion neurons and to determine the
physiological significance of anomalous rectification in neurons devoid
of synaptic inputs.

The input resistance of neurons in the nodose ganglion is consid-

erably higher than that reported for many other neurons (Table 1). With
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the exception of sympathetic neurons, low values of input resistance
appear to be associated with neurons whose cell bodies possess dendrites
and receive multiple synaptic inputs. The apparent low input resistance
of these neurons may be due to the current sinking capabilities of the
dendritic arborization or to special conductance properties of sub-
synaptic membrane areas. Nodose ganglion neurons are uncomplicated by
these factors, and values for their input resistance (both in vivo and

in vitro) compare favorably with those reported for other vertebrate

sensory neurons (Table la).

The calculated values for time constant, specific membrane resis-
tance and specific membrane capacitance of sensory neurons in nodose
ganglia from both cat and rabbit are similar to those reported for
sensory neurons of other species, as well as to spinal motoneurons of
both toad and cat. However, all calculations were based on the assump-
tion that nodose ganglion neurons were 60 u in diameter and possessed
smooth spherical surfaces. These assumptions, made only for convenience
of calculation, must be seriously questioned. For example, electron
microscopic studies have shown that sensory neurons in nodose ganglia of
monkey (30) and cat (Grillo, personal communication) are not spherical
and that the membrane appears irregular and convoluted. The actual
surface area of these cells, therefore, may be considerably greater than
that derived from their assumed spherical diameter. Thus, the true
values for specific membrane resistance and capacitance are likely to

differ from those reported here.
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IT. ACTIVE ELECTROPHYSIOLOGIC PROPERTIES

Prior to this study, there had been no report of action potentials
recorded intracellularly from cell bodies in mammalian nodose ganglia
(see note 1), although they have been from dorsal root ganglion cells of
cat and rat (59,68,151,199). A consideration of the morphological
features of sensory neurons in the nodose ganglion raises a question as
to whether action potentials in afferent fibers of the vagus nerve and
its branches actually invade the soma. In contrast to the majority of
neurons in dorsal root ganglia, a larger proportion of those in nodose
ganglia give rise to long, thin and often convoluted initial complexes
before bifurcating into central and peripheral projections (190;

M. Grillo, personal communication). This initial complex is of smaller
diameter than either the central or peripheral branches of the afferent
fibers, and may range from 50 to 170 u in length. The length and small
diameter of these initial complexes suggest that action potentials are
propagated actively in them to the soma from the afferent fibers, as
electronic spread would seem to be insufficient to generate a spike in
the soma from a site so distant in the axon.

Sato and Austin (199) reported that there was no inflection on the
rising phase of the action potential in cat dorsal root ganglion neu-
rons, and they postulated that the threshold for spike generation in the

soma was similar to that in the initial segment. Although we normally

Note 1. During the preparation of this manuscript, however, Blackman
et al. (13), studying the effects of veratrum alkaloids,
have published figures of action potentials recorded intra-
cellularly from neurons in guinea pig nodose ganglia.
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observed a smooth rising phase of the somatic spike in nodose ganglion
neurons, a clear inflection could be demonstrated under certain circum-
stances such as high frequency stimulation. This indicates that the
threshold is higher in the soma of the neuron than in the initial
complex. Inflections on the rising phase of the action potential have
been reported for a variety of other neurons (24,119,151,214). With the
exception of the somatic spike, we are uncertain as to the origins of
the other potentials. On analogy with other neurons (24), it might be
assumed that the IS component arises from the region of the axon hillock
and beginning initial complex. However, because of the unusual mor-
phology of the initial complex in mammalian peripheral sensory neurons
(190; Grillo, personal communication), it is possible that this compo-
nent originates from a site more distant from the soma than the axon
hillock.

Cell bodies of nodose ganglion neurons, whether in vitro or

in vivo, generated action potentials in response to impulses occurring
in their afferent fibers. These somatic spikes may be of functional
importance in the modulation of afferent nerve activity. Thus, Tagini
and Camino (214) reported that trains of stimuli, at frequencies of
20-100 Hz to the nerve trunk of the 9th or 10th dorsal root ganglion of
frog, often produced additional action potentials ("anomalous" spikes)
in fibers in the dorsal roots, so that the number of action potentials
recorded from single units in the dorsal root exceeded the number of

stimuli applied to the trunk. A similar phenomenon occurred when the
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dorsal roots were stimulated and recordings were made from single fibers
in the nerve trunk. As repetitive stimulation caused a progressive
delay in the generation of the S-spike recorded in ganglion cells, these
investigators concluded that the "anomalous" spikes were generated as a
consequence of the delayed spikes invading the axon after its refractory
period had terminated. Although this phenomenon was not examined in
detail in this study, repetitive stimuli were found to cause a pro-
gressive delay in the generation of somatic spikes while IS spikes were
continuously generated. It is possible that this phenomenon could alter
the number of nerve impulses in afferent fibers central to the sensory
ganglion. For example, the delayed somatic spikes could propagate
preferentially into the peripheral branches of the axons because of the
longer refractory period in smaller diameter central branches (82,
91,199), and thereby alter the number of impulses reaching the central
nervous system. Further experiments, using single or few-fiber re-
cording techniques, and designed to measure the input-output relation-
ship of a single neuron, will be necessary in order to determine the
role of these peripheral sensory neurons in the modulation of afferent
input to the brain.

In a number of neurons in both cat and rabbit nodose ganglia,
repetitive action potentials generated in the cell body caused a per-
sistent hyperpolarization (Figure 15). There are several examples of
this activity-induced hyperpolarization in other neurons. Ito and

Oshima (122) reported that repetitive activity in cat spinal motoneurons
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could result in a long-lasting hyperpolarization, which they attributed
to a summation of the changes in potassium conductance associated with
the afterhyperpolarizations. Gage and Hubbard (81) accounted for the
post-tetanic hyperpolarization in rat phrenic nerve terminals by as-
suming a post-tetanic increase in potassium conductance. In many cases,
however, the major component of the hyperpolarization has been attri-
buted to an activity induced increase in an electrogenic sodium pump
(203). In leech neurons, Jansen and Nicholls (126) reported evidence
that the hyperpolarizing effect of an electrogenic pump is combined with
a specific increase in potassium conductance. A similar dual mechanism
is believed to account for the activity hyperpolarization observed in
mammalian nonmyelinated nerve fibers (188,196). The possibility that
the increase in potassium conductance is mediated by an influx of
calcium ions has also been considered. Krnjevi€ and Lisiewicz (149)
showed that the intracellular injection of calcium ions into spinal
motoneurons caused a potassium-dependent hyperpolarization, and Meech
(159) demonstrated that the post-tetanic hyperpolarization in Aplysia
neurons is directly dependent upon the influx of calcium ions. He
theorized that this "calcium-mediated negative feedback process" may be
an important feature of information processing.

The mechanism by which repetitive activity induces hyperpolari-
zation in nodose ganglion neurons is not known. The possibility that it
is simply a summation of afterhyperpolarizations seems unlikely, because

the duration of the afterhyperpolarization rarely exceeded 30 msec while
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activity hyperpolarization was seen with somatic spikes occurring as
infrequently as 1-2 per second (Figure 15). Since the interspike
interval then ranged between 500-1000 msec, it is difficult to imagine
how summation could have occurred. There have been no published reports
of activity-induced hyperpolarization occurring at such low stimulus
frequency levels. It is interesting to note that the amplitude of the
afterhyperpolarization decreased as the activity-induced hyperpolari-
zation increased (Figure 15). Other experiments in this study demon-
strated that the magnitude of the hyperpolarization is dependent on the
membrane potential. Thus, it appears that the hyperpolarization fol-
lowing repetitive activity in nodose ganglion neurons could, in large
part, be accounted for by specific changes in membrane conductance.
Further studies will be necessary to confirm this hypothesis and to
determine which species of ion are involved.

The sensory endings of many vagal afferent fibers are categorized
according to their adaptive properties, as for example slowly-adapting
and rapidly-adapting bronchopulmonary receptors (181). The mechanisms
responsible for these differences in adaption are not fully understood,
but it is believed that mechanical characteristics of the tissue sur-
rounding the sensory ending or the electrical properties of the sensory
ending itself are important (3). The slowly and rapidly adapting
stretch receptor neurons of crayfish have been the subject of extensive
study (H. Fields, in press; 162,164), and it has been concluded that

differences in specific properties of the electrically excitable nerve
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membrane account for the slowly or rapidly adapting characteristic of
crayfish stretch receptor. Mechanical adaptation in the generator
region is believed to play only a minor role. When a slowly adapting
crayfish stretch receptor was stimulated by intracellularly applied
constant current, it always produced long-lasting trains of action
potentials, whereas neurons characterized as rapidly adapting were never
able to produce sustained, repetitive spikes. Nakajima (162) reported
that there was no correlation between adapting type and membrane resis-
tance, capacitance, rectifying properties, or characteristics of the
action potential. He suggested that many factors including unique
(non-Hodgkin-Huxley) ionic mechanisms may be responsible for the ob-
served differences in spike adaptation.

It has been demonstrated that motoneurons in cat spinal cord differ
in their adaptive properties, many neurons responding to intracellularly
applied constant current with sustained repetitive discharges (188); the
discharge frequency being linearly related to the stimulus strength over
a wide range. Differences in the accommodative properties of cat
motoneurons have also been found (202). This suggests the possibility
that the accommodative properties of the nerve membrane may account for
the neuron's adaptation characteristic. Thus, one might expect that
slowly adapting cells would show little or no accommodation. Since
accommodation has been shown to be related to sodium inactivation and
potassium conductance changes (202,221), it is possible that these same
mechanisms may underlie the differences in adaptation to prolonged

stimulation.
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In the present study, cell bodies of neurons in nodose ganglia of
both cat and rabbit were found to differ in their abilities to adapt to
prolonged suprathreshold depolarization. These differences in adapta-
tion could not be correlated with any specific active or passive
membrane property, including the ability to hyperpolarize in response to
repetitive activity. For purposes of classification, 4 different
adaptation types were recognized, with responses ranging from cells
which fired continuously for up to 10 sec (type IV), to those cells
which could respond with only 1-3 spikes at the start of depolarization
(type I). A1l neurons could be readily classified into one of the 4
possible categories (see Results). This, however, is not meant to
suggest that there are 4 distinct subpopulations of neurons within the
nodose ganglion. The intermediate adaptation types II and III may
simply be normal physiologic variants of the rapidly (I) or slowly (IV)
adapting neurons.

It is generally agreed that the different types of adaptation in
vertebrate mechanoreceptors depend primarily on the mechanical prop-
erties of the receptor and surrounding tissue, and to a lesser extent,
on the electrical propeties of the sensory ending itself (3,67). With
the exception of the pacinian corpuscle, no studies on "spike adapta-
tion", that is, adaptation occurring at the level of the spike gener-
ating membrane, in vertebrate sensory neurons, have been reported. This
may, in part, account for the bias toward mechanical explanations of
sensory adaptation. Data reported in this study suggest that funda-

mental properties of the nerve membrane itself, and not the mechanical
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relations of the surrounding tissue, may be of primary importance in
determining the adaptation characteristic of mammalian vagal mechano-
receptors. Thus, if it is possible to extrapolate the properties of the
soma membrane to the nerve ending, neurons in the nodose ganglion will
provide an opportunity to examine the specific mechanisms underlying

receptor adaptation.

ITI. IONIC CONTRIBUTIONS

The effects of changing extracellular potassium concentration were
most apparent on the resting membrane potential, although the maximum
change in membrane potential (25 mV/decade) was far less than the 61 mV
predicted from the Nernst equation for a 10-fold change in external
potassium concentration. In addition, the relation between log external
potassium concentration and membrane potential was not linear at potas-
sium concentrations less than 2.5 mM. Both of these findings appear to
indicate that the soma membrane of nodose ganglion neurons does not
behave simply as a potassium electrode, and that it must be signifi-
cantly permeable to other ion species at rest. For example, Hodgkin and
Horowicz (107) demonstrated that similar but significantly smaller
deviations are to be expected if the membrane is slightly permeable to
sodium jons at rest (PNa = 0.01 PK). Alternatively, it has been shown
that changes in extracellular potassium concentration can cause changes
in membrane permeability (90,211,131) associated with changes in mem-

brane resistance. Potassium related changes in the membrane resistance
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of nodose ganglion neurons appear to be minor (Figure 18) but may,
nonetheless, contribute to the observed deviations from predicted
behavior. Finally, in any experiment where external ion concentrations
are changed, it is important to consider possible effects on the intra-
cellular ionic composition. Hodgkin and Horowicz (107) suggested that
deviations from the Nernst equation may be caused by changes in the
internal ionic composition occurring during the course of an experiment.
The possibility that any or all of these factors are operating in
mammalian nodose ganglion neurons cannot be excluded, and significantly
complicates the analysis of experimental results.

Armett and Ritchie (8) demonstrated that the relative sodium
permeability of mammalian C fibers is significantly greater than that
reported for any other excitable membranes. They reported a value of
0.25 for PNa/PK in rabbit vagal C fibers and a value of 0.10 for cat
hypogastric nerve. In their experiments, they observed a 28 mV change
in membrane potential for a 10-fold change in external potassium con-
centration and accounted for this low slope on the basis of the high
resting sodium permeability. Several other authors have reported lower
values than expected for the potassium-potential slope (see Introduc-
tion), and have suggested a high resting sodium permeability to account
for it. In these cases, one would anticipate that changes in external
sodium concentration would cause a significant change in membrane
potential. This has not been reported (16,105,139,140,176,217). The

sodium-dependent changes in membrane potential that have been reported
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were usually characterized as "small and transient" or "insignificant",
a finding that may be common to all mammalian neurons.

The afterhyperpolarization phase of an action potential is believed
to be caused by a transient increase in potassium conductance (130).
Thus, it would be expected that changes in external potassium concen-
tration would exert their greatest effect on the afterhyperpolarization.
Indeed, Blackman et al. (16) have shown that while the resting poten-
tial in frog sympathetic ganglion cells changes only 43 mV per 10-fold
potassium change, the afterhyperpolarization changes by about 75 mV.
They do not comment on this deviation from the Nernst predicted change
of 59 mV, assuming that the membrane behaves as a potassium electrode at
the peak of the afterhyperpolarization. In the present study, the
afterhyperpolarization in nodose ganglion neurons was found to change by
16 mV per 10-fold change in external potassium concentration. This
appears to indicate that the nerve membrane is considerably less sensi-
tive to potassium at the peak of the afterhyperpolarization than it is
at rest. This unexpected finding is supported by data which indicate
that the reversal potential for the afterhyperpolarization (EAH)
changes by only 30 mV per 10-fold change in external potassium. The
physiological significance of these results must be interpreted with
caution because recent studies have demonstrated that glial cells may
function to buffer effectively the potassium concentration in the
perineuronal space (99,219). For example, the sodium-potassium pump in

glial cell membranes has been shown to be markedly more sensitive to
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changes in extracellular potassium concentration than was the neuronal
membrane pump (99). Thus, assuming that the dense glial cell layer
covering each neuron may be an effective diffusion barrier, it is
conceivable that.the potassium concentration in the microenvironment
immediately surrounding a neuron may be significantly different than
that in the extracellular bathing medium. Therefore, the apparent
insensitivity of the resting potential and afterhyperpolarization of
nodose ganglion neurons to changes in potassium concentration could be
accounted for, at least in part, by the potassium buffering capacity of
their dense glial cell covering.

If, the resting membrane of neurons in the nodose ganglion is
significantly permeable to sodium ions,as has been assumed for other
neurons (130), then a marked reduction in external sodium concentration
would be expected to cause hyperpolarization of the resting membrane
potential. Data in this study clearly indicate, however, that the
reduction of external sodium ion concentration is associated with a
slight but significant depolarization. This decrease in resting poten-
tial cannot be explained by the generally accepted ionic theory of the
origin of the membrane potential. Although several other studies have
reported similar findings (16,105,140), no satisfactory explanations
have been offered. It is quite possible that the impermeant substituent
cations (usually choline or TRIS) may alter the membrane permeability to
other ions and thus be responsible for the induced depolarization.
Further studies, perhaps using more sophisticated techniques, will be

necessary in order to explain these results.
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At the peak of the action potential the nerve membrane becomes
maximally permeable to sodium ions. Thus, the overshoot should change
with changes in the external sodium concentration in a manner predicted
by the Nernst equation. In nodose ganglion neurons the maximum slope of
the relation between log external sodium concentration and overshoot
potential was found to be 23 mV/decade. Because this is significantly
less than the 61 mV change predicted by the Nernst equation, it may be
reasonable to assume that the membrane is significantly permeable to
other ion species even at the peak of the overshoot. These findings are
supported by similar results obtained from frog sympathetic neurons (16)
and dorsal root neurons (139,140).

As expected, the rate of rise of the action potential was extremely
sensitive to changes in the external sodium concentration. This agrees
well with the ionic theory which attributes the rising phase to a sudden
increase in sodium conductance (130). Results in the present study also
showed that .both the rate of fall of the action potential and the after-
hyperpolarization were decreased by a reduction in external sodium
concentration. These components of the action potential are normally
associated with changes in potassium conductance (130). Recent studies
by Brismar (20), and Brismar and Frankenhauser (21,22) on frog mye-
linated nerve, have demonstrated that the external concentration of
specific ions can affect the permeability properties of the nerve
membrane. Of particular interest are experiments which indicated that a

decrease in external sodium concentration caused a decrease in potassium
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permeability. It is important to consider the possibility that similar
complex interactions between the ionic composition of the external
medium, and the permeability properties of the nerve membrane may occur
in mammalian neurons. This may be a possible explanation for the effect
of low sodium on the falling phase of the action potential, the after-
hyperpolarization, and the resting membrane potential.

When Tithium was used to replace most of the sodium in the super-
fusing medium, both the rate of rise and overshoot of the action poten-
tial were reduced, but the passive properties of the nerve membrane were
unaffected. These results suggest that during activation the membrane of
the nodose ganglion neuron, in contrast to other nerve membranes, is not
as permeable to lithium ions as it is to sodium ions. The best docu-
mented effect of lithium is its impairment of the sodium-potassium pump,
an effect known to occur even at low therapeutic concentrations (186),
but it is difficult to imagine how this effect could account for the
rapid changes in action potential configuration reported here. Lithium
has been shown to increase potassium permeability in snail neurons
(182), but there is no evidence to indicate that this occurs in
mammalian sensory neurons. Thus, it appears that lithium was able to
substitute effectively for sodium as a carrier of transient inward
current but not as well as in other neurons that have been studied. The
precise mechanism by which 1ithium affects the action potential con-
figuration in nodose ganglion neurons must await further study.

The importance of calcium ions for normal neural function is well

known (3,48,130). In many tissues, the reduction of extracellular
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calcium concentration increases membrane excitability, even to the point
of causing spontaneous repetitive activity, whereas in other tissues,
such as frog myelinated nerve, the elimination of external calcium
causes a complete loss of excitability without significantly affecting
the resting membrane potential (73). Koketsu (138), in reviewing the
effects of calcium on excitable membranes, stated that the extracellular
concentration of calcium controls both the intracellular ionic compo-
sition and the membrane permeability. It is apparent, however, that

the specific effects of calcium and their magnitudes are different in
different tissues.

Nodose ganglion neurons were exposed to a calcium-free superfusate
containing 1 mM EGTA. Although the resting membrane potential was not
affected, input resistance was markedly reduced. Thus, the complete
removal of extracellular calcium appeared to cause an increase in
membrane conductance. The slight but significant reduction in overshoot
indicates that calcium ions may function as a minor charge carrier for
the transient inward current of the action potential. Alternatively,
the decrease in overshoot‘may simply be attributed to the short-
circuiting effect of the increased membrane conductance. Both the rate
of fall and the afterhyperpolarization of the action potential were
significantly reduced in zero calcium, findings that suggest that the
intracellular calcium concentration may directly affect potassium con-
ductance. Support for this interpretation is provided by studies in
which it was found that the intracellular injection of calcium ions

into cat motoneurons (149), or into Aplysia neurons (157), caused a
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significant increase in potassium conductance. It is not unreasonable
to assume that the internal calcium concentration varies as a function
of the external concentration. Hence, the effectg of calcium removal
on the rate of fall and afterhyperpolarization may be due primarily to
changes in the active potassium conductance.

When external calcium concentration was increased, the most signi-
ficant effect was to increase the rate of fall of the action potential.
This is consistent with the suggestion that calcium affects active
potassium permeability. Voltage-clamp studies to characterize the
effects of external calcium ion concentration on the late steady-state
current will be necessary to substantiate this theory.

The only effect of reducing extracellular chloride concentration to
zero was a significant 7-12 M2 increase in input resistance. This
effect was the same whether glutamate or methylsulfate were used as the
impermeant anion substitute. Increasing the external chloride concen-
tration caused a 35% reduction in input resistance associated with a
significant 5 mV hyperpolarization of the resting potential. These
results suggest that chloride conductance contributes significantly to
the overall membrane conductance at rest. This demonstrates the impor-

tance of controlling chloride concentration in in vitro bathing media, a

point that is often overlooked because of assumptions based on data from
nonmammalian neurons.
The origin and maintenance of the resting membrane potential and

the mechanisms underlying spike electrogenesis can be explained in terms
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of ionic gradients and permeabilities (93). The Goldman equation has
been very useful for predicting the membrane potential if the internal
and external ionic compositions and permeability ratios are known.
Unfortunately, most of this information is not available for the mam-
malian nodose ganglion. Several studies, however, have reported values
for the intracellular ionic concentration in other mammalian nervous
tissue. The results of these studies are summarized in Table 6. It is
reasonable to assume that the intracellular ionic concentrations in
neurons of the nodose ganglion lie somewhere within the range of values
given in Table 6. Equilibrium potentials for each ion species may then
be calculated from the Nernst equation.

If the internal sodium concentration is 40 mM, then the sodium
equilibrium potential (ENa) is calculated to be +35 mV. Similarly, if
intracellular potassium is 140 mM, then EK is calculated to be -89 mV.
In the present study, the calculated value for EK is significantly
higher than the measured reversal potential for the afterhyperpolari-
zation (EAH = -69 mV). As indicated in previous discussion, other ions,
in addition to potassium, may contribute to the membrane conductance at
the peak of the afterhyperpolarization. Thus, EAH cannot be considered
to be a reliable measure of EK. Based on an internal chloride concen-
tration of 30 mM, EC] equals -33 mV, suggesting the existence of an
active chloride pump. The equilibrium potential for calcium (ECa)
cannot be calculated as there are no measurements of intracellular
ionized calcium concentration available. Because the internal con-
centration of jonized calcium is believed to be quite small (191), the

value for ECa is probably positive.
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TABLE 6. Intracellular Ionic Concentrations in Mammalian Neurons

Intracellular Concentration (mM)

Reference Tissue Na' Ei_
134 Rabbit Vagus 63 145
188 Rabbit Vagus 77 166
228 Rabbit Sympathetic 37.4 163

Ganglion
225 Rabbit Vagus 42 98

a-
39
40
23.5
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These same values for the intracellular ionic composition can be
used with the Goldman equation to predict the resting membrane poten-
tial. Armett and Ritchie (8) report that the sodium-potassium perme-
ability ratio for cat hypogastric nerve is 0.10. Using this value and
assuming the chloride permeability to be approximately one-half that of

sodium, the Goldman equation becomes:

A 1 (5) +0.10 (150) + 0.05 (30)
membrane = 61 log - .
potential T (140) + 0.10 (40) + 0.05 (106)

= -51 mV

which is in good agreement with the results obtained in this study.
Moreover, this equation predicts that a 10-fold change in external
potassium concentration will cause a 29.5 mV depolarization, which
compares favorably with the 25 mV/decade change observed experimentally.
It is important, however, to consider the limitations of the Goldman
equation as used in this situation. Although the results with metabolic
inhibitors do not suggest the presence of electrogenic pumps, the
possibility that they do exist and contribute significantly to the
resting membrane potential cannot be excluded. The fact that the
Goldman equation does not take into account active ion fluxes may thus

represent a significant limitation.



IV. PHARMACOLOGIC PROPERTIES

Tetrodotoxin (TTX) is well known for its ability to block the
regenerative, voltage-dependent increase in membrane permeability to
sodium ions (66,165). In some tissues, TTX also appears to block the
resting membrane permeability to sodium (79) without measurably af-
fecting the membrane resistance. Completely blocking the membrane
permeability to sodium jons would be expected to cause effects similar
to those predicted for sodium-free media, that is, the membrane poten-
tial should hyperpolarize. Freeman (79) reported that TTX (3 x 10'7 M)
caused an average 5 mV hyperpolarization in squid axon. Since, in our
study, TTX induced a 3-5 mV hyperpolarization in the resting potential
of nodose ganglion neurons, while a reduction in extracellular sodium
ion concentration caused a slight depolarization in these same neurons,
it would seem safe to assume that the mechanisms responsible for the
polarization are not the same. This indirectly supports a previous
suggestion that alterations in the extracellular ionic composition may
have complex, and therefore, not easily predicted effects on the perme-
ability properties and electrical behavior of the mammalian nerve
membrane.

It has been shown that the tetraethylammonium ion (TEA) inhibits
the voltage-dependent changes in membrane permeability to potassium
(102) in a manner complimentary to that of TTX on sodium. Hille (102)
demonstrated that the selectivity of TEA for potassium conductance is as

complete as that of TTX for sodium conductance in frog myelinated nerve.
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In the present experiments, the falling phase of the action potential in
nodose ganglion neurons was found to be markedly affected by TEA in the
external bathing medium. This suggests that TEA may inhibit potassium
conductance changes in these mammalian neurons. In addition, the
results have shown that TEA causes a depolarization of the resting
membrane potential associated with an increase in membrane resistance.
Thus, it is possible that TEA may also reduce the resting potassium
permeability of the membrane.

The possibility that a ouabain-sensitive electrogenic ion pump
directly contributes to the resting membrane potential in nodose gang-
lion neurons is not supported by the results of the ouabain experiments.
The slight hyperpolarization that was occasionally observed may be
caused by an intracellular effect of ouabain, indirectly acting to
increase potassium permeability, as suggested by Gorman and Marmor (88)
or possibly by inhibiting a depolarizing electrogenic pump. Similarly,
the loss of excitability and general deterioration which occurs during
exposure to ouabain may be due to other as yet unknown intracellular
effects. 2,4-Dinitrophenol (DNP) has been shown to severely depress
electrical excitability in cat cortical neurons (86). Godfraind et al.
(86) suggest that this depression of excitability may be due to an
inhibition of mitochondrial activity leading to the release of energy-
dependent stores of intramitochondrial calcium. The increase in intra-
cellular free-calcium ions could then affect membrane permeability

properties to reduce excitability. In addition to this indirect effect



on the nerve membrane, Barker and Levitan (11) have recently demon-
strated that DNP has a direct effect on the membrane permeability of
certain molluscan neurons. Neither DNP nor cyanide appears to have any
effect on membrane permeability, at least as evidenced by changes in
membrane potential, in nodose ganglion neurons. However, the rapid
general deterioration caused by these agents may be due to interference
with mitochondrial functions and may have masked more subtle changes
occurring at the membrane. Perhaps iontophoretic application or direct
intracellular injection of these compounds will permit a thorough and
detailed examination of their actions.

The membrane stabilizing effects of anesthetic agents are well
known (204). The exact mechanisms by which these agents produce their
effects, however, are still a subject of investigation. Interference
with membrane conductances is thought to be a principle effect of many
anesthetics (204,45,166). In the preliminary experiments on neurons in
the nodose ganglion, the anesthetic agents (pentobarbital and lidocaine)
rapidly and reversibly blocked invasion of the cell bodies by action
potentials, long before nerve conduction itself was blocked. This
effect was probably due to an impairment of conduction at the regions of
low safety factor; primarily at the initial axon-soma junction, and also
at the junction of the afferent fiber and initial axon. In order to
determine what effect, if any, these anesthetics may have on afferent
impulse traffic through the ganglion, it will be necessary to perform an
input-output type analysis using single nerve fiber recording tech-

niques.
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The anesthetic effect of atropine deserves special mention.
Atropine is known to block cholinergic transmission at many different
synapses (46) and is a widely used clinical and experimental drug. For
example, Eyzaguirre (173) has applied atropine to the cat carotid body
and reported that it caused an inhibition of chemoreceptor activity.

For this and other reasons he has concluded that acetylcholine was the
excitatory transmitter in the carotid body. These results and conclu-
sions must be interpreted with caution, however, because of the demon-
strated local anesthetic properties of atropine, which could account for
the reduction in chemoreceptor activity. It has also been reported that
high doses of atropine are capable of blocking transmission at non-
muscarinic synapses, suggesting that the different receptors for
acetylcholine exhibit only a quantitative difference in their suscep-
tibility to atropine (46). Again, the local anesthetic effects of
atropine, especially at high doses, must be given careful consideration.

In a previous study (198), it was reported that veratridine,
phenyldiguanide (PDG) and 5-hydroxytryptamine (5-HT) all stimulated
neurons in the nodose ganglion to produce action potentials, which were
recorded in small nerve bundles dissected from the supra- or infranodose
vagus. Several other reports have demonstrated that PDG and 5-HT (125),
the veratrum alkaloids (17,18,19,31), and a cardiac glycoside (32)
produce at least some of their systemic effects by an action on the
nodose ganglion. In the present study, using intracellular microelec-
trodes to record activity, none of these substances (with the possible

exception of acetylstrophanthidin, which was not tested) were capable of
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causing the spontaneous generation of action potentials in nodose
ganglion neurons. 5-HT had no significant effect on any passive or
active membrane property and PDG was found to cause only a slight
hyperpolarization associated with an increase in membrane resistance.
The apparently contradictory results can be explained in several ways.
As pointed out by Sampson and Jaffe (198), not all neurons are capable
of responding to any particular agent. They report that of 50 fibers
tested, only 34 responded to 5-HT, and only 18 of those 34 were stimu-
lated by PDG. Thus, because of the small number of neurons tested
(5-HT = 12; PDG = 9) it is possible that responsive cells exist but were
not encountered. The ease of obtaining stable intracellular re-
cordings is probably dependent on neuron size and location. It is also
possible that the primary site of action for these agents is not the
cell body but some peripheral structure or receptor. Finally, the
possibility that the in vitro maintenance of the nodose ganglion may
alter the pharmacologic responsiveness of the cell bodies must be taken
into consideration.

The effects of veratridine, while not directly causing the pro-
duction of spontaneous action potentials were, nevertheless, quite
dramatic. The production of a prolonged afterdepolarization which often
caused the generation of long-lasting trains of action potentials may
account for the hypotensive action of veratridine. In the presence of
veratridine, a single impulse in the infranodose vagus may give rise to

a train of impulses in the supranodose vagus. It is not difficult to
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imagine the effect of such an impulse multiplier on normal afferent
discharges from, for example, baroreceptor endings. Thus, the pro-
duction of bradycardia and hypotension by veratridine may arise reflexly
because of the increased vagal afferent activity arising from two sites,

the peripheral sensory endings and a sensitive region on or near the

cell body.
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CONCLUSIONS

The results presented in this study have demonstrated that, under
carefully controlled and defined conditions, adult mammalian neurons can
be maintained in vitro at least 10 hours without deterioration. Fur-
thermore, it was shown that these in vitro neurons were capable both of
maintaining stable resting membrane potentials and generating action
potentials that were identical with those measured in vivo. Thus, an
important goal of this project has been achieved. The utility and
importance of an in vitro preparation of adult mammalian sensory neurons
is large, matched only by the present need for such a preparation. For
example, it will now be possible to study the neurophysiologic effects
on mammalian neurons of drugs and other agents, under precisely defined
conditions. Theories or mechanisms of action previously deduced from
studies of invertebrate neurons can now be tested directly on mammalian
neurons.

The basic passive and active electrophysiologic properties of
neurons in nodose ganglia of cat and rabbit have been characterized. A
total of more than 1400 neurons were studied with the aid of intra-
cellular microelectrodes in order to obtain this data. Rectifying and
accomodative properties of the soma membrane were described. The roles
of the cations: sodium, potassium and calcium; and the anion: chlo-
ride, were investigated and several inconsistencies with similar studies

on invertebrate neurons were repeatedly demonstrated, most notably, the
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depolarization upon reduction of external sodium concentration, the low
sensitivity of both the resting potential and spike afterhyperpolari-
zation to changes in external potassium concentration, and the effect on
membrane potential and resistance caused by a small increase in external
chloride concentration. A limited examination of the pharmacologic
properties of these mammalian sensory neurons was conducted. The
significance of many of the findings must await further analysis and
experimentation with more sophisticated techniques such as micro-
jontophoresis and voltage clamping.

The results of this study have raised several fundamental questions
concerning the electrophysiologic properties of mammalian sensory
neurons. For example, experiments to measure the passive membrane
properties have demonstrated the existence of anomalous rectification, a
phenomenon usually associated with synaptic elements, and whose role in
the normal function of the nodose ganglion remains unknown. Study of
the active properties has revealed the existence of physiologically
distinct subpopulations of neurons within the ganglion. Neurons differ
both according to their adaptive type and their ability to hyperpolarize
during low frequency stimulation. The possibility that these charac-
teristics may be correlated with the sensory modality subserved by the
intact neuron should be the subject of future investigation. Measure-
ments of the specific ion contributions to the resting and action
potentials have revealed several differences between these mammalian

neurons and the neurons of nonmammalian species. These differences need



128

to be studied in more detail before any definitive conclusions can be
reached. Many of the findings can be explained, however, if one postu-
lates the existance of a glial cell barrier capable of buffering changes
in the extracellular fluid, and thus maintaining the constancy of the
neuronal microenvironment. The need for experiments on the physiolo-
gical role of glial cells in the nodose ganglion is clearly indicated.
Finally the possibility that the neuron cell bodies in the nodose
ganglion may be more than simple food processing plants, functioning
only to sustain distant receptor and transmitter endings, needs careful
consideration. This study has demonstrated that peripherally generated
action potentials can invade the cell body and that these cell bodies
are capable of responding to a variety of pharmacologic agents. It is
not unreasonable to speculate that the nerve cell bodies in the nodose
ganglion normally are able to, or through pharmacologic treatment can be
induced to, alter the pattern of afferent impulse traffic through the
ganglion. A detailed examination of this peripheral information pro-
cessing may provide an insight into the complexities of central infor-

mation processing.
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SUMMARY

1. The passive and active electrical properties of the soma membrane
of neurons in nodose ganglia removed from cats and rabbits were studied.
The ganglia were maintained in vitro and were superfused at 37°C with a
solution formulated to approximate the extracellular fluid of each
species. The solution was buffered to pH 7.34, continuously equili-
brated with 95% 02 and 5% COZ’ and contained dialyzed calf serum and
glucose. These properties were also examined in nodose ganglion neurons

in vivo. Intracellular recordings were obtained with glass micropi-

pettes filled with either 3 M KC1 or 5 M K acetate.

2. Mean values for a variety of passive and active electrophysiologic
properties were determined. Values obtained in vitro did not differ
significantly from those obtained in vivo. Based on the passive elec-
trical properties of the soma membrane, neurons in the nodose ganglion
appear to be a uniform population, despite the different sensory mo-

dalities conveyed by the afferent fibers.

3. Cell bodies of neurons generated action potentials in response to
impulses in their afferent fibers. Somatic spikes could be evoked by
stimulation of either the supranodose or infranodose vagus nerve, and an
inflection point could be seen on their rising phase. When the vagus
nerve was stimulated at frequencies greater than 10-20 Hz, the gener-

ation of somatic spikes often became progressively delayed and then
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failed completely, leaving a smaller potential (IS spike) which was
apparently generated in the initial complex. The afterhyperpolarization

was associated only with the somatic spike.

4. Many neurons, both in vitro and in vivo developed a persistent

hyperpolarization when repetitive action potentials occurred in the
soma. This hyperpolarization was apparent at frequencies as low as
1-2 Hz, persisted for up to 5 s after the occurrence of the last somatic

spike, and sometimes caused failure of somatic spikes to be generated.

5. Neurons in both species differed in their responses to supra-
threshold depolarization applied through the recording electrode. Some
neurons produced a train of action potentials which lasted for the
duration of the depolarizing pulse, the frequency of the train being
related to the magnitude of depolarization. The trains were charac-
terized by gradually decreasing spike amplitudes and increasing inter-
spike intervals. Other neurons responded with only a single spike or
brief burst of action potentials at the beginning of depolarization to

threshold.

6. It is suggested that the adaptive properties of the soma membrane
of a peripheral sensory neuron are similar to those of its sensory
ending, and the electrophysiological studies of the soma membrane may

provide an opportunity to examine mechanisms of receptor adaptation.
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7. The ionic contributions to the resting and action potentials in
neurons in cat nodose ganglia were studied. Ganglia were initially
superfused with a solution approximating the ionic composition of cat
extracellular fluid. The solution was equilibrated with 95% 02 and 5%
C02, and its pH, PC02 and P02 were measured periodically and maintained
constant throughout the experiment. In order to study ionic contribu-
tions, special solutions of altered ionic composition were also used to
superfuse the ganglia. Data on passive and active membrane properties
were obtained from 5-10 neurons in the normal superfusate, then the
ganglion was superfused with the experimental solution, data being
obtained from 5-10 additional neurons after a minimum exposure time of
15 min. Finally, the ganglion was returned to normal solution where
data from 3-5 more neurons were obtained. This procedure was repeated

with several different ganglia for each experimental solution.

8. As expected, the membrane potential of neurons in cat nodose
ganglia was dependent upon the external potassium concentration. The
maximum slope of the potassium-potential curve (25 mV/decade), however,
was significantly less than the Nernst predicted value of 61 mV/decade
and was significantly less than the values predicted for most nonmam-
malian species. Moreover, the amplitude of the afterhyperpolarization
in- these.cat sensory neurons was less affected by changes in external

potassium concentration than was the resting potential.
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9. The results with sodium are of particular interest because of the
observation that the membrane potential depolarized when the external
sodium concentration was reduced from 150 to 34.4 mM. This is in
marked contrast to similar studies in other species which reported
either no change or slight hyperpolarization of the resting potential

upon removal of extracellular sodium.

10. Increases and decreases in the concentration of extracellular
calcium ions associated with similar directional changes in the rate
of fall and afterhyperpolarization of the action potential. A non-
selective effect on membrane conductance may be indicated by the
insensitivity of the resting membrane potential to similar changes in

external calcium ion concentration.

11. A small rise in external chloride ion concentration (from 106 to
127.5 mM) increased the resting membrane potential by 5 mV while
significantly reducing the membrane resistance by an average of 35%.
This is of particular importance when one considers that the normal
chloride concentration used in this study corresponds to the chloride
concentration measured in the extracellular fluid of cats while the high
chloride concentration is equivalent to that found in typical mammalian

Ringer's solution.



12. Measurements of the specific ion contributions to the resting and
action potentials have revealed several differences between these
mammalian neurons and the neurons of nonmammalian species. These
differences need to be studied in more detail before any definitive
conclusions can be reached. Many of the findings can be explained,
however, if one postulates the existence of a glial cell barrier
capable of buffering changes in the extracellular fluid, and thus
maintaining the constancy of the neuronal microenvironment. The need
for experiments on the physiologic role of glial cells in the nodose

ganglion is clearly indicated.

13. The pharmacologic actions of a variety of drugs were tested on

neurons in cat and rabbit nodose ganglia. Results suggest that the cell

bodies possess receptors for drugs, and that drug-induced effects may
result in the initiation of action potentials or the modification of
pre-existing activity. Thus, the nodose ganglion may be an important

site of action for the autonomic effects of some drugs.
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FIGURE 1. Diagram of perfusion chamber. Upper
figure, top view; lower figure, side view. A: per-
fusate input tube; B: water jacket input; C: cen-
tral well for superfusion of nodose ganglion; D:
0il-filled stimulating well for infranodose vagus and
branches; E: oil-filled stimulating well for supra-
nodose vagus; F: channel for temperature-monitoring
thermistor; G: water jacket output; H: water jacket;
I: pin jacks attached to platinum stimulating elec-
trodes; J: perfusate output. Chamber dimensions:

8cmx 6 cmx 2.5 cm
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FIGURE 2. The effect of current passage on
electrode resistance. The points represent the
values (mean i_S.E.) for changes in electrode resis-
tance, expressed as a percentage of the original
resistance (ordinate), for 30 electrodes (15 filled
with 3M KC1 and 15 filled with 5M KAc) during the
passage of current (I, in nA; abscissa). Negative

values = hyperpolarizing current.
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FIGURE 3. Distribution of resting membrane
potentials recorded in vitro from neurons in nodose

ganglia of rabbits (A) and cats (B).
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FIGURE 4. Responses of a neuron in the rabbit
nodose ganglion to 2 depolarizing and 7 hyperpolari-
zing current pulses (25 msec duration) applied
through the recording electrode. Upper traces,
current pulses; lower traces, membrane potentials.
The records were photographically superimposed.
Current was applied in 0.2 nA steps to a maximum of
1.4 nA. Resting membrane potential was approximately
-50 mV. Horizontal bar = 5 msec. Vertical bar =

20 mV.
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FIGURE 5. Examples of current - voltage rela-
tions in neurons from cat (A) and rabbit (B) nodose
ganglia. The points represent the change in membrane
potential (mV, ordinate) in response to 20-30 msec
current pulses (nA, abscissa) passed intracellularly
through the recording electrode. The input resis-
tance of the neuron in A was calculated to be 17 MQ,

and that of the neuron in B was 30 MQ.
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FIGURE 6. Plot of input resistance (M) as a
function of membrane potential of a neuron in the
nodose ganglion of the cat. The control resting
membrane potential was -50 mV. Input resistance was
calculated from the change in membrane potential in
response to a 20 msec current pulse (1 nA), while the
membrane potential was clamped to each level along
the abscissa by the passage of steady current through
the electrode. Input resistance decreased during
steady depolarization but was essentially unchanged

during steady hyperpolarization.
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FIGURE 7. Example of rectifying behavior in a
cat sensory neuron. The membrane responds to a
square-wave hyperpolarizing current pulse of 2 nA
magnitude and 80 msec duration with a delayed de-
crease in membrane resistance. Calibration pulse at
beginning of trace: 5 msec duration, 10 mV ampli-

tude. Resting membrane potential = -50 mV.
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FIGURE 8. Examples of action potentials re-
corded intracellularly from neurons in the nodose
ganglion of cat (A) and rabbit (B). In vitro
preparation. Each action potential was evoked by
electrical stimulation of the infranodose vagus nerve
(stimulus artifact). Transmembrane resting potential
was -53 mV in A, and -48 mV in B. Calibration pulse

at beginning of each trace = 10 mV and 5 msec.
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FIGURE 9. Three superimposed traces of action
potentials recorded intracellularly from a neuron
(resting potential = -51 mV) in the cat nodose
ganglion in vitro. The traces show delay and subse-
quent failure of the generation of somatic spikes in
response to repetitive stimulation of the infranodose
vagus nerve at a frequency of 10 Hz. Note that
afterhyperpolarizations occur with somatic spikes but
not with the IS spike. Upper trace represents 0 mV.
Calibration pulse at the beginning of the lower trace

= 10 mV and 5 msec.
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FIGURE 10. An example of an action potential
evoked in a nodose ganglion neuron (rabbit) by
depolarizing current applied through the recording
electrode. Resting potential = -55 mV. Two super-
imposed traces are shown. The depolarizing pulse was
just at threshold for spike generation. Calibration

pulse = 10 mV and 5 msec.
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FIGURE 11. Adaptation types. A. Type I
neuron; B. Type II neuron; C. Type III neuron;
D. Type IV neuron. Stimulus duration (trace dura-
tion) = 1 sec in A and 5 sec in B-D. Cat nodose
ganglia. Upper horizontal trace is the zero ref-
erence line and the lower horizontal trace is the
-40 mV reference line. Stimulus strength =

3-10 times rheobasic current.
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FIGURE 12. The effect of stimulus intensity on
spike frequency in a slowly adapting (type IV) neuron
from a cat nodose ganglion. Stimulus intensity was
changed in a stepwise manner (upper trace). A
typical "off-response" can be seen at some of the
step transitions. Horizontal bar = 1 sec; vertical

bar = 50 mV.
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FIGURE 13. Blockade of somatic spike in a cat
nodose ganglion neuron by passage of hyperpolarizing
current (1.0 nA) through the recording electrode.

The somatic action potential was evoked by stimu-
lation of the infranodose vagus. Calibration pulse =
10 mV and 5 msec. (The horizontal traces represent

0, -40 and -80 mV).
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FIGURE 14. Effects of steady changes in mem-
brane potential on the afterhyperpolarization of a
cat nodose ganglion neuron. The control afterhyper-
polarization is shown in B (resting potential =
-50 mV). In A, the neuron was depolarized and in
C-F progressively hyperpolarized. The reversal
potential for the afterhyperpolarization was
-70 mV (D). Calibration pulse in each record = 10 mV

and 5 msec.
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FIGURE 15. Examples of activity-induced hyper-
polarization in rabbit nodose ganglion neurons. A,

in vitro; during stimulation of the infranodose vagus

at a frequency of 10 Hz, the membrane potential
hyperpolarized from a resting level of -48 mV to

-60 mV, and returned to the resting level 4 sec after
stimulation was stopped. (There is a gap of 1.5 sec
between the upper and lower film records of A). B,

in vivo; intracellular recording of spontaneous

action potentials in a nodose ganglion neuron from an
unidentified peripheral receptor. With activity, the
transmembrane potential hyperpolarized from -50 mV

at rest to -57 mV. Note that there was occasional
somatic failure, which may'have been due to the
hyperpolarization. Membrane potential returned to
the resting level about 2.5 sec after the end of
spontaneous activity. Upper horizontal line is the

0 mV reference and lower horizontal line is the

-40 mV reference. C, an example of activity hyper-
polarization in a cat nodose ganglion neuron recorded
on a Grass polygraph. Stimulus frequency = 2 Hz
changing to 1 Hz at the arrow; horizontal bar = 10 sec;
vertical bar = 10 mV. Resting membrane potential

= -42 mV; membrane potential at 1 Hz = -46 mV.
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FIGURE 16. Histogram of latency to onset of
somatic spikes induced by electrical stimulation of

the infranodose vagus nerve in vitro.
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FIGURE 17. Histogram comparison of latency and
conduction velocity distributions in cat nodose
ganglion neurons. The conduction velocity bin
intervals were selected to correspond to the opposite
latency intervals, assuming a total conduction

distance of 12 mm.



Conduction

Latency Velocity
( msec ) (M/sec)
0.1-30 ] 4.00-30.0
360 ] 2.00-3.99
6.-90 ] .33 - 1.99
-0 1] 1.00 - 1.32
12.1-150 0.80- 099
15.1-18.0 067-0.7
18.1-21.0 | 0.57-0.66
21.1-240( | 0.50 - 0.56
24.1-27.0 ] 0.44-0.49
27.1-30.0 ] 0.40-0.43
30.-330 0.36 - 0.39
33.1-36.0[
36.1-39.0|
39.1-42.0[)
L 1 | | L J
0 40 80 20 0

Number



205

FIGURE 18. Effects of varying external potas-
sium concentration on the resting membrane potential,
afterhyperpolarization, and membrane resistance in
cat nodose ganglion neurons. Each point shows the
mean and standard error of the mean. See methods and
results sections for complete details. Arrow indi-

cates normal external potassium concentration.
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FIGURE 19. Effects of low external sodium ion
concentration on action potential configuration in a
cat nodose ganglion neuron. A. normal sodium con-
centration (150 mM); Vm = -49 mV. B. Tlow sodium
concentration (34.4 mM); Vm = -42 mV. Calibration

pulse = 10 mV and 5 msec.
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FIGURE 20. Effects of TEA. A. Control spike;
B. 24 sec after exposure to TEA (1 x 10'5 gm/ml);
C. 2 min 6 sec of exposure; D. Removal of TEA from
external medium begins after 2 min 32 sec total
exposure; E. 24 sec after wash-out begins; F. 5 min
12 sec spike nearly back to control configuration.
Calibration pulses = 10 mV and 5 msec. Upper trace =

0 mV reference; lower trace = -40 mV reference.
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FIGURE 21. Effects of Lidocaine. A. Control
spike; B. 25 sec after exposure to lidocaine (2 x
1076 gm/ml, the first sign of spike failure develops;
C. At 27 sec soma spike failure is complete;

D. 1 min 27 sec after removal of lidocaine;

E. 2 min 25 sec: soma spike recovery begins;

F. 3 min 55 sec after return to normal bathing
medium. Calibration pulses = 10 mV and 5 msec.

Upper trace = 0 mV reference; lower trace = -40 mV

reference.
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FIGURE 22. Effects of Atropine. A. Control
spike; B. Spike failure occurs 2 min 15 sec after
start of atropine (10'5 gm/m1) exposure; C. Complete
soma spike failure occurs at 2 min 44 sec; D. 20 sec
after atropine removal recovery is nearly complete.
Calibration pulses = 10 mV and 5 msec. Upper trace =
0 potential reference; lower trace = -40 mV refer-

ence.
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FIGURE 23. Effects of veratridine in the
external perfusing medium. This figure consists of
three superimposed traces each showing a calibration
pulse (10 mV; 5 msec) followed by an intracellularly
stimulated action potential with its associated
afterpotential. In the first two traces the large
depolarizing afterpotential failed to cause the
generation of additional spikes. The third time that
the cell was stimulated, however, the afterdepolari-
zation was associated with the .generation of a train
of action potentials lasting several seconds. Upper

trace = -40 mV reference line; Vm = -57 mV; cat.
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FIGURE 24. A train of action potentials gener-
ated in the presence of veratridine and in response
to a single action potential (arrow) evoked by a
stimulus applied to the infranodose vagus nerve. The
subsequent spontaneous activity lasted 4.5 sec and
was followed by a gradual repolarization of the

resting potential.
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