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SUMMARY

1. Electrophysiological properties of the rat chromaffin cell were studied
using intracellular recording techniques.

2. The resting potential in the chromaffin cell was —49+6 mV
(mean +8.p., » = 14) in standard saline containing 10 mM-Ca whereas
that in Na-free saline was —63+9 mV (n = 17). At rest, the membrane
has a substantial Na permeability.

3. Action potentials were evoked by passing current through the
recording electrode. In standard saline the major fraction of the action
potential disappeared either upon omission of external Na ions from
standard saline or addition of 1 uM tetrodotoxin (TTX). We conclude
that action potentials in the chromaffin cell are due mainly to an increase
in the permeability of the membrane to Na ions.

4. Small but significant regenerative action potentials were observed
in Na-free saline, and when Ca in Na-free saline was replaced by Ba,
prolonged action potentials occurred. We conclude that action potentials
in the chromaffin cell also have a Ca component.

5. Tontophoretic application of acetylcholine (ACh) produced a transient
membrane depolarization in standard saline.

6. Spontaneous action potentials were recorded extracellularly by micro-
suction electrodes. They occurred at arate of 0-05—-0-1/sec in almost all cells.

7. When the perfusion fluid contained 3x 10~ M to 104 M ACh the
spike frequency increased up to about 2/sec. This stimulatory effect of
ACh was blocked by 107 M atropine but not by 10-3 M hexamethonium
nor by 10-5 M-d-tubocurarine.

8. The importance of Ca entry during action potentials for catecholamine
secretion is discussed.

The experiments were carried out at the Salk Institute.
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INTRODUCTION

In the adrenal chromaffin cell (Douglas & Rubin, 1961), as well as in
other secretory cells (Douglas, 1968), Ca ions are indispensable in the
external solution for hormone secretion. There are several observations
which indicate that Ca ions enter the cell after appropriate stimulation.
These are: (1) the rate of 45Ca uptake is increased in the adrenal chromaffin
cells responding to acetylcholine (ACh) (Douglas & Poisner, 1962); (2)
in the mast cell the Ca ionophores A-23187 and X-537A initiate exocytosis
in the presence of Ca ions in the external medium (Foreman, Mongar &
Gomperts, 1973); (3) iontophoretic injection of Ca ions into the mast
cell produces a visually observable extrusmn of the granules (Kanno,
Cochrane & Douglas, 1973).

The next question is just how does stimulation produce Ca entry to
the cells. An elevation of the bath K concentration sufficient to depolarize
the cell membrane increases the release of catecholamine from the
chromaffin cell (Vogt, 1952) and external Ca ions are necessary for this
stimulatory effect (Douglas & Rubin, 1961, 1963). In the chromaffin
cell, high concentrations of ACh have been found to cause membrane
depolarization (Douglas, Kanno & Sampson, 1967a). It is possible that
an influx of Ca may well be due to a potential-dependent membrane
permeability increase to Ca ions. However, Kanno & Douglas (1967) did
not find any action potentials in gerbil chromaffin cells and therefore
eliminated the possibility of action potential involvement in the stimulus—
secretion coupling. Action potentials do seem to be involved in certain
secretory cells. In a cell line of anterior pituitary cells (GH,) which secrete
growth hormone and prolactin continuously (Tashjian, Yasumura, Levine,
Sato & Parker; 1968), Kidokoro (1975¢) found spontaneous Ca action
potentials. Their frequency increased when the external solution contained
a small amount of thyrotropin releasing factor (TRF). TRF is known
to increase prolactin secretion (Hinkle & Tashjian, 1974). This increase
of action potential frequency did not occur when a similar but inactive
TRF derivative was applied. It was proposed that Ca entry as a con-
sequence of a Ca action potential underlies the hormone secretion
(Kidokoro, 1975¢). A similar suggestion has been made for insulin
secretion by the pancreatic 8 cell (Matthews & Sakamoto, 1975).

We decided to re-examine the membrane electrical properties of the
chromaffin cells. Spontaneous action potentials whose frequency was
changed by acetylcholine were found. The data suggest that Ca ions
which enter the cell during action potentials are important for catechol-
amine secretion.
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METHODS

Isolation and identification of chromaffin cells

Adrenal glands were removed aseptically from Fisher F[344 rats (Simonsen,
Calif., U.S.A.) under ether anaesthesia. Each adrenal medulla was dissected free
of the cortex and cut into about eight pieces with a pair of fine needles. On one
occasion histological sections for light microscope were made from the decorticated
adrenal gland and examination showed that essentially all of the cortex was
removed. To dissociate the cells enzyme treatment was done as described by Vale
& Grant (1975) except that Viokase treatment was omitted. Each adrenal medulla
yielded about 10° chromaffin cells. The dissociated cells from one animal were
distributed into ten 60 mm plastic cultured dishes (Falcon, Calif., U.S.A.) containing
4 ml. modified Eagle medium (Vogt & Dulbecco, 1963) plus 109, foetal bovine
serum. The chromaffin cells did not attach well to plastic tissue culture dishes.
This presented no problem for extracellular recordings since unattached cells were
used. However, cells to be used for intracellular electrode studies were usually
plated on dishes containing confluent layers of other cells. Four different clonal
cell lines with different electrophysiological properties, BC;H, (Schubert, Harris,
Devine & Heinemann, 1974), A,, Ay (Kimes & Brandt, 1976) and 3T3 (Nelson,
Peacock & Minna, 1972) were used as attachment layers. The electrophysiological
properties of the chromaffin cells were tested after one to seven days and were
the same in all cases. On one occasion cells from adrenal medulla were plated on
the plastic dish without underlying cells and kept for several days. Some chromaffin
cells were attached to the culture dish and their electrophysiological properties
were the same as the cells attached to underlying cells.

Chromaffin cells were distinguished from other cells in the culture by their
distinctive appearance with phase contrast optics (refer to Douglas et al. 1967a).
The cells were observed with a 40 x water-immersion phase-contrast objective and
10 x ocular lens (Carl Zeiss, West Germany) during both intra- and extracellular
recording. See Kidokoro (1975a) for the details of the optical apparatus. Identi-
fication was easier when the cell was one of a cluster of two to five similar cells.
The identification criteria were validated by positive bichromate staining of cells
from which recording had been done. Cells were stained by a modification of the
method of Hillarp & Hokfelt (1955). After electrophysiological recording was
completed the cell was photographed in situ with the micro-electrode still in place.
The saline was replaced with the staining solution (49, K,Cr,0,, 4%, formaldehyde,
0-2 M Trisma base) and the cells were left at room temperature for 2 hr. Then the
bichromate solution was washed off of the cells. The identified cells were stained
yellow or yellow-green with this staining procedure. Identification of cells used
for extracellular recording was simpler because of the absence of a foreign cell
layer. Phase contrast microscopy was used with the same criteria as described
above for attached cells to identify chromaffin cells. No cells with the morphology
expected of ganglion cells were seen in any of the chromaffin cell cultures. The
chromaffin cell size was measured on microphotographs. The average diameter
of nineteen round cells was 16 + 3-5 um (mean +s.D.).

Extracellular recording

For extracellular spike recording a glass electrode which had an inner tip diameter
of 2-5 um was made using a microforge (De Fonbrune Establishments, Beaudouin,
Paris, France) and filled with standard saline. The shaft of the electrode was
connected to a syringe with a polyethylene tube filled with mineral oil. The metal
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syringe (Gordon Instruments, Ind., U.S.A.) was modified by installing a finer
plunger inside the original plunger. With this modification there were both a fine
control and a coarse control of the pressure. To record extracellular spike potentials
the tip of the electrode was first placed on the cell surface and a part of the cell
was slowly sucked 5-10 um into the electrode (see Pl. 1). The resistance of the
electrode before suction ranged between 1 and 5 M. Suction resulted in an increase
of the resistance to 10-20 MQ. Since the membrane resistance of the entire cell
observed with an intracellular electrode was on the order of 400 MQ, the above
10-20 MQ resistance represented the leakage resistance between the electrode and
the bath. The extracellular spike was recorded as the IR drop of the action current
across this leakage resistance. The amplitude of the recorded spike could be as
large as 3 mV but usually was kept between 0-2 and 1-0 mV so as to avoid excessive
deformation of the cell. The extracellular spike potential recorded with a micro-
suction electrode was diphasic in standard saline. The positivity at the inside of
the electrode was followed by the negativity (see record 42 of Text-fig. 6). The
initial positive deflexion represents the excitation of the cell membrane outside
the electrode and the negative deflexion, that of the membrane inside the electrode.
This can be demonstrated by the experiment shown in Fig. 6. Trace B1 shows
a spike potential obtained during discharge of the cell in 10— M-ACh. When
1 uM-TTX was introduced into the external solution the immediate effect was the
decrease of the positive phase. This corresponds to the fact that the membrane
area outside the electrode is affected by TTX, while the membrane inside the
electrode is protected from the TTX in the bath. Although the relative amplitude
of the positive deflexion to the negative deflexion varied among different cases
the sequence was always positive—negative.

Current pulses were applied through the microsuction electrode and resulting
spike potentials were recorded by using a bridge circuit (M-4A, W.P. Instruments,
Conn., U.S.A.). Most of the extracellular spike recordings were made with an
AC coupled amplifier (time constant, 20 msec).

Intracellular recording

Glass micro-electrodes for intracellular recording were filled with 3 M-KCl and
had resistances of 120-180 MQ. Single electrodes were used for both passing current
and measuring membrane potential by means of a high-input impedance pre-
amplifier with a bridge circuit (M-4A, W.P. Instruments, Conn., U.S.A.). The
bridge circuit was modified so that it could be balanced with the high-impedance
electrodes used as long as the current being passed was less than 0-5 nA. The
current passed through the electrode was measured by a conventional current—
voltage conversion circuit having a feed-back resistance of 10 MQQ, inserted between
an Ag-AgCl pellet in the bath and earth. The current monitoring circuit integral
to the bridge circuit in the preamplifier was also used for some measurements.
Both methods gave the same values. The input impedance of the preamplifier was
101° O shunted by 1-5 pF, and the input offset current was less than 1011 A. Thus
the offset current induced error in the membrane potential of a cell with the average
input resistance of 430 MQ2 would be less than 4-3 mV.

The microscope on which the cells were placed and the micromanipulators
(E. Leitz, West Germany) that held the micro-electrode and ACh micropipette
were all mounted on an efficient vibration isolation table (Serva-Bench, Barry
Wright Corp., Mass., U.S.A.). The combination of high resistance micro-electrodes
and vibrationless mounting of the cells and electrodes helped to obtain stable
penetrations with relatively large resting potentials and high input impedances.
For further details of the electrophysiological methods, see Kidokoro (1975a).
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Iontophoretic application of ACh

Glass micropipettes for iontophoretic application of ACh filled with 3 M-ACh
and had resistances of 120400 MQ. ACh was delivered by outward current pulses
of 2-15 nA in intensity and 4-10 msec in duration. To keep ACh from diffusing
from the pipette, a backing current of about 3 nA was always applied. When the
amplitude of the depolarization evoked by iontophoretically applied ACh was
plotted against the total charge passed through the ACh pipette, the dose-response
curve was almost linear over a certain range (Text-fig. 5D). The ACh sensitivity
of a cell was defined as the slope of the linear portion of the dose-response curve
(Kuffler & Yoshikami, 1975).

TaBLE 1. Composition of salines used (mm)

Na Ca Ba K Tris HEPES Cl Glucose

Normal 157-5 1-8 0 56 0 5 161-2 38
saline

Standard 145-1 10 0 5-6 0 5 168-2 38
saline

Na-free 0 10 0 56 182-5 0 177-1 38
saline

Na-free, 0 0 10 56 182-5 0 177-1 38
Ba saline

pH was adjusted to 7-4.

Solutions

The compositions of solutions used are shown in Table 1. Most experiments
were performed in standard solution (10 mm-Ca) because the resting potential
recorded with an intracellular electrode tended to remain at its initial value longer
in standard solution than in the normal solution (1-8 mmM-Ca). Control experiments
performed with extracellular microsuction electrodes showed that responses of
the cells to applied current as well as to ACh were essentially the same in standard
and normal saline, except that the frequency of spontaneous action potentials
was higher in normal saline. ACh chloride, atropine sulphate, hexamethonium
bromide, D-tubocurarine chloride and TTX (Sigma, Mo. U.S.A.) were dissolved
in distilled water at high concentrations and small amounts of these solutions
were diluted into standard solution for application to the cells. The test solution
was introduced into the bath from an inlet tube placed at the water immersion
objective lens of the microscope and the excess solution was removed by suction
at the edge of the culture dish so that only a small amount of solution (about
0-5 ml.) was left around the objective lens forming a meniscus. With this arrangement
the solution surrounding the cell under observation was altered in a short time
even though the perfusion rate was slow (2:6-2:8 ml./min). All experiments were
performed at room temperature (22-24° C).

RESULTS
Resting membrane potentials

The resting membrane potential of the chromaffin cell often diminished
rapidly after impalement by a micropipette. This was probably due to
injury of the cell by the electrode penetration. Text-fig. 1 shows the
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distribution of resting potentials in cells impaled in standard saline. In
about 309, of the cells the amplitude of the resting potential either
remained at its initial value or decreased only slightly during the first
minute.
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Text-fig. 1. Histogram of the resting potentials in the chromaffin cells. The
cells showed four types of behaviour in terms of excitability. The behaviour
was also related to membrane potential as follows: area A, action
potentials were evoked only by outward current; B, evoked both by
outward current and by break of inward current; C, evoked only by
break of inward current; D, no action potential.

The excitability of the cell membrane was examined in sixty-one cells
by applying current pulses through the recording pipette. The responses
of the cell membrane to current pulses could be classified into four -
categories related to the resting potential. 4, action potentials were
produced by an outward current pulse only. B, they were produced
both by outward current and by termination of an inward current pulse.
C, they were produced only by the break of inward current and no
all-or-none responses were obtained with the outward current. D, no
sign of a regenerative response was found. Several of these responses
were occasionally encountered during impalement of one cell. That is, in
a cell which initially had a resting potential more negative than — 50 mV
action potentials were evoked only with outward current, but as the
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resting potential gradually decreased the action potentials soon were
evoked only with anodal break stimulation and finally after 10-20 min
the cell did not show any sign of a regenerative response. Therefore
we conclude that these varieties of excitability among chromaffin cells
were due to damage and not due to the presence of several cell types
with different properties. As will be described below, the excitability
of the chromaffin cell can be examined also by observing the extracellular
spike potentials. With this technique practically all the cells responded
with all-or-none spikes to an outward current pulse. Anodal break
responses were seen only when the cell showed spontaneous discharges
of relatively high frequency and this was found rarely in standard saline.
These extracellular observations therefore support the conclusion that
categories B, C and D of the cell responses to a current pulse obtained
with an intracellular electrode probably represent artifacts due to injury
caused by insertion of the electrode. This leads to the conclusion that
the true resting potential of the chromaffin cell in standard saline is
somewhat more negative than —45mV. The average resting potential
of the cells in category 4 was —49+ 6 mV (mean +s.0., » = 14). This is
considerably more negative than —29 mV reported by Douglas et al.
(1967 a).

In Na-free saline the average value of the membrane potential for
cells which showed regenerative responses with depolarization was
—63+9mV (n = 17). This value is significantly more negative than
that in standard saline. In a few cases the external solution was changed
from Na-free saline to standard saline while the electrode was kept inside
the cell. The resting potential was —60 to —70 mV in Na-free solution
in all of these cases and became 10-20 mV more positive. Therefore we
conclude that the Na permeability of the resting chromaffin cell membrane
is more significant than it is in the membrane of the giant axon of the
squid (Hodgkin & Katz, 1949) and of the frog muscle cell membrane
(Boyle & Conway, 1941). A similar conclusion has been reached by
Matthews & Petersen (1973) for pancreatic acinar cells.

Membrane resistance and capacitance

The steady-state relation between the current and voltage obtained
at the end of an 80 msec current pulse in standard saline is shown in
Text-fig. 2. The relation was linear when the membrane potential was
more negative than —35 mV. When the membrane potential was made
more positive than —35 mV the slope resistance decreased. In other
words, the chromaffin cell membrane shows an outward rectification in
this range but has no inward rectification in the range more negative
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than the resting potential. The input resistance was estimated from the
linear portion of the current—voltage relation in the cells which showed
action potentials only with outward current in standard saline and the
average value was 430+ 70 MQ (n = 6). The time constant calculated
from the exponential time course of the potential change (see sample
records in Text-fig. 2) produced by a small current pulse ranged from
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Text-fig. 2. Steady-state current—voltage in standard saline. Membrane
potential changes plotted at the end of 80 msec current pulses were
measured. Outward current is positive on the abscissa. Resting potential:
—50mV. Inset: sample records showing time course of the potential
change.

6 to 10 msec. The membrane capacity obtained from the membrane
resistance and the time constant was 1-9+0-3x 10~ F (n = 5). There
were considerable variations in the membrane resistance and capacitance
from cell to cell. This is due partly to the variation in size of the impaled
cells. Often recordings were made from a cell which was one of a cluster
of two to five cells. If there were a significant degree of electrical coupling
among those cells the variations in the total membrane resistance and
capacitance would be expected to be even larger than were seen. Therefore
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it is unlikely that there is a strong coupling among cells in a cluster. This
conclusion was confirmed by applying ACh iontophoretically to adjacent
cells of a cluster; responses were found only when ACh was applied to
the impaled cell. Some of the variation is likely due to damage to the
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Text-fig. 3. Intracellular records of action potentials in standard saline.
A, regenerative responses evoked by short current outward pulses; B, C,
action potentials produced by long current pulses. D, an action potential
elicited at termination of an inward current. Resting potential, —45 mV.

cell membrane accompanying the electrode impalement. If the average
cell diameter is taken as 16 xm, then 430 MQ and 1-9 x 10-1! F correspond
to 3:5 kQ-cm? and 2-3 4F[/cm? respectively. The calculated membrane
resistance and capacitance are of the same order of magnitude as the
values for other neuronal and muscle membranes (Hubbard, Llinas &
Quastel, 1969). Thus the unusually high input impedance of these cells
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can be accounted for completely by their small size. The input resistance
of the cell in Na-free medium was observed also from the linear portion
of the current—voltage relation. Values tended to be higher (average
550 + 130 MQ, n = 8), probably due to the significant Na permeability
in the resting membrane of the chromaffin cell. This is in agreement with
the resting potential data.
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Text-fig. 4. A, depolarizing responses in Na-free saline. The current
intensity was increased threefold. A graded response appears, associated
with an inflexion at the foot. Resting potential, —70 mV. B, 1: a small
anode break response in Na-free saline. The membrane was preliminarily
hyperpolarized to —107 mV from the resting potential of —43 mV.
2: a prolonged anode break response in the same cell after introduction
of Ba saline. Resting potential +3 mV and conditioning hyperpolarization
—96 mV. Note that the potential level after the pulse is more positive
than the original resting potential. Arrows indicate the inflexion reflecting
the critical membrane potential for action potential initiation.

Action potentials

Some action potentials produced by an outward current pulse are
shown in records A-C of Text-fig. 3. The membrane potential level for
initiation of an action potential was about —35 mV in standard solution.
The maximum rate of rise ranged between 50 and 70 V/sec. When a
current of suprathreshold intensity was applied prolonged repetitive
action potentials appeared as shown in Text-fig. 3 B. The resting membrane
potential of this cell, —45 mV, was in the range (—40 to —45mV) in
which anode break action potentials were usually present. The overshoot
of the action potential in the absence of stimulus currents was usually
+ 10 to + 15 mV. Since the observed overshoot could have been attenuated
by the leakage of the membrane due to impalement the actual value of
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the overshoot may be significantly greater. Further evidence suggesting
significant membrane damage by impalement is the finding that the
spontaneous action potentials observed with extracellular recording (see
below) were not seen with intracellular recording. This may be explained
by the greater damage caused by intracellular electrodes than by extra-
cellular electrodes.

Replacement of the Na ions in the bath with Tris caused the major
fraction of the action potential to disappear (Text-fig. 4 4). In spite of
the large negative resting potential of the cell whose responses are
illustrated, only graded responses to the outward current pulses were
found (Text-fig. 4 A2, A3). Moreover when a cell was impaled in Na-free
saline and then the external solution was quickly perfused with standard
saline, the resting potential became less negative to about —45 mV but
action potentials became larger and faster. This indicates that the major
component of the action potential in the chromaffin cell is produced by
an increase in the Na permeability of the membrane. Since Mn ions are
known to block Ca action potentials (Hagiwara & Nakajima, 1966), a few
experiments were performed in standard solution in which 10 mm-CaCl,
was replaced with 2 mm-MnCl, plus 12 mM-NaCl. All-or-none action
potentials with a normal rate of rise were seen in the Ca-free Mn medium.
This result shows that Na alone can support the all-or-none action
potential.

After removal of the external Na ions a small but significant graded
response with an inflexion at the foot remained (Text-fig. 4 4). A similar
regenerative response was seen after cessation of inward current when
the resting potential was —43 mV (Text-fig. 4 B 1). The response is
likely due to an increase of the membrane permeability to Ca ions. In other
tissues such as in the amphioxus muscle cell (Hagiwara & Kidokoro,
1971) a similar small graded response becomes an all-or-none response
when the K conductance is suppressed by either procaine or tetraethyl-
ammonium (TEA) ions. This was examined for the chromaffin cell without
success since no cells showed a resting potential more negative than
—30 mV in the presence of either 7 mm procaine or 10 mm-TEA-CL.

In most tissues Ba can substitute Ca for the Ca-dependent action
potential, and often the amplitude and duration of the action potential
become greater in Ba at equimolar substitution (Fatt & Ginsborg, 1958;
Hagiwara & Naka, 1964; Kidokoro, 1975b). In several experiments a
chromaffin cell was first impaled in Na-free Ca saline and then Na-free
Ba saline was introduced into the dish while the electrode was inside
the cell. The amplitude of the resting potential rapidly decreased upon
introduction of Ba saline. A similar decrease of the resting potential
with Ba ions has been observed by Douglas et al. (1967b). During the
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course of depolarization spontaneous action potentials were often observed.
The action potentials had a short duration at first and then the duration
gradually increased. This was followed by an abrupt depolarization to
almost zero level. Records 1 and 2 of Text-fig. 4B were obtained from
the same cell before and after application of Ba saline. The resting
potential was —43 mV in Ca saline and a small action potential was
seen after termination of the inward current (record B1). In Ba saline
the resting potential shifted to a small positive value. The termination
of the inward current pulse initiated a long-lasting anode-break response
(record B2) and then the membrane potential became more positive
than the original potential level. Over a period of several seconds the
membrane potential returned slowly to the original level. The positive
potential observed following the termination of the anodal pulse (Text-
fig. 4 B2) probably represents the plateau phase of the action potential.
The abrupt positive shift in the resting potential upon the application
of the Ba solution could be due to the spontaneous initiation of a prolonged
action potential as has been reported in frog neurones after application
of Ba ions (Tasaki, 1959). The powerful stimulatory effect of Ba ions on
catecholamine release (Douglas & Rubin, 1964) could be explained by
the entry of Ba ions subsequent to an increase in the membrane conductance
to Ba ions. It is possible that a decrease of K conductance with de-
polarization in Ba saline might also cause the abrupt positive shift in
the resting potential. This is less likely since we did not observe inward
rectification in the chromaffin cell as described previously. The threshold
membrane potential for initiation of the response as determined by the
inflexion (indicated by an arrow in Text-fig. 4 B) on the rising phase of
the potential change was similar in Ca and Ba media. This suggests
that Ba can substitute for Ca for the response of the chromaffin cell in
Na-free media in the way found in other tissues producing Ca dependent
action potentials.

Responses to tontophoretically applied ACh

Iontophoretic application of ACh to the membrane of the chromaffin
cell produced a transient depolarization (Text-fig. 54, B, C). The time
to peak ranged from 10 to 20 msec; and the half-decay time ranged from
40 to 70 msec. Action potentials were evoked when the depolarization
was sufficiently large (Text-fig. 54). The ACh sensitivities measured in
standard saline as described in the Methods are shown in Table 2.
Considering the large input resistance (about 400 MQ) of the chromaffin
cells, the sensitivities are low compared to the 5000 mV/nC found at the
end-plate region of a frog muscle cell with 1 MQ input resistance (Kuffler
& Yoshikami, 1975) and the 258 mV /nC with 20-50 MQ input resistance
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in the frog heart parasympathetic neurones after denervation (Harris,
Kuffler & Dennis, 1971; Kuffler, Dennis & Harris, 1971).

Douglas et al. (1967b) reported that ACh depolarized chromaffin cells
in sucrose substituted Na-free saline and they attributed this to an
inward Ca influx. ACh responses were recorded in Na-free saline in
thirteen cells which had resting potentials between —35 and —64 mV
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Text-fig. 5. A-C, depolarizations (in standard saline) induced by ionto-
phoretically applied ACh. The intensity of outward current through an
ACh electrode (upper trace) was increased from C to 4. Resting potential,
—40 mV. An action potential is superimposed on the depolarization in
A, where gains of both potential and current traces are lower than in
B and C. D, relation between iontophoretically applied ACh (nC) and
the amplitude of depolarization (mV).

and input resistances between 240 and 670 MQ. We did not observe
depolarization with application of ACh except for one cell which showed
a small depolarization that had a similar time course to the ACh response
observed in standard saline and an ACh sensitivity of 6 mV/nC. In isotonic
Ca saline two cells were examined but no obvious depolarization was
seen with application of ACh. We conclude that the Ca influx caused by
ACh is small compared with that of Na.
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Extracellular recording of chromaffin cell activity

Spontaneous action potentials occurring at a rate of 0-05-0-1/sec were
observed extracellularly in most of the chromaffin cells (more than 909,
of the cells tested). The intervals between the spikes were usually
irregular and occasional bursts were seen.

TaBLE 2. ACI response

Resting Input
Cell potential resistance Sensitivity
no. (mV) MQ) (mV/nC)
1 —28 290 210
2 -50 170 210
3 —40 410 510
4 -35 190 290
5 —45 1040 430
6 - 37 220 240
7 —40 360 490
8 -30 250 420
—28 to —50 170 to 1040 210 to 510

Outward current pulses applied through the extracellular electrode
initiated spike potentials by depolarizing the portion of the cell membrane
outside the electrode. The number of spikes produced during the current
pulse increased with increasing intensity as shown by Text-fig. 64 and
C. When the intensity of the current was high, as in the case of record
A 1 of Text-fig. 6, the amplitude of the positive phase and also the spike
frequency decreased with time. This is probably due to the inactivation
of action potentials caused by sustained membrane depolarization. The
termination of inward current pulses did not usually produce spike
potentials with extracellular recording. In other words the uninjured
chromaffin cell usually does not show an anode break response. On a few
occasions, spontaneous discharges of a relatively high frequency (0-5-1/sec)
were observed in cells in standard saline. In those cells an inward current
pulse suppressed discharge during the pulse and a train of spikes occurred
at the termination of the pulse.

Effects of ACh and its antagonists

The membrane of the chromaffin cell is depolarized by ACh (Douglas
et al. 1967a; see also above) and this leads to catecholamine release by
the cell (Douglas & Poisner, 1962). Standard saline containing varying
concentrations of ACh was applied to the cell from which extracellular
spikes were recorded. As described above, most cells showed a low



ACTION POTENTIALS IN CHROMAFFIN CELLS 431

frequency (0-05-0-1/sec) spontaneous discharge in the absence of ACh.
A noticeable increase of the frequency was found at 3 x 10-7 M-ACh. The
frequency increased with increasing ACh concentration. Text-fig. 7 shows
the effects of various ACh concentrations on the average number of
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Text-fig. 6. 4, extracellular records of spikes (in standard saline) induced
by outward current (upper trace) through a microsuction electrode. The
current intensity was increased from 4 to 1. One of the spikes during
application of the current is shown on a faster time base in 2. AC recordings
with time constant 20 msec. B, expanded records showing the shape of
the spike recorded extracellularly using a microsuction electrode. 1,
standard saline; 2, during application of 1 uMm-TTX. C, relation between
amounts of stimulus currents through the microsuction electrode and
number of spikes during the 1sec current pulse. Outward current is
positive on the abscissa.

spikes per second obtained in every successive 10sec interval. The
frequency of spike discharge did not show any appreciable decline for
at least 3-4 min in the ACh solutions (concentrations up to 10~% M)
used in this experiment. When the ACh solution was replaced with
standard saline, the frequency usually returned to the original level. The
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Text-fig. 7. Sequential plots of spike frequency in standard solution (cont)
and in solutions containing various concentrations of ACh spike frequencies
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Text-fig. 8. Relation between ACh concentration and average frequency
of spikes in ACh solution. Spike frequencies measured over 10 sec intervals.
Responses in two different cells (continuous line and interrupted line)
are plotted. A bar represents a standard deviation. The curves were

drawn by eye.
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spontaneous discharge was often suppressed for several minutes following
return to standard saline from highly concentrated (such as 10-¢ M) ACh
solutions. The relationships between the average frequency and the ACh
concentration obtained in two cells are shown in Text-fig. 8. They are
S-shaped and indicate that the effect saturates at about 10— M. At the
saturation level the frequency of spikes is low and ranges between 1-2
and 2-5/sec. Experiments with intra- as well as extracellular electrical
stimulation indicate that the chromaffin cell is capable of producing
spike potentials at much higher frequencies (at least 20/sec). Thus, if the
increase of the spike frequency by ACh is due to its depolarizing effect,
the depolarization seems to be small even at the saturation level of the
ACh effect.

The addition of 10-3 and 10~7 M atropine to 10-% M-ACh solution brought
the increased discharge frequency by ACh back to the control level in
standard saline (tested in three cells). Subsequent application of atropine-
free ACh solution increased the spike frequency to the high level only
after 10-20 min of washing with standard saline. In contrast to atropine,
the blocking effect of hexamethonium was not marked (tested in three
cells). 10-3 M hexamethonium in addition to 10-5 M-ACh resulted in a
slight decrease in discharge frequency compared with 10-5 M-ACh alone
and no significant effect was seen with 104 M hexamethonium. No sig-
nificant effect of 10-5M p-tubocurarine was found when added to
10-3 M-ACh (tested in one cell).

Effects of increasing KCI

The results reported above with iontophoretically applied ACh show
that ACh depolarizes the cell membrane as has been shown by Douglas
et al. (1967a). The increase in the spontaneous spike frequency may occur
as a result of depolarization. An analysis of the spike frequency suggests
that the depolarization caused by ACh in the concentration range between
3x10-7 and 10~ M is not large. In fact the resting potential of the cells
in standard saline containing 10-5 M-ACh was —48+ 4 mV (» = 5) which
was not significantly different from that in the control. However the
measurements of the resting membrane potential in the chromaffin cell
may not be precise enough to detect the small amount of depolarization.
In order to estimate the amount of depolarization caused by ACh the
effect of excessive KCl which is known to depolarize the cell membrane
(Douglas et al. 1967b) was tested.

In cells perfused with fluid containing 15-6 mM-KCl the frequency of
the action potentials increased and then gradually decreased, in some
cases almost to the control level, after about 30 sec even though the
same solution was kept perfused (Fig. 9, tested in four cells). The peak
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frequency was about 2/sec which is similar to that induced by 10-° M-ACh.
However in the case of 10-5 M-ACh the peak frequency was maintained
as long as the perfusion fluid contained ACh. With a lower concentration
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Text-fig. 9. Changes in spike frequency, measured every 10 sec,
in the presence of excessive KCl (between two arrows).

of KCI (less than 11-6 mM) the increased frequency was maintained
(tested in five cells). The frequency was about 1/sec when the K con-
centration was 11-6 mM and was smaller than that induced by 10-5 M-ACh
in the same cell. The spike frequency increase was smaller when smaller
concentrations of KCl were applied. Therefore it was not possible to
mimic the effect of 105 M-ACh with raised KCI.
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DISCUSSION

We conclude that the action potential in the chromaffin cell has both
Na and Ca components. The evidence for the Na component is based on
the following observations. (1) The removal of external Na decreases
the amplitude of the action potentials as well as the maximum rate of
rise significantly, even when the resting potential became more negative.
When cells were first penetrated in Na-free saline and then perfused with
standard saline, the resting potential became less negative but the action
potential became larger and the maximum rate of rise increased. (2)
Action potentials were observed in the saline in which Ca ions were
replaced by Mn ions. (3) Action potentials were blocked reversibly by
1 um TTX. The presence of the Ca component is concluded (1) since the
action potentials were reduced in size but did definitely occur in Na-free
saline and (2) since action potentials with long time courses were observed
in Na-free, Ba saline.

Recently Biales, Dichter & Tischler (1975) studied human and gerbil
chromaffin cells; they found that the cells were capable of producing -
action potentials and that these action potentials were inhibited by TTX.

Spontaneous action potentials occurring at frequencies of 0-05-0-1/sec
were observed in standard saline. ACh (3 x 10~7 M or more) increased the
spontaneous spike frequency. The effect was maximal at about 10—5 M-ACh.
In the experiments by Douglas et al. (1967a) the threshold concentration
of ACh for depolarization was about 1-7x 10~5M and that for maximal
effect about 5-5 x 10-3 M. They concluded that the depolarization caused
by ACh at concentrations less than 10-5 M is small. We have reached the
same conclusion by observing the resting membrane potential in 10~ M-
ACh and the extracellularly recorded spike frequency under various
conditions.

There are two types of chromaffin cells in the adrenal medulla which
can be stained differently. The cell which contains adrenaline is pre-
dominant in the rat adrenal medulla. The other type contains nor-
adrenaline (Wood, 1963). Muscarine causes adrenaline release preferentially
and this effect is blocked by small amounts of atropine but not by
hexamethonium in the cat (Douglas & Poisner, 1965). In our experiments
10-7 M atropine blocked the effect of 10-* M-ACh on the spike frequency
but 10-3 M hexamethonium did not. Since adrenaline containing cells are
predominant in the rat adrenal medulla, it is likely that we recorded
from these cells. Therefore there is a good correlation between the
pharmacology of the ACh-stimulated increase in the action potential
frequency in the rat adrenaline containing cells and that of adrenaline
secretion in the cat.
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The ACh-stimulated release of catecholamine from chromaffin cells
previously depolarized in isotonic potassium sulphate led Douglas &
Rubin (1963) to conclude that some mechanism other than membrane
potential dependent Ca influx is involved in the effect of ACh. The
end-plate membrane of a frog skeletal muscle has been shown to become
permeable to Ca ions during ACh action (Takeuchi, 1963) and so Ca ions
may enter the cell through the ACh channel. Further, Douglas et al.
(1967b) found a significant depolarization of the chromaffin cell in Na-free
Ca solution at 104 M-ACh. Our results show, however, that in Na-free
Ca saline iontophoretically applied ACh did not cause any significant
depolarization even though a significant depolarization was always found
in standard solution. Although this does not exclude the existence of
an increase in Ca permeability of ACh channels in the chromaffin cell,
we are inclined to consider that Ca influx through the ACh channel is
small, at least for the effective range of ACh concentration (10—7 to
105 m).

Catecholamines are secreted spontaneously when the adrenal medulla
is perfused with Locke solution (Douglas & Rubin, 1961). This could be
accounted for by the spontaneous firing of chromaffin cells which we
have found. The relation between ACh concentration and catecholamine
secretion in the dissociated guinea-pig chromaffin cell has been examined
recently (Hochman & Perlman, 1976). The stimulation of catecholamine
secretion was evident at 106 M-ACh, was half-maximal at about 10— M,
and was maximal at 10~3 M. These concentrations are somewhat higher
than those found to produce an increase in spike frequency (3 x 10~7 to
10-% M) in the rat. On the other hand, Kimura (1974) has found that the
release of catecholamine from the rat adrenal medulla becomes significant
at 5x 10~7 M-ACh and that the effect approaches saturation at 5 x 10-5 M.
These concentrations agree well with those affecting frequency of action
potentials.

Finally, it is possible that the entry of Ca ions into the cells during
action potentials plays a significant role in the release of catecholamine
under normal physiological conditions.
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EXPLANATION OF PLATE

Photograph showing the microsuction electrode arrangement for extracellular spike
recording. A part of a chromaffin cell was sucked into the electrode. A 40 x water-
immersion phase-contrast objective (Carl Zeiss, West Germany) was used. The
bar indicates 10 #m.



