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SUMMARY

1. The cardiac ganglion of the mudpuppy is situated on a thin sheet of
tissue. Two nerve cell types can be distinguished readily in the- living
preparation — principal cells and smaller interneurones which synapse
with the principal cells. The purpose of this study was to investigate
synaptic transmission and the functional organization of neuronal con-
nexions of ganglion cells with intracellular micro-electrodes.

2. Stimulation of the preganglionic, vagus, nerves evoked a large excita-
tory response in principal cells. About three quarters of these neurones
were innervated by a single vagal axon. The remaining cells received two
or more preganglionic nerve fibres.

3. The quantum content of vagal excitatory post-synaptic potentials
(e.p-s.p.s) was measured. Normally, the e.p.s.p. was suprathreshold and
consisted of about twenty-two quanta, whereas only about nine quanta
were required to reach threshold and initiate an action potential.

4. Intracellular stimulation of principal cells evoked e.p.s.p.s in neigh-
bouring principal cells. The responses were blocked by cholinergic anta-
gonists. These potentials were caused by excitation of principal cell
axon collateral synapses.

5. Principal cells also formed electrical junctions with each other.
These electrical junctions were very weak. Although they transmitted
slow potential changes, only a small response was recorded in one cell
when an electrically coupled neighbouring cell fired an impulse. The
resistance of the electrical junction between principal cells was calculated
to be about 5-8 x 108 Q.

* Present address: Department of Anatomy, University of Colorado Medical
Center, 4200 East Ninth Avenue, Denver, Colorado 80220, U.S.A.
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6. Stable penetrations of interneurones were only rarely achieved,
making it difficult to study their functional relationship to principal cells.
Action potentials were recorded from interneurones in a few instances.

7. These data demonstrate that parasympathetic ganglion cells in the
heart of the mudpuppy receive innervation from more than one source
involving both chemical and electrical synapses, and that some of the
synapses are intrinsic to the ganglion.

INTRODUCTION

Our understanding of synaptic transmission has been greatly increased
by investigation of autonomic ganglia and the neuromuscular junction of
skeletal muscle fibres where it is possible to recognize the region of the
synapses on living cells and to impale individual cells with micro-electrodes
(McMahan & Kuffler, 1971; McMahan, Spitzer & Peper, 1972). These pre-
parations have been valuable for studying many fundamental properties
of the transmission of nerve impulses at chemical synapses, and have
contributed considerable information about the release and action of
neurotransmitters (see Katz, 1969; Dennis, Harris & Kuffler, 1971).

The innervation of skeletal muscle fibres and some autonomic ganglia —
notably, the parasympathetic ganglion in the heart of the frog (McMahan
& Kuffler, 1971) — is characterized by a single or very few nerve endings
of one type, namely cholinergic. One would like to extend these studies of
synaptic transmission to cells where heterogeneous synaptic inputs inter-
act and where single cells and their synaptic endings could also be
recognized in the living state.

This report presents results of a study of synaptic transmission in a new
preparation which combines these features. In the preceding paper (Me-
Mahan & Purves, 1976) a description was given of the preparation, the
cardiac ganglion of the mudpuppy, Necturus maculosus. In the isolated
living ganglion individual neurones, their processes and their synapses
can be seen. Moreover, there are catecholamine-containing interneurones
within the ganglion which synapse with the principal neurones. These
interneurones resemble the small, intensely fluorescent (SIF) neurones
found in autonomic ganglia from other animals (e.g. Matthews & Raisman,
1969; Jacobowitz, 1970). In addition, McMahan & Purves (1976) present
morphological evidence for both electrical and chemical synaptic contacts
which link one principal cell directly to another.

In this paper, the functional organization of the ganglion and some of
the properties of the chemical and electrical synaptic inputs have been
studied with intracellular micro-electrode recordings. In the following
paper (Roper, 1976) the effects of removing one of the sources of innerva-
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tion on the post-synaptic chemosensitivity and the remaining synapses is
evaluated.

METHODS

The experiments were done on Necturus maculosus (mudpuppies, 20-30 cm long).
Animals were obtained fresh from the supplier and kept in cold tanks (5° C) of
5% Ringer solution until used.

Dissection. Animals were killed by decapitation and the heart was exposed. The
cardiac ganglion lies between the large hepatic veins at their entrance into the sinus
venosus (see McMahan & Purves, 1976). The entire heart, along with the ganglion,
was pinned out in a small dissecting dish containing frog Ringer or 809, Leibovitz
culture medium (supplemented with CaCl, to a final concentration of 2-4 mm).
The heart and surrounding tissue were carefully cut away from the ganglion and
the ganglion transferred to a small chamber designed to fit under a 40 x water
immersion objective (cf. McMahan & Kuffler, 1971). Micro-electrodes were manipu-
lated beneath the objective under direct visual control and using differential
interference contrast optics.

Recording techniques. Micro-electrodes for intracellular recording were pulled
from glass capillary tubing which contained a few fine glass fibres. The electrodes
were boiled in 2:5 M-KCl and left overnight at 5° C to fill. KCl-filled micro-electrodes
were inspected at 400 x magnification and only those with an even taper and tips
below the resolution of the light microscope were selected. The micro-electrodes
used in these experiments had resistances of 100-400 MQ.

Micro-electrodes were connected by way of fine silver—silver chloride wires to
high-input impedance amplifiers having a negative capacitance-compensation
circuit and including a Wheatstone bridge arrangement to allow passage of current
through the electrode while recordings were being made.

Current was monitored by keeping the bath at virtual ground potential with a
feed-back circuit utilizing an operational amplifier. The non-inverting input of the
operational amplifier was grounded and the inverting input attached to a silver—
silver chloride wire in contact with the solution in the chamber. The output of the
operational amplifier was fed back to the inverting input via a 107 Q resistor, and
current flow was monitored across this resistance.

Stimulation. The cut end of the post-ganglionic nerve was drawn into a small
suction electrode in order to stimulate ganglion cells antidromically. Similarly, the
distal stumps of both preganglionic nerves (vagi) were drawn into separate suction
electrodes. In this manner, cells could be excited either antidromically by post-
ganglionic stimulation or synaptically by preganglionic stimulation.

RESULTS
General description of principal cells and interneurones

When the sheet of tissue with the ganglion was stretched out in the
recording chamber and viewed with the compound microscope, two types
of nerve cells could be distinguished clearly — large principal cells (30~50 zm
in diameter) which innervate the cardiac muscle and smaller ‘multipolar’
interneurones (McMahan & Purves, 1976).

Membrane properties of principal cells. When the principal cells were
penetrated with micro-electrodes, the resting membrane potentials were
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typically 45-55 mV, and rarely greater than 60 mV. Small depolarizing
currents injected intracellularly usually evoked overshooting impulses
(Fig. 14). However, the peak amplitude of the action potential was
reduced by losses introduced by the high resistance electrodes.

A |

20 msec

20mv
nmmn— J s 4x10-1°A

B - 25 mV

x10-1°A

Fig. 1. Active and passive membrane characteristics of the principal cells
in the mudpuppy ganglion (the records are from two different cells). 4,
overshooting action potential (bottom trace) generated by a depolarizing
pulse of current injected through the intracellular recording micro-electrode
(middle trace). Upper trace (dotted line) shows zero potential. B, current—
voltage relationship measured with two intracellular electrodes. Current
(50200 msec pulses) was passed through one electrode (abscissa) and the
steady-state voltage was recorded with the other electrode (ordinate). The
input resistance was calculated by taking the slope at the linear part of the
graph (arrow). In this example, the input resistance of the principal cell was
103 MQ.

The current—voltage relationship of principal cells was measured by
inserting separate recording and current-passing micro-electrodes into the
cell body. Long current pulses (50-200 msec) were passed through one



SYNAPTIC TRANSMISSION IN CARDIAC GANGLION 431

electrode and the potential changes were measured with the other electrode.
The membrane of principal cells was strongly rectifying when depolarized
(Fig. 1B). The average input resistance of twenty-five neurones taken
from the linear region of the slope of the steady state current—voltage
relationship for hyperpolarizing potentials was 91 MQ (the values varied
greatly from cell to cell, with a range of 22-190 MQ). The value in the
undisturbed cell must normally be higher since insertion of two electrodes
inevitably introduced an appreciable shunt to the membrane resistance.
The mean time constant of the principal neurone was 10-2 + 3-5 msec (data
from ten cells). From these data and the measurement of the mean surface
area of the principal cells given by McMahan & Purves (1976), the specific
membrane capacitance was calculated to be 3-29 uF/em? and specific
membrane resistance was 3090 Q cm?.

However, evidence to be presented later (see page 441) indicates that the principal
cells were electrically coupled to each other. Hence, the above value for input
resistance includes a small contribution from the membrane resistance of adjacent
neurones. Data presented in Table 3 suggest that this contribution introduced an
error of about 79, so that the average membrane resistance of the principal cell is
about 97 MQ, the specific resistance 3306 Q cm?, and the specific membrane capacit-
ance 3-06 uF[cm?.

Membrane properties of interneurones. It was difficult to penetrate inter-
neurones with micro-electrodes without damaging them, and consequently
no data are available concerning their synaptic input and function. Usually,
within seconds after inserting a micropipette, the cytoplasm and nucleus
became very granular, the cell swelled, and the resting potential deterior-
ated. In a few instances, resting potentials as large as 60 mV were observed
and action potentials could be evoked by passing current directly through
the recording electrode (Fig. 2).

Vagal innervation of principal cells

A single threshold stimulus to the preganglionic nerve bundle typically
evoked in the principal cells a large excitatory post-synaptic potential
which generated an impulse (Fig. 3). As the stimulus strength was gradu-
ally increased and/or reversed, a second, third, and even a fourth increment
in the size of the post-synaptic potential sometimes appeared, indicating
that the neurones were innervated by more than one fibre (Fig. 4). The
incidence of such multiple innervation varied greatly from animal to
animal, but roughly 25 %; of the cells (ten cells out of thirty-six in seven
experiments) had two or more excitatory inputs when tested in this manner.
This method of adjusting the stimulus strength and polarity in order to
excite a single preganglionic fibre was used extensively in the following

experiments.
17 A
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Quantum content and preganglionic fatigue of vagal responses. As a first
step in characterizing ganglionic transmission, it was of interest to establish
the safety margin of vagal transmission and to determine the effects of
frequency of preganglionic stimulation on the efficacy of transmission.

N 20 msec
\

i\
\

20 mV

Fig. 2. An action potential in an interneurone, recorded intracellularly.
Response to a 4 msec current pulse passed through the recording electrode.
The stimulating pulse is brief and no current was passed while recording
the impulse. The resting potential of this interneurone was 40 mV.

20 msec

20 mV

Fig. 3. Comparison of antidromic and synaptically evoked action potentials,
recorded in the cell body of a principal neurone. The first impulse was
evoked by stimulating the post-ganglionic trunk. The second response was
evoked by stimulating the vagal stump. The latter, synaptically evoked,
impulse is followed by a phase of prolonged transmitter action which shunts
the action potential and reduces its size.

Repetitive stimulation of a single preganglionic fibre at a rate of
10-20/sec for prolonged periods (45-60 sec) reduced the rate of rise of the
post-synaptic potentials, and at stimulation rates of 20/sec or greater the
synaptic responses fell below threshold. If fatigued in this way, the sub-
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threshold excitatory potentials fluctuated in discrete steps. This suggests
that the fatigue was presynaptic in origin; that is, the quantal release of
transmitter was reduced by repetitive stimulation (cf. Dennis ef al. 1971).
In addition, the frequency of spontaneous miniature e.p.s.p.s was in-
creased after trains of stimuli, as in frog sympathetic ganglion cells (e.g.
Blackman, Ginsborg & Ray, 1963a).

10 msec

o |20 mV
40 msec /
R
Af\ o —

Fig. 4. Examples of two principal cells in the cardiac ganglion which are
innervated by more than one preganglionic fibre. A4, in one cell, threshold
stimulation applied to the vagus stump evokes a large excitatory post-
synaptic potential and an impulse (top trace). Stronger stimulation evokes
a second response with longer latency (lower trace). B, in another principal
cell three distinct increments in synaptic potentials with different latencies
(arrows) are evoked by increasing the stimulus strength to the vagus nerve.
Appropriate adjustments of stimulus strength and polarity could selectively
excite each of these different inputs (not shown).

It was expected that vagal synapses liberated transmitter in a quantal
fashion, in analogy with transmission at the nerve-muscle junction of
skeletal fibres (Del Castillo & Katz, 1954), frog sympathetic ganglion cells
(Blackman, Ginsborg & Ray, 1963b), and the cardiac ganglion of the
frog (Dennis ef al. 1971). The quantal nature of transmitter release
was confirmed and the quantum content measured in the following
experiments.

Because ganglion cells normally responded to stimulation of a single
preganglionic axon with impulses which obscured the underlying vagal
post-synaptic potential, the quantal content of the evoked synaptic re-
sponse could not be analysed directly. Instead, an indirect method was used
which compared the synaptic currents generated by preganglionic stimula-
tion with the current generated by spontaneous miniature excitatory
post-synaptic potentials. This method is described in the Appendix.

The results of these experiments showed that synaptic responses which
were just at threshold were comprised of only about 8-9 quanta whereas,

17-2 A
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on the average, 22-23 quanta were released by a single vagal stimulus.
Table 1 summarizes these data. These findings indicate a large safety
margin for impulse generation by vagal excitation.

Axon collateral synapses of principal cells

McMahan & Purves (1976) have shown that some nerve terminals remain
on principal cells after preganglionic axons are severed and degenerate.

TaBLE 1. Quantal content (m) of responses evoked by preganglionic stimulation.
For evoked responses (second column) m was measured by stimuli applied every
2sec (see Appendix). For threshold responses (third column) m was measured
during repetitive stimulation at 20/sec or in the presence of 10 mm-MgCl,. The
‘safety factor’ (last column) is the quantal content of the evoked response divided
by that of the threshold response

m, evoked m, threshold Safety
Experiment response response factor

1 16-0 89 1-8
2 — 141 —
3 23-8 13-2 1-8
4 19-2 — —_
5 40-7 — —_
6 365 — —
7 25-6 — —
8 43-0 — —
9 11-2 4-0 2-8
10 10-4 4-0 2:6
11 23-0 — —
12 182 — —
13 10-3 — —
14 155 — —
15 17-2 36 4-8
16 20-6 — —
17 12:0 — —
18 14-5 — —_
19 133 — —
20 25-0 155 1-6
21 187 89 2:1
22 164 127 1-3
23 197 — —
24 32-0 9:0 36
25 20-8 9-7 2-1
26 26-0 (dual innervation) 4-5 5-8
30-2 6-7

27 135 30 45
28 24-6 — —
29 28-0 — —
30 37-3 — —
31 36-2 7-2 50

Mean +8.p. 22:6+9-2 8-5+4-2 3-3+1-7
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Furthermore, they found that these remaining terminals structurally
resemble the excitatory cholinergic vagal synapses. A series of experiments
were undertaken to test whether these synapses represented functional
interconnexions between the cells in the ganglion.

40 msec

4 mV
20 mV
2x10° A

(]
S ARERTRARNRARGY

Fig. 5. Illustration of post-ganglionic axon collateral synapses between two
principal cells. The neurones were impaled with intracellular micro-
electrodes. A 30 msec depolarizing current pulse (bottom trace) passed
through the recording electrode triggered an action potential in one cell
(middle trace). This, in turn, evoked an excitatory post-synaptic potential
in the second principal cell (top trace). The upper response was caused by
the impulse in the middle record since subthreshold depolarization of the
one cell did not cause a response in the second cell.

The most direct way to demonstrate the presence of synaptic connexions
between ganglion neurones was to impale a principal cell with a micro-
electrode, stimulate it by injecting intracellular depolarizing currents, and
search for another principal cell in which responses could be recorded.
Such synaptic interaction was successfully demonstrated in four experi-
ments. Fig. 5 shows an example of the response in one principal cell (upper
trace) evoked by suprathreshold current injected into a second principal cell
(middle trace). The two neurones were not reciprocally innervated in any of
these four cases; i.e. when cell 4 innervated cell B, no synaptic response
occurred in the reverse direction. Further, direct stimulation of a single
principal cell was never followed by a synaptic response in the same
neurone.

The most likely explanation of these e.p.s.p.s is that they were produced
by activation of principal cell axon collaterals which had been structurally
identified by McMahan & Purves (1976). It seems reasonable to conclude,
therefore, that these synapses were excited when a post-ganglionic axon
propagated an impulse through a collateral branch to another ganglion cell.
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Because it was rare to locate two principal cells which were connected
by collateral synapses, alternative experiments were devised to study the
collateral innervation of principal cells in greater detail. Vagal innervation
of the ganglion was eliminated by cutting the preganglionic nerves and
allowing the vagal terminals to dcgenerate (see Roper, 1976). Two weeks
or more following this operation, it was not possible to evoke any synaptic
responses by stimulating the degenerating distal vagal stump. On the
other hand, stimulation of the post-ganglionic nerve trunk frequently

40 msec

20 mV

4 mv

\w*

Fig. 6. Responses recorded in a principal cell caused by excitation of axon
collateral synapses. The preganglionic nerve in this experiment had been
cut 5 weeks before and the vagal terminals had degenerated. In the upper
record, stimulation applied to the post-ganglionic trunk (artifact at beginning
of record) evoked an antidromic impulse followed by an excitatory post-
synaptic potential with longer latency. In the lower record, reversal of the
stimulus polarity evoked the axon collateral response alone. The gain on the
lower.record has been increased.

evoked excitatory axon collateral potentials as well as antidromically
conducted impulses, recorded intracellularly from principal cells (Fig. 6).
These collateral responses typically were small and only occasionally
reached threshold. The collateral synaptic potentials evoked by post-
ganglionic stimulation in deafferented ganglia always appeared after the
antidromic impulse if the latter was present (Fig. 6, top trace). By proper
adjustment of post-ganglionic stimulation, collateral responses sometimes
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were evoked alone (Fig. 6, bottom trace). In addition, spontaneous
miniature e.p.s.p.s were recorded in roughly half the neurones in vagus-
denervated ganglia, especially if the preparation was treated with potas-
sium or lanthanum (see below). These spontaneous miniature potentials
were about the same amplitude as those in normal ganglia which occurred
after repetitive stimulation of the vagus nerves. Evoked and spontaneous
synaptic potentials from axon collaterals were seen for as long as the
operated animals were kept (10 weeks).

To exclude any extrinsic innervation that may have been overlooked
(i.e. non-vagal) and to confirm further that these excitatory potentials
were intrinsic to the ganglion, ganglia were excised from the animal and
kept in sterile culture medium (Leibovitz medium, diluted to 809, and
supplemented with Ca%*, 2mmMm final concentration, and glucose, cf.
McMahan & Kuffler, 1971) at room temperature for up to 1 month. Under
these conditions, extrinsic innervation degenerated within the first week
and principal ganglion cells and cardiac muscle fibres survived well (see
following paper). Even in the ganglia maintained ¢n vitro for 2-3 weeks,
stimulation of the post-ganglionic nerve evoked collateral synaptic re-
sponses (Fig. 7) similar in all respects to those recorded in vivo from intact
and vagus-denervated ganglia.

Pharmacology of axon collateral synapses. It was expected that post-
ganglionic axon collateral synapses were cholinergic since post-ganglionic
parasympathetic innervation of the cardiac muscle fibres is cholinergic.
Low concentrations of acetylcholine antagonists such as dihydro-g-
erythroidine (10-2 to 10-7 g/ml.), curare (105 g/ml.), and hexamethonium
(10-5 to 10~%g/ml.) rapidly and reversibly blocked the post-ganglionic
axon collateral responses. Fig. 8 compares the effects of dihydro-S-erythro-
idine on the synaptic responses evoked by preganglionic vagal stimulation
and axon collateral stimulation in two different experiments. These find-
ings suggest that the contralateral nerve endings, like the vagus nerve
terminals and the post-ganglioni¢c endings on the heart muscle, release
acetylcholine.

Efficacy of post-ganglionic axon collateral innervation. The axon collateral
synaptic responses typically were smaller than vagal excitatory potentials.
The small size of axon collateral responses is attributed to alow quantum
content (m) of collateral synaptic potentials compared with that of the
vagal responses (see above), as determined by measuring the quantal
composition.

Characteristically, excitation of a single collateral synapse produced
responses which had a constant latency and which fluctuated in discrete
amplitude steps with numerous failures (Fig. 9), similar to the end-plate
potential at the neuromuscular junction in the presence of high Mg?+ and
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low Ca?t (Fatt & Katz, 1952; Del Castillo & Katz, 1954). It was possible
to estimate the quantum content by taking the ratio of the average evoked
response amplitude to the average size of the spontaneous miniature
potentials (Del Castillo & Katz, 1954) or by techniques described in the
Appendix. The quantum content was much less than that of the vagal
response; m varied from less than 1 to about 5. This is illustrated by the

|

ﬂ 20 msec

|20 mV

Fig. 7. Axon collateral responses in a ganglion cell which had been in organ
culture for 20 days. All extrinsic innervation to the ganglion had degene-
rated, but post-ganglionic stimulation still evoked synaptic responses.
A, superimposed traces of antidromically conducted action potentials caused
by stimulating the post-ganglionic trunk. B,increasing the stimulusstrength
evoked excitatory post-synaptic potentials with longer latencies which
occasionally reach threshold and trigger an impulse. C, reversing the
polarity of the stimulus to the post-ganglionic trunk evoked axon collateral
responses alone.

data taken from one experiment in a vagus-denervated ganglion; anti-
dromic stimulation evoked fluctuating responses which varied from 2-1 to
5:4 mV with thirteen failures out of seventy trials. The average spon-
taneous miniature amplitude was 2-45 mV and the average response was
2-91 mV. Hence, for this particular experiment, the quantum content was
1-2, Insufficient data were collected to analyse the detailed mechanism of
release (e.g. whether release obeyed Poisson statistics). Nevertheless, it is
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clear that the quantum content of collateral responses is only a fraction
of that of vagal responses and accounts for the smaller size of the former.

Distribution of axon collateral synapses. Several questions arise concerning
the function of these collateral synapses. For example, how many principal
cells receive collateral innervation and how many neurones innervate an
individual principal cell? These questions were studied in preparations in

20 msec 20 msec

A I20mV D I4mV

—_— “~

+10-7 g/ml. dihydro- f-erythroidine
B E \/\.\
~’_/\~_—.——-~t -

Woash

,__,\//\“

Fig. 8. Effect of a cholinergic antagonist, dihydro-g-erythroidine, on pre-
ganglionic responses (left traces) and post-ganglionic axon collateral responses
(right traces). Two different experiments are shown. Responses evoked by
stimulation of the preganglionic nerve in an intact ganglion are shown on
the left. Responses evoked by pest-ganglionic stimulation in a denervated
ganglion are shown at the right. A, D, normal responses. B, E, responses
after addition of dihydro-g-erythroidine (10-7 g/ml.). C, F, responses re-
corded after washing out the drug.

20 msec

Fig. 9. Quantal fluctuations in axon collateral responses recorded intra-
cellularly. Each record shows superimposed responses.in one experiment
evoked by suprathreshold stimuli applied to the post-ganglionic stump in
a denervated ganglion. The response varies in quantal steps, with an
occasional failure. The spontaneous excitatory potentials in this cell were
the same size as the smallest evoked responses.
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which the vagal innervation had degenerated. The collateral synapses were
activated in two ways, by antidromic stimulation of the post-ganglionic
nerve trunk and by increasing the frequency of spontaneous transmitter
release. Antidromic stimulation evoked collateral responses in about half
the cells. Normally there was a very low frequency of spontaneous minia-
ture potentials (less than 1 per minute), but they were readily detected
(up to about 0-1-0-5/sec) when the concentration of K+ in the bath was
raised to 15 mM (cf. Dennis et al. 1971) or when 0-1 mM-LaCl, was added
to the bath for 5-10 min (cf. Heuser & Miledi, 1971). Again, in 50 %, of the
trials, spontaneous minidature potentials were observed after this treatment.

20 msec

l20 mv

Fig. 10. Convergence of axon collateral synapses on to a single principal
cell. The post-ganglionic nerve stump in a denervated ganglion was divided
into two bundles; stimulation applied to either bundle evoked separate
collateral responses with different latencies (4, B). When the two stimuli
were paired at a 27 msec interval (C) the responses summed ; if the interval
was reduced, an impulse was generated (D). Arrows mark the artifact caused
by the second stimulus.

Thus, spontaneous excitatory synaptic potentials and/or evoked re-
sponses were recorded in about half of the cells tested. This figure is an
underestimate of the true value since not all the ganglion cell axons were
activated by stimulation of the post-ganglionic bundle (i.e. it was not
possible to excite antidromically all the ganglion cells) and it is difficult
to detect reliably spontaneous potentials in all instances. However, it is
clear that a large fraction of principal neurones are innervated by axon
collaterals from other principal neurones.
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Multiple innervation of principal cells by axon collaterals. Many principal
cells received collaterals from more than one other principal cell. An
example of such convergence is illustrated in Fig. 10. The post-ganglionic
bundle was divided into two branches and each was drawn into a separate
suction electrode for stimulation. The preganglionic nerves had been
severed 3 weeks before in order to eliminate vagal terminals. Stimulation
of either post-ganglionic branch evoked independent collateral responses
with different latencies (Fig. 104, B), which, when paired at an appropriate
interval (Fig. 10.D), generated an impulse.

10 msec

| 20 mV

Fig. 11. Electrical synapses between principal neurones. Two adjacent
principal cells were impaled with micro-electrodes. Antidromic stimulation
evoked action potentials in one cell (lower trace) which are electrotonically
conducted to the neighbouring cell (upper trace). Several records of the
antidromic impulses and electrotonic responses are superimposed. The
post-ganglionic nerve stump was stimulated at a rate of 50[sec which is
sufficient to fatigue chemical synaptic responses in the ganglion.

Electrical synaptic connexions

Another response recorded in principal cells had several characteristics
of electrical spread of impulses from neighbouring neurones. This was a
brief depolarization of about 2 mV or less following antidromic post-
ganglionic stimulation (Fig. 11). The response was not fatigued by high-
frequency stimulation (up to 50/sec) or blocked by high-Mg?* Ringer.
The existence of electrical coupling between principal cells was confirmed
in the following experiments.

Electrotonic transmission of steady-state potentials. Adjacent principal
neurones were impaled with micro-electrodes in order to pass currents into
one cell and search for electrotonic potentials in the other cell. In a few
experiments it was possible to impale each cell with two micropipettes so
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that intracellular currents could be passed and potentials measured inde-
pendently. However, due to the difficulty of placing two electrodes in each
cell, most experiments were conducted with recording and current-passing
electrodes in one cell only with a single recording electrode in the adjacent
neurone.

In the first series of experiments, long-duration (50-300 msec) current
pulses were injected into one ganglion cell. The potential changes in that
cell (v;) and in the coupled neurone (v,) were recorded simultaneously. The
ratio of v, to v, gives the ‘attenuation factor’ (Furshpan & Potter, 1959).
Fig. 12 shows a typical instance of electrical coupling; the hyperpolarizing
potential generated by current-injection into one cell was transmitted to
the second cell with an attenuation of fortyfold. Withdrawing the recording
electrode from the second cell and repeating the experiment did not reveal
any appreciable extracellular response.

100 msec

10 A
40 mV
2mV

]
Fig. 12. Example of electrical coupling of long potential changes between
principal neurones. Two juxtaposed ganglion cells were impaled with micro-
electrodes; a 240 msec hyperpolarizing current pulse (upper trace) was
injected into one neurone via the recording electrode and caused a large
response there (middle trace). A small fraction of that response is recorded

in the adjacent principal cell (lower trace), due to electrotonic spread
through specialized synaptic contacts. '

In these experiments the potential changes in the first cell were varied
over a wide range and were plotted against the attenuated responses in
the neighbouring cell (Fig. 13). This relationship was always found to be
linear. The attenuation factor was determined by calculating the slope of
the regression line drawn through these points (e.g. Fig. 13). The average
attenuation factor for these experiments with steady-state pulses was
11-25. Thus, about 99, of the potential change in one neurone appeared
in the coupled neurone. Data from additional experiments are presented
in Table 2.
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There was no evidence of rectification of the electrotonic transmission
between ganglion cells. When the differences in the input resistances of
the two coupled cells were taken into account (cf. Furshpan & Potter,
1959) it was shown that potential changes were transmitted equally in
both directions across the electrical junctions (Fig. 134 and Table 3).
Thus, the coupling resistance (R,) for current flow between cells in either
direction was not altered over a wide range of membrane voltages.
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Fig. 13. Quantitative measurement of the electrical coupling between
adjacent principal cells. Two micro-electrodes were inserted into each cell
in order to pass current and measure potential changes independently.
A, current injected into the first cell caused a voltage change in that cell
(v,) and an attenuated response in the second cell (v,) and this is plotted
in the graph on the left. The abscissa is v, and the ordinate is v,. The slope
of the regression line drawn through the points is the attenuation ratio
(see text). B, the input resistance of the coupled cell was measured by
passing current pulses (abscissa) and recording the potential changes
(ordinate). This value is used to calculate the resistance of the electrical
junctions, R,.

Magnitude of the coupling resistance between principal neurones. The
mean value of R, determined from an initial series of experiments where
the same micro-electrode in each cell was used to pass current and to
record potentials was 7-81 x 108 Q. These measurements were repeated in
three experiments where it was possible to penetrate each cell with a
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recording and a current-passing micro-electrode. From these latter experi-
ments a value for B, = 5:45x 108 Q was calculated, independent of the
direction of current flow (Table 3).

TaBLE 2. Quantitative measurement of electrical transmission between principal
cells in the -cardiac ganglion. The attenuation ratio (see text) for current pulses
(column 3) is compared with the attenuation ratio for action potentials (column 4).
Input resistance of the coupled cell, R, (column 5), was measured by plotting the
current—voltage relationship (see text). The resistance of the electrical junction
R, (column 6) is given by [v,/v,— 1] X R, (cf. text). When possible, the transmission
of current pulses and impulses was tested in both directions across the electrical
junction (column 2). A Wheatstone-bridge circuit was used in order to apply
current and measure potentials with the same intracellular electrode in at least
one cell of each pair

Attenuation Attenuation

ratio, ratio,
current -action Input Resistance of
Coupling pulses potentials  resistance junctions, R,
Expt. direction v, [v, | ALA Ry, x 108 Q R, x 108 Q
1 — 31-5 166 50 15-25
2 — 16-8 — — —
3 a b 1-9 45 — —
b a 32 77 — —
4 a b 1-5 —_ 80 0-40
b a 35 17 63 1-58
5 —_ 77 70 — —
6 — 36 — — —_
7 a b 14-9 — 3 0-42
b a 21-7 — 11 2-28
8 a b 28-8 — 46 12-79
b a 84 — 33 2-44
9 a b 7-1 250 132 8-:05
b a 21-1 — 16 3-22
10 a b 10-9 166 190 18-81
b a 9-4 46 250 21-00
11 — 54 — — —
12 —_ 1-9 — — —
13 a b 16-2 53 23 3-50
b a 9-1 — 146 11-83
Mean 11-2 98-9 80-2 7-81

The value for R, was calculated by the expression R, = (v,Jv,— 1) X R, which is
derived from inspection of Fig. 15. R, was taken as the input resistance of the
coupled cell. This introduces an error due to the contribution of R, and R, in parallel
with R, when input resistance is measured by the current—voltage relationship in
that cell alone. The magnitude of the error equating R, to the input resistance is
determined largely by the size of R, since it is much larger than R,. This problem
is discussed in detail in Furshpan & Potter (1959), pp. 315-316. When it was possible
to make a thorough analysis of the current—voltage relations with independent
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electrodes in each cell as in Table 3 (cf. Watanabe & Grundfest, 1961), it was found
that the value of R, and hence R, was approximately 7 9, higher than when R, was
approximated equal to input resistance. The corrected values for R, are given in the
last column in Table 3.

TasBLE 3. Quantitative measurement of electrical synaptic transmission between
principal cells as in Table 2, but with independent current-passing and recording
electrodes inserted into each cell. Column 4, input resistance R,, is the slope of the
voltage—current relations in each cell, as in Table 2. The values in column 6, cor-
rected R,, are calculated by measuring the true value for R, for each cell, which is
not identical to the input resistance (see text)

Attenuation
ratio
current Input Resistance

Experi- Coupling pulses resistance, of junction Corrected
ment direction vy fv, R,x108Q R,x10°Q R,x108Q

1 a b 13-0 51-5 (b) 6-18 6-7

b a 30-9 22-6 (a) 6-76 7-0

2 a b 25-9 31-0 (b) 7-72 8-0

b a 6-1 76-0 (a) 3-88 4-6

3 a b 10-6 40-0 () 3-84 42

b a 17-9 26-0 (a) 4-39 46

Mean 17-4 41-2 546 59

Electrotonic coupling of action potentials. As was expected, the coupling
of action potentials across electrical junctions was less effective than trans-
mission of steady-state pulses, due to the incomplete charging of the
membrane capacitance of the coupled cell. Fig. 14 illustrates the trans-
mission of 60 msec current pulses and of action potentials across the same
electrical junction. In this instance, transmission of the action potential
across the junction could not be detected above the base-line noise in the
coupled neurone. In a series of thirteen experiments the attenuation factor
for action potentials varied from 17 to 250 and was always considerably
greater than the attenuation factor of steady-state potential changes
across the same electrical junction (Table 2).

Fig. 15 summarizes these findings with a circuit diagram of two adjacent
principal cells coupled by an electrotonic junction of resistance R,. It is
likely that R, represents the gap junctions which are found between these
neurones (McMahan & Purves, 1976).

Organization of electrically coupled cells in the ganglion. Principal
neurones frequently are grouped in small clusters of three to six cells.
Within a group, one or two of the cells formed electrical contacts with an
adjacent neurone, but there was an equal number of principal cells within
the group which were not coupled to neighbouring cells. It may be that
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the remaining neurones made electrical synapses with cells which were out
of the field of view, but in any case, it does not appear that every principal
cell is electrotonically coupled directly to every adjacent neurone.
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Fig. 14. Comparison of electrical coupling for long current pulses and for
action potentials. Two adjacent principal cells were impaled with micro-
pipettes. 4, in the first cell, post-ganglionic stimulation evoked anti-
dromically conducted responses (bottom trace) which did not produce
detectable responses in the second cell (top trace). Several responses have
been superimposed. B, direct hyperpolarization of the first cell with long
pulses delivered through the recording electrode (bottom trace), however,
is transmitted to the second cell (top trace) indicating that there was, in
fact, electrical coupling between the nerve cells. The current pulse is shown
in the middle trace of B.

4x10™° A
100 mV

Fig. 15. Electrical circuit diagram representing the electrotonic coupling
between principal neurones. Two nerve cells are represented by parallel
resistance (R,, R;) and capacitance, and the cells are joined by an electrical
junction, R,. Current injected into Cell 1 (left) produces a potential change,
V1, in that neurone. A fraction of the current is transmitted to the second
cell via R,, and charges the resistance (R,) and capacitance of the coupled
cell to produce an attenuated response (V).
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DISCUSSION
Organization of the mudpuppy cardiac ganglion

The focus of these studies has been the arrangement and properties of
synaptic connexions in the ganglion. McMahan & Purves (1976) have
demonstrated the existence of synapses which are intrinsic to the ganglion
and of gap junctions between principal cells. The present electrophysio-
logical studies have shown the presence of excitatory cholinergic axon
collateral synapses and electrical junctions between principal cells. On the
basis of known correlations between structure and function it seems likely
that these correspond to the intrinsic synapses and gap junctions,
respectively.

The functional organization of autonomic ganglia has received renewed
interest subsequent to the discovery that complex synaptic potentials
can be evoked in the superior cervical ganglia of rabbits (Eccles & Libet,
1961). These authors suggested that a great deal of synaptic interaction,
involving both excitation and inhibition, occurs after preganglionic
stimulation. The present investigation demonstrates that in parasympa-
thetic cardiac ganglia also there are multiple sources of innervation, in-
volving both chemical as well as electrical connexions. The organization
of synaptic connexions in the mudpuppy cardiac ganglion is summarized
in Text-fig. 13 of the preceding paper (McMahan & Purves, 1976).

The existence of post-ganglionic axon collateral synapses has not been
demonstrated with certainty in autonomic ganglia of other species,
although there have been reports which suggest that they occur in some
mammals. Perri, Sacchi & Casella (1970) and, more recently, McLachlan
(1974) were not able to find any electrophysiological evidence for intrinsic
synapses which represent collateral innervation in intact superior cervical
ganglia. On the other hand, Raisman, Field, Ostberg, Iverson & Zigmond
(1974) found synapses in the rat superior cervical ganglion which persisted
after complete preganglionic denervation and which did not arise from
interneurones in the ganglion. They interpreted these as intrinsic nor-
adrenergic synapses. In addition, Bunge, Rees, Wood, Burton & Ko
(1974) and O’Lague, Obata, Claude, Furshpan & Potter (1974) report that
dissociated superior cervical ganglion neurones from the rat are capable
of forming synapses with each other in tissue culture. The findings pre-
sented here indicate that excitatory post-ganglionic axon collateral
synapses may indeed be an important aspect of synaptic interaction within
some autonomic ganglia in vivo.

It is worth while to comment on the fact that since principal cells in the
mudpuppy innervate cardiac muscle as well as other principal cells, they
provide an example of both excitation (collateral synapses) and inhibition
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(cardiac muscle innervation) by the same neurone, and mediated by the
same transmitter substance (cf. Kandel, Frazier & Coggeshall, 1967).

Quantum content of vagal innervation

The number of quanta released by a single preganglionic nerve in the
mudpuppy ganglion varied from 10 to 43, with a mean value of 22-6.
Most principal neurones received one afferent fibre and there was an
average of 21-22 vagal boutons on each principal cell (McMahan & Purves,
1975). If there is equal probability for transmitter release from each pre-
ganglionic bouton, this suggests that each bouton released on the average
about one quantum in response to a preganglionic volley.

The quantal content of evoked responses in the mudpuppy ganglion is
similar to that in frog sympathetic ganglia (m = 6-34, Blackman, Gins-
borg & Ray, 1963a) and in chick ciliary ganglia (m = 18-35, Martin &
Pilar, 1964). However, the quantal content of responses in the mudpuppy
is much less than that in toad sympathetic ganglia (m = 80-130, Nishi,
Soeda & Koketsu, 1966) and greater than in guinea-pig superior cervical
ganglia (m = 1-5, Sacchi & Perri, 1971). It would be of interest to know
whether the variability in quantum content reflects a difference in the
number and/or function of preganglionic boutons.

The post-synaptic response evoked by stimulating a single preganglionic
fibre was large and the amount of transmitter liberated was 2-3 times
greater than that needed for generation of an impulse (Table 1). It is
interesting to compare the ‘safety factor’ at the cardiac ganglion with
transmission at other synapses. For example, in lumbar sympathetic
ganglia of the toad, the amount of acetylcholine released during normal
transmission may be 2-5-8 times threshold amount (Nishi et al. 1966).
On the other hand, the safety factor at the frog neuromuscular junction
is smaller. Martin (1955) estimated that about 300 quanta are liberated
at the end-plate. This represents only 1-5 times the number needed to
generate an action potential if the quantum response is 0-5 mV, threshold
is 44 mV, and summation of quanta is non-linear (Fatt & Katz, 1951;
Martin, 1955). In mammalian autonomic ganglia the efficacy of an indivi-
dual preganglionic input may be quite small. For example, in the guinea-
pig superior cervical ganglion, a single preganglionic fibre releases only a
fraction of the number of quanta necessary for excitation (Sacchi & Perri,
1971). This suggests that summation of preganglionic input is necessary
for transmission in the guinea-pig ganglion.

Electrical coupling between principal cells

Gap junctions between principal cell bodies have been demonstrated in
anatomical studies of the mudpuppy ganglion (McMahan & Purves, 1976)
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and these presumably are the sites of electrotonic transfer studied in the
present investigations. The presence of gap junctions at or near the cell
body region simplifies the quantitative analysis of electrical coupling as no
electrotonic decrement occurs between the micro-electrode and the
electrical junction.

Although electrical coupling between neurones has not been previously
reported in autonomic ganglia, the findings here suggest why they might
not have been detected, if they occur. First, the electrical transmission of
applied potential changes is weak and is highly dependent upon the input
resistance of the coupled ganglion cell; even slight damage due to micro-
electrode penetration readily shunts the small electrically coupled signals.
In addition, brief signals, such as action potentials, are attenuated to an
even greater extent than are steady-state pulses because of the time
constant of the post-junctional membrane.

The functional significance of such low band-pass electrotonic coupling
is not readily apparent. These junctions would be well suited for trans-
mitting slow potential changes — for example, the slow synaptic potentials
which are integral properties of synaptic transmission in other ganglia
(Libet, 1970). However, no evidence for such slow synaptic poténtials has
been found in the cardiac ganglion of the mudpuppy.

Functional organization of the ganglion

There is no obvious explanation for the organization of synaptic inputs
in the ganglion. It appears that the mudpuppy ganglion is not merely a
relay station for the parasympathetic nervous system, but rather a site
for more complicated synaptic interactions. One can hypothesize that the
function of the axon collateral synapses is to augment and to prolong the
output of the ganglion in response to a single preganglionic volley. This
would tend to desynchronize any patterned input to the ganglion and
produce a more sustained output. Because of the low quantum content of
the post-ganglionic axon collateral responses, this recurrent synaptic
excitation is not very powerful.

APPENDIX

When a single afferent axon to a principal neurone was stimulated by
carefully adjusting the stimulus strength and polarity, a large excitatory
post-synaptic potential was evoked which almost always generated an
impulse. Because the impulse obscured the peak amplitude of the under-
lying post-synaptic potential, it was not possible to measure directly the
quantal content, m, during the evoked responses. This Appendix describes
a simple, though indirect, method for calculating the quantal content of
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the vagus-evoked post-synaptic potential and describes experiments which
confirm the validity of the method. A similar method has been reported
by Blackman et al. (1963a).

.- -_>
>

Fig. 16. Schematic diagram of a principal cell with chemical synapses
located on the cell body. The input resistance (R) is in parallel with the
membrane capacitance (C). Activation of synapses is represented by
closing the switch (S). The resting potential is represented by a battery (E),
as is the equilibrium potential for the chemical transmitter (e). ¢, is capaci-
tative current, ¢, is restive current, 7, is synaptic current.

Principal neurones of the mudpuppy ganglion are roughly spherical and
are devoid of dendrites. Hence, the soma can be represented by a simple
electronic model, shown in Fig. 16. A synaptic potential is generated by
closing the switch. It follows from this circuit that synaptic current
=1,+1, and that at or near the beginning of the response when the synaptic
current (i) is greatest,

g = 2¢

Cdv/dT. (1)

I

Therefore, the maximum synaptic current is proportional to the maximum
rate of rise of the post-synaptic response since membrane capacitance, C,
is constant.

It is assumed that the response of the principal cell to preganglionic
stimulation consists of summed miniature potentials (see text). Hence,
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the ratio of the maximum rates of rise of the evoked and miniature re-
sponses gives the quantum content (m) of the vagal response:

m = dV/dT ., [evoked response]
"~ dV/dT ax [miniature response]’

In these experiments, the signal recorded by the intracellular micro-
electrode was electronically differentiated and displayed with undiffer-
entiated responses. It was nearly always possible to distinguish between
the maximum rate of rise of the evoked post-synaptic potential and the
start of the action potential, caused by vagal stimulation (Fig. 174).

(2)

max

A B
10 msec 100 msec
40 mV ' 10 mv
366 V/secl 1-8 V/sec
'
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Fig. 17. Measurements of the quantal content of evoked responses in
principal cells. In each record (4, B, C), the upper trace is the intracellular
response (v) and the lower trace is the differentiated response (dv/dt). 4,
response to stimulation of a single afferent axon. The hump (arrow) on the
differentiated trace is where dv[d¢ for the underlying e.p.s.p. reaches a
maximum. B, spontaneous miniature e.p.s.p.s caused by a brief train of
stimuli applied to the vagal fibre. Sufficient time after the evoked responses
was allowed for the potential to return to base line before miniature e.p.s.p.s
were measured (arrows). C, synaptic responses to vagal stimulation in the
presence of 10 mm-MgCl,. Data such as these were used to construct the
graphs shown in Fig. 18.

Miniature responses were produced by brief repetitive stimulation of
the vagus nerve, which caused the appearance of spontaneous post-
synaptic potentials (Blackman et al. 1963a) after the stimuli. Alterna-
tively, the Mg®" concentration in the Ringer was raised (up to 10 mm)
and evoked responses were recorded. Under these conditions the evoked

18 PHY 254
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response was depressed and fluctuated in discrete steps of amplitude
with some failures. The smallest step in amplitude of the Mg** de-
pressed evoked response was the same size as the spontaneous miniature
e.p.s.p.s (1-56mV). The miniature potentials were differentiated and
displayed concurrently with the undifferentiated ones, as described
above for the evoked responses. Values for m calculated in several experi-
ments according to eqn. (2) are listed in Table 1.
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Fig. 18. Plot of differentiated responses (V/[sec) vs. the amplitudes (mV)
for synaptic responses evoked by vagal stimulation in the presence of
elevated MgCl, (cf. Fig. 17C). Two different experiments are shown.
Abscissae, maximum amplitude of evoked response (mV). Ordinates, maxi-
mum dv[d¢ of differentiated responses (V/sec). Lines were calculated by
least-squares fit. Open circles, subthreshold responses. Filled circles,
responses which were just at threshold for impulse generation.

To test the validity of the method, a comparison was made between
the maximum rate of rise and the amplitude of subthreshold responses.
A linear relationship would mean that quantal content measured by the
present technique gives the same result as more conventional methods for
subthreshold responses (Del Castillo & Katz, 1954), and by extrapolation,
for suprathreshold responses. Fig. 18 illustrates results of two different
experiments where dV/dT,,, was plotted against maximum amplitude
for a series of responses evoked in high magnesium. The graphs confirm
that the maximum rate of rise (V/sec) is linearly related to the maximum
amplitude (mV) for subthreshold responses, and that the line drawn
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through the points passes through the origin. This comparison was nearly
always found to be linear. In a few cases there was a slight upwards
curvature to the graph which could be accounted for on the basis of non-
linear summation of the quantal response amplitude (Martin, 1955).

These experiments confirm that quantal content of post-synaptic
potentials can be measured simply and accurately in the principal cells of
the mudpuppy ganglion by comparing the maximum rates of rise for
evoked and for miniature responses.
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