Nonimpulse-Mediated Synaptic Transmission During the
Generation of a Cyclic Motor Program

Abstract. A small neuronal network in the lobster stomatogastric ganglion, com-
posed of impulse-producing motor neurons, gives rise to cyclic patterned outputs.
This network continues to generate its cyclic motor program if impulse production
within the ganglion is blocked. Continuously graded, nonimpulse-mediated, chem-
ical synaptic transmission is sufficient to coordinate neuronal activity in a function-

ing pattern generator.

Integrative neurophysiology has em-
phasized the role nerve impulses play in
communication among neurons. Accord-
ingly, information can be encoded by
neurons and projected over long dis-
tances as the frequency, timing, or pat-
tern of propagated nerve impulses. As
individual impulses invade presynaptic
terminals, the release of brief pulses of
transmitter causes corresponding dis-
crete postsynaptic potentials (PSP’s) in
the receiving neuron. Impulse coding is

unnecessary if signals need travel only
short distances (/). Many examples of
chemical transmission from neurons in
the absence of presynaptic impulse gen-
eration have been found (2). The princi-
pal features of this mode of synaptic ac-
tion are (i) the passive spread of electri-
cal signals from the input to the output
regions of a neuron and (ii) the control of
transmitter release by the continuously
graded polarization of presynaptic sites
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Fig. 1. (A) Major synaptic connections within the pyloric subsystem. Circles enclose classes of
similar individually identified neurons. All chemical synaptic actions indicated are inhibitory.
Abbreviations: AB, anterior burster; PD, pyloric dilator; LP, lateral pyloric; PY, pyloric. (B)
Schematic of ganglion and experimental paradigm. Activating fibers enter via the anterior
nerve, and pyloric motor axons exit via the posterior nerve. The impulse-initiating zones of the
pyloric neurons are thought to lie between the dashed lines. Perfusion with TTX was confined to
the posterior margin of the ganglion by ejecting the toxin solution from one pipette and retriev-
ing it with another. (C,) Simultaneous intracellular recordings under control conditions from the
cell bodies of all the neurons in the AB/PD class and the LP. Descending inputs from the more
central esophageal and commissural ganglia were responsible for the high level of spontaneous
cyclic activity. Bursts of attenuated spikes ride on slower membrane potential oscillations driv-
en by a mixture of synaptic events and endogenous membrane properties. (C,) Spontaneous
activity 7 minutes after the start of localized perfusion of 1.7 x 107°M TTX across the posterior
margin of the stomatogastric ganglion. Nerve impulses in the LP and one of the PD’s have been
suppressed. Note the marked graded inhibition of the AB/PD group by the LP. (C;) All sponta-
neous activity ceased after 10 minutes of toxin perfusion, although brief cyclic activity could be
induced by 1-second trains of 30-Hz shocks to the anterior input nerve. Nearly all impulse
generation had been suppressed, but strong graded inhibition of the AB/PD by the LP is still
evident, as is AB/PD inhibition of the LP. The PY group was responsible for the smooth inhibi-
tion of the LP between LP and PD times. (D) Graded transmission observed during a localized
toxin experiment was reversed in sign by hyperpolarizing the postsynaptic neuron. In this ex-
ample, spontaneous plateaus in the presynaptic LP mediated graded synaptic potentials in the
postsynaptic PD. Current injection was accomplished through a second electrode in the PD.
Calibration: 10 mV, 10 nA, 0.5 second.
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I now report physiologically signifi-
cant graded control of transmission from
impulse-producing neurons operating
under conditions approaching their nor-
mal functional environment. These grad-
ed synaptic interactions can coordinate
the proper phasing of neuronal activity
within a functioning pattern generator.

Both impulse-mediated and graded
transmission are found in the stomato-
gastric ganglion of the spiny lobster,
Panulirus interruptus ). It is an acces-
sible, well-characterized visceral gangli-
on composed of approximately 30 indi-
vidually identified motor neurons and
interneurons. It contains two nearly in-
dependent subsystems (pyloric and gas-
tric), each of which generates a different
cyclic motor output to the stomach mus-
culature. Discrete, impulse-mediated
PSP’s are a prominent feature of neuro-
nal communication within the ganglion,
and corresponding monosynaptic path-
ways have been mapped (Fig. 1A) (5).
Recent studies of the pyloric subsystem
have demonstrated the graded control of
transmission between neurons that were
already known to interact through con-
ventional impulse-mediated synapses
(6). During normal behavior each pylor-
ic neuron fires a high-frequency burst of
nerve impulses at a set phase in the cy-
clic program. These bursts of impulses
are driven by 15- to 25-mV oscillations in
membrane potential arising (i) in re-
sponse to synaptic inputs from other
neurons in the pyloric network and (ii)
from intrinsic membrane properties that
give rise to prolonged regenerative depo-
larizations or ‘‘plateau potentials’ (7).
My primary goal was to determine
whether the oscillations that drive im-
pulses could by themselves, in the ab-
sence of impulses, cause a significant re-
lease of transmitter and whether this
graded release would be sufficient to co-
ordinate the proper phasing of neuronal
activity within the cyclic program.

To assess the role graded release plays
in the functioning pyloric pattern gener-
ator, a technique was devised that elimi-
nates nerve impulses in otherwise nor-
mally active preparations. The technique
relies on tetrodotoxin (TTX), which
blocks voltage-sensitive sodium chan-
nels but does not interfere directly with
transmitter release or the generation of
synaptic potentials (8). Bath application
of TTX rapidly blocks impulse con-
duction in all nerves, including the ante-
rior (stomatogastric) nerve, which car-
ries inputs from more central ganglia
necessary for the natural activation of
the pyloric pattern generator (7, 9).
However, if TTX is restricted to the
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Fig. 2. Simultaneous intracellular recordings
from the LP neuron and a PD neuron during
the washing out of toxin 4 minutes after a lo-
calized application. Impulse generation failed
during the course of a plateau potential in the
LP. A single LP impulse caused a discrete
PSP in the postsynaptic PD neuron and was
followed by smooth inhibition of the PD medi-
ated by the remainder of the LP plateau. Cali-
bration: 10 mV, 1 second.

posterior margin of the stomatogastric
ganglion, a region close to the presumed
impulse-initiating zones of the pyloric
motor neurons (/0), pyloric impulse gen-
eration is blocked before descending ac-
tivating units or cellular pacemaker po-
tentials are grossly affected (Fig. 1B).
Under these conditions, the membrane
potential oscillates spontaneously with-
out normal impulse production.

These experimental conditions allow
graded synaptic transmission to be ob-
served in naturally activated cycling
preparations (//) (Fig. 1C). Three elec-
trically coupled endogenous bursters,
neurons with spontaneously oscillating
membrane potentials, compose the AB/
PD group of cells (5). This group acts as
the pyloric pattern pacemaker, providing
a source of strong cyclic inhibition to all
other pyloric neurons. The LP cell is the
only motor neuron in the ganglion that
makes inhibitory synaptic connections
onto the AB/PD group. Figure 1C, shows
normal spontaneous activity in these
four neurons. Although impulse genera-
tion is vigorous, individual PSP’s are dif-
ficult to distinguish in active prepara-
tions because the potentials overlap (12).
Localized TTX perfusion blocked nerve
impulse initiation in individual pyloric
motor neurons one at a time, presumably
as toxin diffused anteriorly and ventrally
through the tissue. In Fig. 1C, the LP
neuron was no longer firing impulses, yet
strong LP-mediated inhibition of the PD
neurons is evident as a hyperpolarization
of the PD’s corresponding to depolariza-
tion of the LP. This inhibition was simi-
lar to that seen during LP impulse gener-
ation, but it lacked the slight ripple asso-
ciated with impulse-mediated PSP’s
(Fig. 1C,). The magnitude of graded inhi-
bition observed during localized TTX ex-
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periments was equal to or greater than
impulse-mediated transmission seen in
normal preparations. In Fig. 1C;, all
spontaneous activity had ceased (/3).
Brief stimulation of the anterior nerve in-
duced transient pyloric cycling resem-
bling behavior observed in control condi-
tions, except that impulse activity was
suppressed. Even in the absence of im-
pulses, pyloric neurons were depolarized
in the same relative phases as during nor-
mal cyclic behavior (/4). Continued lo-
calized toxin perfusion blocked any re-
sponse to anterior nerve stimulation. At
these times synaptic transmission could
be evoked by depolarizing currents ap-
plied through an intracellular micro-
electrode.

Both impulse-mediated transmission
and graded transmission observed when
TTX is added to the bathing saline are
chemically mediated in the pyloric sub-
system (/5). The chemical nature of
graded release observed during localized
TTX experiments is indicated by two ob-
servations: (i) postsynaptic waveforms
are opposite in sign from the presynaptic
potentials that drive them and (ii) post-
synaptic waveforms can be reversed
in sign with hyperpolarizing currents.
Spontaneous plateau potentials in the LP
neuron caused smooth potentials in a PD
neuron, which were reversed in sign
when the PD was tonically hyperpolar-
ized with current (Fig. 1D).

During the normal operation of the py-
loric pattern generator, does synaptic
transmission mediated by nerve im-
pulses or synaptic transmission mediated
by slow membrane potential oscillations
have a greater postsynaptic effect? The
relative magnitudes of graded and im-
pulse-mediated transmission can be
compared during the early stages of TTX
action, or as the toxin is washed out. The
partial suppression of impulse generation
at these times allowed the concurrent vi-
sualization of graded and impulse-medi-
ated effects. In Fig. 2 the impulse gener-
ating mechanism of the LP neuron failed
after a single impulse during a sponta-
neous plateau potential. The magnitude
of the graded postsynaptic response
evoked by the plateau potential alone
was greater than the response evoked by
the single impulse. Under control condi-
tions, impulse amplitude of the LP neu-
ron as measured in the soma of the same
cell was the same as, and the PSP’s
evoked by LP impulses were smaller
than, those in Fig. 2. In general, during
the course of localized toxin experi-
ments, graded synaptic effects and im-
pulse-mediated effects appeared to be of
comparable magnitude (/6).
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Fig. 3. (A) Simultaneous activity in three rep-
resentative pyloric neurons in an isolated sto-
matogastric ganglion 0.5 second after a brief
train of shocks to the anterior input nerve. (B)
Simultaneous recordings from the same neu-
rons after the ganglion was bathed in 5 X
10~*M dopamine and 2 x 10~*M TTX. Cali-
bration: 25 mV, 1 second.

Even though pyloric neurons normally
fire nerve impulses, graded release can,
by itself, lead to the proper phasing of
pyloric cell activity. This was most ap-
parent when dopamine, a candidate sub-
stance for the natural induction of pylor-
ic cycling (I7), was used to induce rhyth-
mic activity in preparations in which
impulse generation was blocked by TTX.
Bath application of TTX eliminates all
cyclic activity. If both TTX and dopa-
mine are present in the bathing solution,
spontaneous pyloric cycling in the ab-
sence of impulse activity is observed
(18). All of the major classes of neurons,
AB/PD, LP, and PY, were depolarized in
their appropriate phases within the py-
loric cycle (Fig. 3). The oscillatory wave-
forms of any one of the important pyloric
follower neurons (LP and PY’s) could
be reversed in sign for many cycles by
the tonic injection of hyperpolarizing
current. This result suggests that under
these conditions their waveforms were
primarily determined by extrinsic graded
chemical transmission and not by in-
trinsic properties dependent on mem-
brane potential. Thus, the correct phas-
ing of pyloric neuron activity seen when
the ganglion is bathed in dopamine and
TTX can be attributed to strong graded
synaptic interactions.

The presence of strong graded chem-
ical transmission during normally acti-
vated or dopamine-induced pyloric pat-
tern generation, and its ability to coordi-
nate the proper phasing of neuronal
activity, suggest that graded interactions
normally play a role in the generation of
the motor program. Pyloric neurons are
part of a localized pattern-generating
network confined to the ganglionic
neuropil, and at the same time they act
as motor neurons, driving muscles dis-
tant from the ganglion. Graded inter-
actions can play an important role in in-
traganglionic function, whereas nerve
impulses are necessary for the projection
of information to the muscles. The mix-
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ture of impulse-mediated and graded
transmission observed within the gangli-
on may reflect these two functional fea-
tures. Similar considerations suggest
that mixtures of impulse-mediated and
graded transmission might occur in other
systems where projection neurons par-
ticipate in local circuit interactions (19).
JONATHAN A. RAPER
Department of Biology, University of
California at San Diego, La Jolla 92093
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Transmitter-Specific Retrograde Labeling in

the Striato-Nigral and Raphe-Nigral Pathways

Abstract. Injecting radioactive transmitters into the rat substantia nigra led to
retrograde neuronal labeling either in the dorsal raphe nucleus, after *H-labeled
serotonin injection, or in the caudoputamen, after *H-labeled y-aminobutyric acid
injection. This differential labeling in projections whose transmitter has been estab-
lished provides the basis for a histochemical tracing method indicating both con-
nectivity and transmitter specificity of neural pathways.

We have proposed that the connectivi-
ty and the chemospecificity of neural
pathways could be established by trans-
mitter-related retograde tracing (/). Such
selective tracing could be based on spe-
cific terminal uptake after the adminis-
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tration of radioactively labeled trans-
mitter, retrograde axonal migration, and
retention of labeled material. The hy-
pothesis of selective tracing originated
from the observation of perikaryal label-
ing of neurons in the pigeon optic lobe
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after [*Hlglycine was applied to the ter-
minal area (/). The release of exogenous
and endogenous glycine when this path-
way is electrically stimulated indicates
its glycinergic nature (2). Furthermore,
retrograde labeling has been found after
administration of y-[*HJaminobutyric acid
(GABA) in two neuronal systems. in
which the transmitter has not been de-
termined by well-established criteria
(I, 3). We have now tested our hypoth-
esis in mammalian pathways character-
ized with respect to their transmitter.

The rat striato-nigral and raphe-nigral
projections were chosen as models.
Electrophysiological and biochemical
investigations leave little doubt that
GABA is a transmitter in the striato-ni-
gral pathway ¢, 5). There is also good
evidence for a serotoninergic projection
from the raphe nucleus to the substantia
nigra (6). According to the hypothesis
tested, injection of [PH]JGABA into the
substantia nigra should lead to perikaryal
labeling in the caudoputamen, whereas
application of [*H]serotonin should label
nerve cell bodies in the raphe nucleus.

We tested these predictions in female
albino rats (160 to 190 g) anesthetized
with Nembutal (40 mg per kilogram of
body weight, injected intraperitoneally)
for stereotaxic injections (coordinates
were 2.6 mm anterior to the interaural
line, 2.0 mm lateral to the midline, and
2.0 mm below the horizontal zero plane)
(7). Two animals received P H]JGABA (15
nCiin 0.05 wl, 5.6 mM, or 10 wCi in 0.1
ul, 1.85 mM, 4-amino-n-[2,3-*H]butyric
acid, 54 Ci/mmole; Radiochemical Cen-
tre, Amersham) and another two [*H]sero-
tonin (13 to 16 uCi in 0.05 ul, 24 to 30
mM, S5-hydroxy[G-*H]tryptamine crea-
tinine sulfate, 10.7 Ci/mmole; Radio-
chemical Centre). As a control, the un-
specific retrograde marker substance
horseradish peroxidase (HRP) [0.05 ul of
30 percent (weight to volume); Boeh-
ringer RZ3] was used to treat two rats.
The survival time was 6 hours in the
GABA and serotonin cases and 1 day in
the HRP experiments. The animals were
intracardially perfused, first with 5 per-
cent Rheomacrodex solution (Pharmacia
Uppsala) for 20 to 30 seconds and then
with 400 ml of 5 percent phosphate-buf-
fered (0.16M, pH 7.4) glutaraldehyde fix-
ative. Transverse frozen sections (50 um
thick) were prepared for light microscop-
ic autoradiography according to standard
techniques and exposed in the dark for 6
and 12 weeks or stained for peroxidase
activity (8).

The two injection sites after [*HJ-
serotonin application differed in size
from each other. Nevertheless, labeling
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