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Sensory Function and Gating of Histaminergic Neuron C2 in Aplysia
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This paper explores the possible sensory function of the iden-
tified histaminergic neuron C2. Mechanical stimulation of a
narrow region around the mouth of the animal (perioral zone)
elicits brief depolarizing potentials in C2. Extracellular record-
ings from the peripheral axons of C2 indicate that the depolar-
izing potentials are due to action potentials that are conveyed
from the periphery but do not invade the cell body, since they
fail at a region with a low safety factor within the cerebral
ganglion. These blocked axonal spikes (A-spikes) function as if
they were excitatory synaptic inputs to C2, since the synaptic
output of C2 does not occur unless the A-spikes succeed in evok-
ing full action potentials in the soma (or an electrically close
initial segment) of C2. Furthermore, like synaptic potentials,
the A-spikes exhibit temporal and spatial summation, and fa-
cilitation. C2 receives both tonic and phasic inhibitory synaptic
potentials, which can decrease the summation of A-spikes and
thereby alter the frequency-filtering properties of C2 or block
its synaptic output. Thus, C2 appears to be an unusual proprio-
ceptive afferent that has a high degree of integrative function
and may provide critical gating that is dependent on a variety
of external and internal conditions.

In previous work (Weiss et al., 1986a, b), we provided evidence
that the identified histaminergic neuron C2 of Aplysia fires dur-
ing a feeding motor program and provides slow excitatory syn-
aptic input to the metacerebral cell (MCC), a neuron that exe-
cutes aspects of a food arousal state in the animal. The data
suggest that C2 is an element of the circuits involved in me-
diating the food arousal state. During feeding motor programs,
C2 exhibits depolarizing potentials that summate and drive the
cell into a high-frequency burst of spikes. Although these de-
polarizing potentials are evoked by food stimuli, they are not
directly dependent upon this chemosensory stimulation, since
they continue to occur for a period of time after the chemosen-
sory stimulation is terminated. In the present paper, we explore
2 questions: (1) what provides the excitatory potentials to C2,
and (2) how might the activity of C2 be modulated? We provide
evidence that C2 is a mechanoafferent neuron that can monitor
some aspect of the feeding behavior of the animal. Furthermore,
the synaptic output of C2 appears to be gated in an all-or-none
fashion by inhibitory synaptic input and by electrotonically
transmitted axon spikes that function like excitatory input to
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the cells. Some of these results have appeared in a preliminary
communication (Weiss et al., 1983).

Materials and Methods

The electrophysiological methods used in this study were standard tech-
niques, previously described. Intracellular recordings were obtained by
means of double-barrel microelectrodes filled with 2 M potassium ci-
trate. Three types of preparations were used: (1) semi-intact, (2) reduced,
and (3) isolated nervous system. The semi-intact preparation (Weiss et
al., 1986b) consisted of the isolated head in which the buccal artery was
perfused with cooled seawater (15°C). The cerebral ganglion was pinned
to a transilluminated stage and desheathed in order to expose C2 and
the MCC. The reduced preparation consisted of the isolated cerebral
ganglion, together with one or more lip nerves connected to the anterior
tentacles, mouth, and jaws. In some experiments, an inflatable rubber
“balloon” was inserted into the mouth in order to provide a reproducible
mechanical stimulus to the jaws and perioral zone (Fig. 1). The balloon
was constructed of a thin-walled rubber finger cot, and was inflated by
means of seawater injected through a polyethylene tube that was tied
into the open end. In order to monitor the inflation of the balloon,
pressure in the tube was measured by a Statham pressure gauge. Extra-
cellular nerve recordings were made en passant by means of a double-
membrane electrode (Koch et al., 1984) or a polyethylene suction elec-
trode into which a loop of nerve was drawn. The isolated preparation
consisted of the cerebral ganglion connected only to the buccal ganglion,
with all peripheral structures removed.

Chemical synaptic transmission was blocked by a solution containing
reduced Ca?* concentration (0.5 x normal, 5 mm) and increased Mg+
concentration (4 x normal, 200 mm).

Results

C2 is excited by mechanostimulation of the perioral zone

We have previously found that in the isolated head preparation
one could record excitatory potentials in C2 during one phase
of the feeding motor program (Weiss et al., 1986b). We showed
that these excitatory potentials could be elicited by mechanical
stimulation of the lip area, and that the amplitude of the po-
tentials decreased as the cells were hyperpolarized. These ob-
servations were consistent with a hypothesis that the excitatory
potentials were blocked axon spikes (A-spikes), and that cell C2
was an afferent neuron. In the first series of experiments designed
to test this hypothesis, we attempted to determine if these ex-
citatory potentials were due to central neurons that were excited
during activation of central programs, or were associated with
afferent input from the periphery. We eliminated all afferent
input by using a preparation consisting of the isolated cerebral
ganglion connected to the buccal ganglion. Rhythmic motor
programs were elicited by stimulating the esophageal nerve at
1 Hz. In 10 preparations, such stimulation regularly evoked
widespread activity in the buccal ganglion and in numerous cells
in the E cluster of the cerebral ganglion. This activity probably
reflected egestive, rather than ingestive, responses, but the
esophageal nerve was used because, of all of the nerves, it evokes
the most reliable and vigorous rhythmic output. Although C2

2416



The Journal of Neuroscience

Sensory Function of Histaminergic Neuron

2417

‘\\a!

BALLOON

_ J&

BALLOON Y h 2
INFLATION '/
/ CEREBRAL 4.‘0

TENTACLE

/
A
|

REC

SUCTION
ELECTRODE

STIM

Figure 1. Semidiagrammatic repre-
sentation of the reduced preparation
used to stimulate the lips and the peri-
oral zone while recording intracellu-
larly from the cells in the cerebral gan-
glion (cerebral g.), and recording
extracellularly from peripheral nerves.
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Pressure on the tissues of the buccal
mass was measured by recording the
pressure of the arterial inflow, as de-
scribed by Weiss et al. (1986b). In

some preparations in which the re-

\

probe, the mouth balloon was not

/ ceptive field was explored with a blunt
used.

received inhibitory input during such patterned activity, fast
excitatory potentials were never seen (Fig. 14 in Chiel et al,,
1986), which supports the idea that these potentials may arise
in association with peripheral afferent activity.

Receptive field

To determine the area of stimulation that produced responses
in C2, we used the isolated head preparation and applied me-
chanical or seaweed stimuli to various regions of the head using
probes, a mouth balloon (see Fig. 1 and Materials and Methods),
or pieces of seaweed (Laver). Consistent with our previous re-
sults (Weiss et al., 1986a, b), mechanical stimuli evoked re-
sponses in C2, and all short-latency responses evoked by sea-
weed appeared to be due to the mechanostimulatory properties
of the stimulus. Gentle stimulation with a probe of the tissue
immediately around the mouth evoked fast potentials in C2
even when there was no sign of a rhythmic motor program (Fig.
2). With a maintained stimulus provided by the inflated bailoon,
C2 exhibited a train of spike activity (Fig. 2B).

The reduced preparation permitted more detailed mapping
of the receptive field of C2. Mechanical stimuli were effective
only when applied to a narrow band of tissue around the mouth,
i.e., the perioral zone (Rosen et al.,, 1982). Pressure stimuli
produced by a blunt probe (fire-polished Pasteur pipette) were
effective when applied to either the internal or external surface
of the perioral zone. Pulling on muscle fragments inserted into
the perioral region was not effective in eliciting A-spikes. Details
of the projection zones of each of the nerves were not studied,
but we established that the posterior lip nerve innervated only
the posterior (caudal) region of the perioral zone, since this
region remained sensitive to mechanical stimulation when all
nerves were cut, except for the posterior lip nerve.

The depolarizing potentials in C2 are due to

blocked axon spikes

The depolarizing potentials in C2 that occurred in response to
mechanical stimulation of the perioral zone, or during feeding
in the semi-intact preparation, have an unusually fast rise time.
Furthermore, the fast potentials that occur in the isolated head
preparation were reduced when C2 was hyperpolarized (Weiss

etal., 1986b). These data suggest that the fast potentials are not
chemical excitatory synaptic potentials but, rather, electroton-
ically conducted A-spikes that are conducted from the periphery
and fail before invading the soma or initial axon. To test this,
we examined the excitatory potentials evoked by mechanical
stimulation at different levels of C2 membrane potential in a
reduced preparation. As would be expected for an A-spike, hy-
perpolarization of C2 always reduced (Fig. 24), and in some
cases eliminated, the potentials. We next strongly reduced or
blocked chemical synaptic transmission by a low Ca2* (5 mm),
high Mg2* (200 mm) solution and found that brief mechanical
stimulation of the perioral region still evoked a fast prepotential
that could be reduced in size by hyperpolarizing C2 (Fig. 24,).
In the presence of a low Ca?*, high Mg?* solution, the depolar-
izing response showed a reduced rate of rise. The reason for this
is unknown, but may reflect the effect of the presence of a sig-
nificant calcium component on the response in normal seawater,
which is absent in low Ca?*, high Mg?*, solution. Although C2
exhibited a small reduction of input resistance when hyperpo-
larized (anomalous rectification), a substantial decrease in the
size of its prepotentials was produced by hyperpolarization with-
in a range (10-20 mV) in which little or no alteration of input
resistance occurred. Similar results were obtained when a main-
tained stimulus was applied to the perioral zone. In normal
seawater, we recorded a series of fast potentials that could sum-
mate to produce an action potential (Fig. 2B,). In the low Ca?*,
high Mg?* solution, the prepotentials could still be evoked, al-
though mechanical stimulation of the perioral zone was less
effective in this solution than in normal seawater, i.¢., the thresh-
old appeared to be elevated. This was consistent with obser-
vations made on several types of mechanoafferents in Aplysia
(Byrne et al., 1974; Rosen et al., 1979) in which perfusion with
solutions with a high magnesium content increased the threshold
of the mechanoafferents. Our results support the suggestion that
the prepotentials in C2 are electrotonically conducted A-spikes
that are initially generated at the terminals of the axons of C2
in the perioral zone, and are conducted centrally, but fail to
invade the cell body since they are presumably blocked at a
region of low safety factor in the cerebral ganglion (see Fig. 4).
Since the prepotentials are also evoked when the preparation is
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Figure 2. Properties of the response of neuron C2 to peripheral stim- P LIP NERVE Sy I — . D
ulation of the perioral zone. 4, Very brief mechanical stimulation of | I l I
the perioral zone with a probe, both in normal ASW (4/) and in a
solution containing 4 x normal Mg?* and 0.5 x normal Ca*" (4,), pro-
duced a depolarizing potential characterized by a relatively fast rise c
time. When cell C2 was hyperpolarized —10 mV from the resting po- 2 30uV
tential (RP), the amplitude of the response decreased (lower row of 30my
recordings, A, and A4,). B, More prolonged mechanical stimulation of 40msec
the perioral zone (using an inflated balloon) produced a burst of fast
depolarizing potentials. In normal seawater (B,), the depolarizing po-
tentials can summate and give rise to an action potential. B,, The prep- C

aration was bathed in a solution of low Ca2*, high Mg?* identical to that
shown in A4,. Stimulation of the perioral zone produced a train of po-
tentials of lower frequency than in B, presumably reflecting an increase
of threshold in this solution.

in a solution that blocks chemical transmission, C2 appears to
be a primary mechanoafferent neuron. We cannot, however,
exclude the possibility that C2 is a secondary afferent whose
peripheral terminals are excited by a primary sensory cell that
is electrically coupled, or coupled by means of a chemical syn-
apse that is protected from the low Ca?*, high Mg?* solution.
Either interpretation, however, predicts that the A-spikes in C2
would be associated with a spike in a peripheral nerve, and that
the peripheral spike conducts toward the cell body.

We, therefore, recorded en passant from peripheral nerves in
a reduced preparation consisting of the lips, tentacles, mouth,
and cerebral ganglion. Spikes were elicited in C2 by intracellular
depolarization. The intracellular spike was always followed by
a relatively large extracellular spike that appeared in the pos-
terior lip nerve. Smaller spikes appeared in the medial and
anterior lip nerves, which, compared to the posterior lip nerve,
are of larger diameter and consequently provide a greater shunt
for extracellular currents. Reproducible mechanical stimulation
of the perioral zone was provided by inflating a balloon inserted
into the mouth (see Fig. 1). Figure 3 shows a low-speed en
passant recording from the posterior lip nerve and cell C2, to-
gether with a recording of the pressure used to monitor the
inflation of the balloon. Inflation of the balloon resuited in a
burst of activity recorded extracellularly in the nerve as well as
in an increase of action potentials in C2 (Fig. 34). In Figure 3B,
a faster sweep speed indicates that for each intracellularly re-
corded action potential there is a corresponding extracellular
spike. In 3C, superimposed traces (three sweeps in each case)
for intracellular and extracellular records are shown. The extra-
cellularly recorded action potentials are identical when the spike
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Figure 3. Direction of propagation of C2 action potential in the pos-
terior lip nerve. A, Low-speed intracellular recording from neuron C2,
simultaneous with an extraceliular recording from the posterior (p.) lip
nerve. Arterial pressure of the buccal mass was used to monitor the
filling of the balloon, which served to stimulate the jaws and the perioral
zone of the animal. B,, Higher-speed recording of the section of the
record illustrated in 4. Note the one-for-one potentials in the soma of
C2 and in the posterior lip nerve. Occasional extracellular spikes that
did not correlate with potentials in C2 were also seen. These spikes had
different waveforms from those that correlated with C2 activity and
may reflect the axonal spikes of neurons homologous to C2. B,, Extra-
cellularly recorded potential in the posterior lip nerve in response to
intracellular stimulation of C2. C, Superimposed traces comparing the
latency of the somatic and peripheral action potentials of C2. The pair
of recordings on the left show that when the peripheral action potential
was evoked by intracellular stimulation of cell C2, the rising phase of
the somatic action potential preceded the peripheral action potential.
When the action potentials were evoked by mechanical stimulation of
peripheral tissues (middle traces), the rising phase of the somatic action
potentials followed the peripherally recorded potentials. When me-
chanical stimulation evoked spikes while C2 was hyperpolarized (right
traces), the potentials recorded in the soma were reduced, indicating
that they were A-spikes rather than synaptic potentials.

is triggered intracellularly (left trace) or when it is triggered by
stimulation of the mouth (middle trace). When a somatic spike
is initiated by direct depolarization, the rising phase of the so-
matic spike precedes the extracellular spike recorded in the nerve
(left trace). By contrast, when spikes are initiated by mechanical
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Figure 4. Morphology of C2 as revealed by intracellular injection of
cobalt chloride, followed by precipitation with ammonium sulfide. A,
Low-power view of the left and right C2 in a cerebral ganglion. Distance
between cells, 1.6 mm. The 3 axons of C2 are indicated by arrows. B,
Closeup of the right C2, showing its 3 fine peripheral axons, its initial
stout process, and fine processes emanating from the stout process.
Diameter of cell body, 100 um.

stimulation of the mouth, the extracellular spike in the nerve
precedes the somatic potentials (middle trace), indicating that
the extracellular spike is conducted in the opposite direction,
i.e., from the periphery towards the ganglion. The recording on
the right side of Figure 3C illustrates that when C2 is hyper-
polarized, the intracellular potential that is evoked by stimu-
lation of the mouth is decreased in amplitude, indicating that
it is indeed an A-spike.

Morphology of C2

In order to gain some insights into the functional properties of
C2, its gross morphology was ascertained by pressure-injecting
it with cobalt acetate and developing this in ammonium sulfide.
Consistent with previous anatomical studies (Gotoh and
Schwartz, 1982; Weinreich, 1978), we found that C2 sent 3
axons to peripheral nerves—the posterior lip nerve, the medial
lip nerve, and the anterior lip nerve (Fig. 44). The cell body of
C2 gave off a stout process containing numerous fine processes
(Fig. 4B). The stout process ran toward the periphery of the
ganglion and abruptly narrowed at a point where it bifurcated
or trifurcated. In those cells that bifurcated, a second bifurcation
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Figure 5. Schematic diagram of structure of C2 showing the functional
regions discussed in the text: the soma (J), the initial, large-diameter
axon (I1), the region in which the initial axon divides () into fine
peripheral process (/V), the mechanoreceptive region of the axon (F),
and fine central synaptic processes (V) that emanate from the initial
axon.

occurred shortly thereafter. An occasional fine process was seen
emanating from axons at a point peripheral to where they had
separated from the main, large axonal process, but the great
majority of fine processes emanated from the stout segment
between the soma and the bi- or trifurcation. This arrangement
presumably accounted for the observation that the synaptic out-
put of C2 was dependent upon the presence of a full spike in
the initial segment or soma, as is described in a later section.
Figure 5 is a schematic diagram of the structure of C2, illus-
trating its main functional regions.

Synapse-like properties of the A-spike

Although our evidence indicates that the fast prepotential that
appears in C2 is an A-spike, we found that in some ways the
A-spike functions like a conventional chemical excitatory syn-
aptic potential. When the peripheral axon was electrically stim-
ulated at high frequency, the A-spikes showed temporal sum-
mation, which resulted in the cell’s reaching threshold. Once
threshold was reached, the cell did not show appreciable ad-
aptation, and continued to exhibit soma spikes, although, at
intermediate frequencies of stimulation, every other A-spike
might elicit a soma spike (Fig. 64). Probably contributing to
the relatively sharp threshold between no spikes and the sub-
stantial driving of somatic spikes was the presence of a positive
afterpotential in C2. In fact, if the cell was brought close to
firing threshold by means of intracellular depolarization, 1 or 2
antidromic spikes (or directly elicited spikes) could set C2 into
a prolonged burst of spikes (Fig. 6B). The burst of spikes was
associated with a cumulative slow depolarization that sum-
mated for 3 sec and then reached a steady state level.

In addition to temporal summation, the fast prepotentials in
C2 exhibited spatial summation. Figure 7 presents recordings
from the soma of C2 when pairs of single shocks were presented,
first, to the anterior lip nerve and then, after various intervals,
to the posterior nerve. The first line shows the A-spikes elicited
when either the anterior or posterior lip nerve alone was shocked.
The subsequent traces show that, as the interval between shocks
to the 2 nerves was reduced, the A-spikes exhibited temporal
summation. When the interval was reduced to 1 msec, the
A-spikes summated to threshold and initiated a full action po-
tential.

A train of A-spikes in C2 exhibited not only summation, but
facilitation, a form of plasticity. The facilitation ratio (initial
magnitude/final magnitude) was highly sensitive to the mem-
brane potential of C2, and the function relating facilitation ratio
to membrane potential was complex. Figure 8 portrays the sum-
mation and facilitation of A-spikes as a function of the various
membrane potentials at which C2 was held. The degree of fa-
cilitation of A-spikes clearly increased as the cell was progres-
sively depolarized. Although superficial inspection of the raw
data might suggest that the facilitation ratio smoothly increased
as the cell was depolarized, a graph of the data (Fig. 9, upper
graph) indicates sharp discontinuities in the function. Since C2
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Figure 6. Activation of somatic
spikes in neuron C2 by repetitive
stimulation of a peripheral nerve. A, B
Stimulation of the posterior lip nerve
produced A-spikes in the soma of C2.

These A-spikes summated to produce C2
action potentials that, at this frequen-

cy, follow every other A-spike. B,

When C2 was depolarized by intra-
cellular current, a single brief shock

to the posterior lip nerve elicited an
antidromic spike, followed by a pro-
longed burst of action potentials in

C2. Note the slow cumulative depo-
larization that may account for the
prolonged spike activity.

does not show step nonlinearities in its I-V curve, these dis-
continuities appear to be due to the appearance of step changes
in the A-spike magnitude as the cell reached critical levels of
membrane potential. This is revealed by the lower graph in
Figure 8, which shows the sizes of the initial and final A-spikes
used to determine the facilitation ratios. When the cell was
maintained at strongly hyperpolarized membrane potentials of

ANTERIOR POSTERIOR
200 msec 30 msec
1.5 msec |msec

N

Figure 7. Spatial summation of A-spikes in C2. The left and right
upper traces show the A-spikes produced by stimulation, respectively,
of the anterior and posterior lip nerve alone. Subsequent traces show
the effect of paired stimulation of the anterior lip nerve, followed by
stimulation of the posterior lip nerve. As the interstimulus interval
decreases, the 2 A-spikes show increasing summation, and with a 1
msec interval they summate sufficiently to elicit a full-size somatic
action potential.
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—80 to —85 mV, the initial A-spike was small and showed no
facilitation (first trace, Fig. 8; last points, Fig. 9, lower graph).
In the range between —85 and —70 mV, the initial A-spike
slightly increased with progressive background depolarization.
The final A-spike, however, exhibited a dramatic increase over
its initial value when the membrane potential was held very
hyperpolarized. This was a result of a step increase of the am-
plitude of the A-spike within the train of A-spikes. As the cell
was increasingly depolarized by intracellular current, the sum-
mating A-spikes brought it more rapidly to the critical threshold
for the step increase. For example, for the experiment shown in
Figure 8, when C2 was at —75 mV, the step increase of the
A-spike occurred at the fourth shock, whereas, at —70 mV, the
step occurred at the second shock. With sufficient background
depolarization, the first A-spike was already facilitated (Fig. 8,
—65 mV). This accounts for the step change of the initial A-spike
amplitude shown in Figure 9, lower graph. In addition to the
step changes of A-spike magnitude, depolarization also pro-
duced a graded increase in the magnitude of the final A-spikes
(Fig. 9, lower part). We interpret these findings as most likely
resulting from the following sequence: As the cell is depolarized,
either by the summating A-spikes or by background depolariza-
tion, the region where the A-spike is blocked moves closer to
the cell body. In addition, new axonal branches are brought to
threshold, resulting in step increases in the size of the A-spikes.

The facilitation of A-spikes might conceivably be due to an
underlying slow decreased conductance EPSP. To investigate
this, we compared the facilitation of the A-spikes in artificial
seawater (ASW) and in ASW with 10 mm Co?*. Although the
Co?* blocked synaptic transmission in the ganglion (Fig. 10B),
it did not significantly alter the facilitation of A-spikes (Fig.
104), which suggests that the facilitation was not due to an
underlying chemical synaptic potential.

Gating of synaptic output of C2

The fact that the A-spikes seen in C2 exhibit spatial and tem-
poral summation, as well as facilitation, probably would not be
of functional significance if the output of C2 were a direct re-
flection of its axonal input. In other words, if an A-spike were
as effective as a somatic spike in conveying the synaptic effects
of C2, the synapse-like properties of the A-spike in C2 would
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Figure 8. Temporal summation of A-spikes in neuron C2. The pos-
terior lip nerve was stimulated with trains of shocks to produce trains
of A-spikes in C2. The membrane potential of C2 was brought to dif-
ferent levels by intracellular injections of current. The amplitude and
facilitation of the A-spikes increased as the cell was held at increasingly
depolarized levels. When the cell was brought to its resting potential
(—60 mV), the summating A-spikes depolarized the cell to its threshold
and the cell fired an action potential (top of spike cut off by pen recorder).

be irrelevant to its function. On the other hand, the somatic
spike probably reflects invasion of the A-spike into the large
main process (Fig. 4) that contains the fine processes that pre-
sumably convey the synaptic output of C2 (Bailey et al., 1982).
We therefore examined whether the presence or absence of so-
matic spikes correlated with variation of the synaptic effects of
C2 on its follower cells. We examined inhibitory followers as
well as excitatory followers of C2. Figure 11 gives the results of
such an experiment; we electrically stimulated the posterior lip
nerve which contains an axon of C2. The frequency and duration
of stimulation were within the lower range of what normally
occurs, and were selected so that, when C2 was at resting po-
tential, the A-spikes did not summate sufficiently to produce
full-size action potentials in the soma. As is shown in Figure
114, when only A-spikes were recorded in the soma, there were
no obvious synaptic potentials in an inhibitory follower (IF) of
celi C2. Figure 11B shows that hyperpolarization of C2 resulted
in a decrease of depolarizing responses in C2, confirming that
the potentials were indeed A-spikes rather than synaptic poten-
tials. In this case also, no postsynaptic potentials were recorded
in the inhibitory follower. However, when cell C2 was depo-
larized by 10 mV, so that individual A-spikes produced one-
for-one full action potentials in C2 (Fig. 11D), a slow inhibitory
potential occurred in the inhibitory follower cell. The presence
of a synaptic potential could conceivably be due to the fact that
C2 was depolarized, since C2 (Weiss et al., 1986a), as well as
many other molluscan neurons (e.g., Shapiro et al., 1980; Shi-
mahara and Tauc, 1975), exhibits enhanced release of trans-
mitter when the cell is maintained with a background depolar-
ization. To control for this, we held C2 at resting membrane
potential and fired individual action potentials by injecting a
series of 5 msec current pulses. Under these conditions, we still
observed inhibition of the follower cell (Fig. 11C). The inhi-
bition was comparable to that produced by the somatic spikes
evoked by A-spikes when C2 was depolarized. This indicates
that the critical factor for the release of transmitter was the
occurrence of full action potentials in the soma or main process,
rather than the holding membrane potential per se.

Figure 12 gives the results obtained using the excitatory slow
synaptic potential in the MCC as an index of the synaptic effects
of C2. Again, we found little evidence for a synaptic effect of
A-spikes in C2 in the absence of somatic spikes.
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Figure 9. Facilitation of A-spikes in C2 as a function of membrane
potential. C2 was held at different membrane potentials and trains of
shocks were presented to the posterior lip nerve in order to elicit
A-spikes (see Fig. 8 for experimental paradigm), Top graph shows the
facilitation ratio as a function of the holding membrane potentials of
C2. The facilitation ratio is the size of the final A-spike of the train,
divided by the size of the initial A-spike. Each A-spike was measured
from the point of rise to the peak size. The graph shows 2 sharp breaks.
Bottom graph shows the actual size of the initial and final A-spikes and
reveals that the breaks in the graph of facilitation ratios are due to one
break in the initial A-spike function, and a second break in the final
A-spike function.
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Figure 10. Effect of blocking chemical synaptic transmission on the
summation and facilitation of A-spikes in neuron C2. A-spikes were
elicited by trains of stimulation of the posterior lip nerve. 41, The
preparation was bathed in seawater and the A-spikes showed their char-
acteristic facilitation and summation. 42, The bath contained seawater
plus 10 mm cobalt ions, to block chemical synaptic transmission. The
facilitation and summation of A-spikes was not significantly altered in
this solution. B, Demonstration of the efficacy of cobalt in blocking
chemical transmission in this preparation. BI, When the preparation
was bathed in a solution of seawater, a train of action potentials in
neuron C2 produced a characteristic slow synaptic potential in the MCC.
B2, This potential was totally abolished when the preparation was bathed
in seawater with cobalt.



2422

A NERVE STIM. B
(REST. POT.) (-iomv)

. -

WRSHLE DAl

NERVE STIM.

C INTRACELL. STIM. D NERVE STIM.

{REST. POT.) (+10mV)
l | lomv
M I

|
__l20mv
lsec
Figure 11. Effects of somatic spikes in neuron C2 on synaptic trans-

mission to an inhibitory follower (IF) of C2. A train of electrical stimuli
(NERVE STIM.) to the posterior lip nerve was used to produce A-spikes
in C2. 4, When C2 was held at resting potential (REST. POT.), the
A-spikes did not bring the cell to its threshold for producing somatic
spikes, and no synaptic potential was seen in the inhibitory follower of
C2. B, Neuron C2 was hyperpolarized and the magnitudes of the fast
potentials in C2 were reduced, indicating that they were A-spikes. Again,
no inhibition was seen in the inhibitory follower cell. C, C2 was held
at resting membrane potential and a burst of somatic spikes was pro-
duced by injecting brief intracellular current pulses (INTRACELL.
STIM.) so that each pulse produced a single action potential. The cell
was driven at the same rate at which the A-spikes were elicited in the
record shown in 4. Under these conditions, a slow inhibitory synaptic
potential was evoked in the inhibitory follower of C2. D, When C2 was
depolarized by 10 mV, stimulation of the posterior lip nerve produced
A-spikes, each of which evoked an action potential in the soma of C2.
Invasion of the soma was accompanied by a slow inhibitory synaptic
potential in the inhibitory follower cell.

Synaptic modulation of somatic spike activity of C2

The above results indicate that the presence of a somatic spike
correlates with the synaptic output of C2. This finding would
have added significance if the spike activity of C2 could be
modulated by synaptic input. We have occasionally observed
what appeared to be a weak slow excitatory input to C2, but by
far the most powerful and reliable modulation occurs by means
of inhibitory input. Electrical stimulation of the esophageal nerve
elicits a hyperpolarization in C2. This hyperpolarization is due
to a chemically mediated IPSP, since it is associated with an
increased membrane conductance and it reverses when C2 is
hyperpolarized (Fig. 134,). An IPSP also occurs in C2 spon-
taneously during an organized burst of a feeding motor program
in the buccal ganglion (Fig. 13B, ;). When either the evoked or
spontaneous IPSP occurs, it greatly reduces the capacity for
A-spikes to evoke somatic spikes. In part, this is a consequence
of the fact that the IPSP hyperpolarizes C2 away from its firing
threshold. In addition, and perhaps more important, the IPSP
increases membrane conductance and greatly accelerates the
decay of individual A-spikes. Thus, temporal and spatial sum-
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mations are greatly diminished. Furthermore, the apparent fa-
cilitation of the A-spikes is reduced, since this type of facilitation
is related to the level of depolarization of C2. Even a single
well-placed IPSP can have a significant effect on the net depo-
larization elicited by a train of A-spikes in C2. In Figure 135,
the occurrence of individual IPSPs in C2 was monitored by
simuitaneously recording from a neuron (GF) that exhibits a
large EPSP synchronous with an IPSP in C2. Figure 13B, shows
the summation of A-spikes in C2 when it has no inhibitory
synaptic input. Figure 13 B, gives the summation of the A-spikes
when a single IPSP occurs (following the seventh A-spike).
Figure 13B, indicates the effect of a series of IPSPs, which
dramatically reduce the net depolarization produced by the
A-spikes.

Discussion

The present results indicate that C2 is a complex mechanoaf-
ferent neuron that possesses a number of unusual properties,
some of which may contribute to its plastic functions in phe-
nomena such as arousal. It appears to provide proprioceptive
information to the CNS, and signals some aspect of a phase of
behavioral activity associated with feeding. In addition, it is
activated by external mechanoafferent stimulation applied to
the perioral zone. While C2 has a number of properties in com-
mon with other mechanoreceptors of invertebrates (Audesirk
and Audesirk, 1980a, b; Byrne et al., 1974; Cobbs and Pinsker,
1978; Getting, 1976; Rosen et al., 1982), the overall constel-
lation of properties of this cell distinguishes it from other re-
ceptor neurons in Aplysia and other invertebrates. For example,
several types of sensory as well as motor neurons that exhibit
branch block have been described (Dorsett and Sigger, 1981;
Haydon and Winlow, 1982; Spira et al., 1976; Spray et al.,
1980a, b; Van Essen, 1973; Yau, 1976), but, unlike C2, these
neurons are not blocked when first activated. Rather, the block
typically occurs as a consequence of prolonged high-frequency
firing. By contrast, C2 initially is in a nonconducting state. Low-
frequency spike activity is blocked at its entry into the CNS and
functions like excitatory synaptic input. If axonal input occurs
at sufficient frequency, the cell switches to a transmitting mode
and distributes varied synaptic outputs to its follower cells. Once
the cell is in the transmitting mode, branch block does not occur
as a consequence of normal rates of axon firing but, rather, is
easily produced by powerful inhibitory synaptic input, or by the
rate of axon firing falling below a threshold value.

Sensory function of C2

The conclusion that C2 functions as an afferent neuron is based
on the evidence that the source of the powerful excitatory po-
tentials in C2 is an axon spike that is an electrotonic reflection
of a spike transmitted from one or more peripheral axons of
C2, and that normally does not invade the soma of C2. Although
the evidence provides strong support for the conclusion that C2
is an afferent neuron, the conclusion that it might be a primary
afferent is tentative, since it is based mainly on the observation
that peripheral mechanical stimuli are still effective in a solution
of low Ca?*, high Mg?* ions. This solution might not penetrate
to the putative peripheral chemical synapses even though it
penetrates sufficiently to increase the threshold for the activation
of the afferents. Furthermore, there might exist an interposed
peripheral electrical junction which would not be blocked by
the low Ca?*, high Mg>* solution.

Although C2 is an afferent neuron, it receives powerful, dis-
crete synaptic input. Several similar instances have been de-
scribed in other invertebrates. For example, the cerebral gan-
glion of Tritonia contains a population of mechanoafferent
neurons that are activated by stimuli applied to muscles of the
buccal mass, and that receive excitatory synaptic input in re-
sponse to chemosensory stimulation of the oral region (Audesirk
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Figure 12. Effects of somatic spikes in neuron C2 on synaptic transmission to the MCC, an excitatory follower. 4, With C2 at resting potential
(REST. POT.) stimulation (NERVE STIM.) of the posterior lip nerve produced a burst of A-spikes in C2. These A-spikes did not bring the cell
to threshold for producing somatic spikes, and no synaptic potential was seen in the MCC. B, When C2 was depolarized by 10 mV, nerve stimulation
produced action potentials that invaded the soma of C2, and a slow EPSP occurred in the MCC. C, Neuron C2 was held at resting membrane
potential and a burst of somatic spikes was produced by injecting brief intracellular current pulses (INTRACELL. STIM.) so that each pulse

produced a single action potential at the same rate as the A-spikes in 4. Under these conditions, a slow depolarizing synaptic potential was recorded

in the MCC.

and Audesirk, 1980a, b). Other examples in gastropods are the
mechanoafferents that innervate the buccal musculature of Na-
vanax (Spray et al., 1980a, b) and the sensory motor salivary
burster of Limax (Beltz and Gelperin, 1980). For these afferents,
it is not clear under what circumstances they normally fire. In
the case of C2, the neuron is powerfully activated at the end of
protraction and throughout the subsequent retraction of the
odontophore. The immediate stimulus for activation of C2 dur-
ing ongoing behavior after food is removed from the lips has
not been determined. Since C2 is readily activated by pressure

stimuli applied to the perioral zone, it is likely that C2 responds
to deformation of the perioral tissue when the buccal mass is
in a far-forward position or when the jaws close against one
another. Since stretching of individual muscles is not a very
effective stimulus, it is less likely that C2 is a muscle afferent,
but this possibility cannot be completely excluded.

Histamine as an afferent transmitter

Since there is considerable evidence that C2 utilizes histamine
as its transmitter (McCaman and Weinreich, 1982; Ono and

A An Az

CONTROL OESOPHAGEAL NERVE STIM.

. N,

100msec | sec

SPONTANEQUS PSP SPONTANEOUS PSP s

0 -—\//-
o
20 e
-30 ~__,.—~_____.__--—-l‘
_40 PRV PRI,
5mv _Jsmv

CONTROL

B, Bo Bz

. N

SN Y B N

_ liomv

100 msec

Figure 13. Effect of inhibitory synaptic input on the size and summation of A-spikes in neuron C2. 4,, A-spikes prior to stimulation of the
esophageal nerve (OESOPHAGEAL NERVE STIM.). The A-spikes were elicited by a train of electrical stimuli applied to the posterior lip nerve.
A,, Summation of A-spikes when the esophageal nerve was tonically stimulated. Note that the amount of summation is reduced. 4,, Slow IPSP
elicited in C2 by a 1 sec train of electrical stimulation of the esophageal nerve. Hyperpolarization of cell C2 first reduced the amplitude of the
IPSP, and then reversed it at approximately —20 mV from resting potential, which was approximately —60 mV. B, Effect of spontaneously occurring
IPSPs on A-spikes in C2. The occurrence of IPSPs in C2 was monitored in the unidentified cell GF, which showed a large EPSP synchronous with
an IPSP in C2. B,, A-spikes in the absence of spontaneous IPSPs. B,, Effect of a single IPSP that occurred during a train of A-spikes. B,, Effect of
continuous spontaneous IPSPs that occurred during a train of A-spikes.
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McCaman, 1980; Weinreich, 1977, 1979; Weinreich and Yu,
1977; Weinreich et al., 1973), our findings suggest that histamine
functions as the transmitter of at least one class of afferent fibers
in Aplysia. Currently, the only well-established sensory afferent
transmitter in invertebrates is acetylcholine, although the num-
ber of cases studied is relatively small (e.g., Barker et al., 1972,
Florey, 1973; Harrow and Sattelle, 1983; Heldman et al., 1979).
In Aplysia, the only previously known afferent transmitter is
ACh, which is present in identified cells B4 and B5 (Gardner
and Kandel, 1972; Ono and McCaman, 1979), which appear to
function as muscle mechanoafferents (Fiore and Geppetti, 1981,
Jahan-Parwar et al., 1983). Although C2 is highly unusual and
could not be considered a representative afferent neuron, the
presence of histamine suggests that ACh is not uniquely asso-
ciated with afferent transmission in Aplysia or invertebrates in
general. Indeed, for the mechanoafferent neurons in the abdom-
inal ganglion of Aplysia, again, ACh does not appear to be the
transmitter (V. F. Castellucci, personal communication).

Morphology of C2

Cobalt fills of C2 indicated that it has a number of morphological
characteristics that are consistent with its functional properties.
The cell sends 3 axons to peripheral nerves that innervate the
perioral region. The axons are of small diameter and join a main
axon that has considerably greater diameter. The abrupt increase
of axonal diameter presumably provides a region of low safety
factor, since the large axon will act as a current sink for the
relatively small currents generated by the fine peripheral axons.
Electron-microscopical studies of the axon of C2 by Schwartz
et al. (1986) indicate further axonal specializations that can
contribute to the low safety factor at the junction between the
peripheral axons and the main process. Finally, the great ma-
jority of fine processes of C2 are located centrally to the region
of presumed low safety factor at which the full axon spike fails
to actively propagate. The synaptic output of C2 (Bailey et al.,
1982) and of other molluscan neurons occurs at such fine pro-
cesses. Therefore, it is likely that the axonal spike is blocked
before reaching the primary synaptic release area. As a conse-
quence, the terminals will receive only small, electrotonically
transmitted depolarizations unless the peripheral spike invades
the main process. Because the main process is of large diameter,
its invasion by an action potential should always be associated
with a full action potential in the soma, and a somatic spike
should indicate that the terminals of C2 have been depolarized
to a level sufficient to produce transmitter release.

Gating of C2 excitatory input

Although C2 is an afferent neuron, in many ways it functions
as if it were a secondary interneuron that receives excitatory
synaptic input from primary afferent fibers. This is a conse-
quence of the fact that the centripetally transmitted spike of C2
initially fails to invade the cell body and appears as an A-spike
in the soma. The A-spikes function like synaptic input, exhib-
iting temporal and spatial summation, as well as a type of fa-
cilitation. The synaptic properties of the A-spikes are similar to
those exhibited by examples of electronic potentials between
electrically coupled neurons in the electromotor nucleus of fish
(Bennett and Pappas, 1983) and in the neuroendocrine bag cells
of Aplysia (Blankenship and Haskins, 1979). In these examples,
however, the functional significance of the synaptic electronic
potentials is not clear. On the other hand, the synaptic properties
of A-spikes in C2 appear to be of functional significance since
the A-spikes alone are ineffective in producing transmitter re-
lease—at least for the MCC and for some inhibitory follower
cells of C2. The morphology of C2 (see above) suggests that this
conclusion is likely to be valid for most or all of the follower
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cells of C2, but we cannot exclude the possibility that at certain
follower cells, transmitter release occurs even in the absence of
somatic or initial axon spikes.

Gating of synaptic output of C2

The fact that the synaptic output of C2 depends upon invasion
of the main axonal process or soma has several functional con-
sequences. First, it results in little or no synaptic output unless
the frequency of axonal spikes is sufficient to summate and reach
threshold for the soma, or initial axon process (regions I and II,
Fig. 5). One result of this feature is that C2 will “ignore” sporadic
or low-frequency afferent activity and will only pass on infor-
mation that is above some threshold of intensity.

A second consequence of the requirement for a central spike
is that the output of C2 can be modulated by synaptic input.
Excitatory synaptic input could, in principle, shift the operating
characteristic in the direction of increased sensitivity to low-
intensity stimulation, whereas inhibitory input will have the
opposite effect. We have not observed reliable excitatory input
to C2 but, as previously discussed, the cell receives several types
of powerful inhibitory inputs, including discrete phasic IPSPs
that occur during each cycle of the feeding motor program as
well as tonic IPSPs that occur when the esophageal nerve is
electrically stimulated. Phasic IPSPs in C2 are due, at least in
part, to the activity of an identified interneuron located in the
buccal ganglion. This interneuron fires in phase with a feeding
motor program and provides a corollary discharge to the ce-
rebral ganglion (H. J. Chiel, K. R. Weiss, and I. Kupfermann,
unpublished observations). The corollary discharge insures that
sensory information transmitted via activity of C2 during a
particular phase of the motor program will be “ignored” by the
CNS. Phase-specific gating of axonal branches ofa motor neuron
has been described in the lobster nervous system (Nagy et al.,
1981), and phasic gating of sensory information has been re-
ported for several systems in vertebrates and invertebrates (e.g.,
Bandler, 1984; Camhi and Hinkle, 1974; Chapin and Wood-
ward, 1982; Evoy, 1976; Forssberg et al., 1977; Gellman et al.,
1985; Murphey and Palka, 1974; Reichert and Rowell, 1985;
Russell, 1971). In Aplysia, this type of mechanism may operate
as a kind of highly effective presynaptic inhibition at the level
of a primary afferent. A form of corollary discharge resulting in
presynaptic inhibition of mechanoafferents has also been de-
scribed in the crayfish (Krasne and Bryan, 1973), but the mech-
anism (Kennedy et al., 1974) appears to be different from that
operating at C2. Furthermore, in the crayfish, the presynaptic
inhibition serves to protect the afferent synapse from synaptic
depression, whereas this function is unlikely in the case of C2,
whose synaptic outputs do not appear to exhibit any synaptic
depression within physiological limits.

The location of the somata of the cells that provide tonic slow
inhibition to C2 is not known. Since tonic inhibition can be
evoked by stimulation of the esophageal nerves, it is possible
that this inhibition plays a role in the process of food satiation,
which in Aplysia is largely the result of mechanostimulation of
the gut (Susswein and Kupfermann, 1975a, b). The inhibitory
input from the esophageal nerve raises the interesting possibility
that one type of interoceptor, which monitors a state such as
satiation, modulates in turn another type of interoceptor (C2)
concerned with monitoring consummatory motor activity. Gil-
lette et al. (1978) have reported that several types of behavioral
inhibition of feeding in the mollusk Pleurobranchaea are as-
sociated with inhibition at the level of feeding command neu-
rons, and perhaps earlier in the circuit. Our findings suggest that
inhibitory behavioral states, evoked either by satiation or by
noxious peripheral sensory stimulation, may be associated with
inhibitory activity that may operate at the level of sensory input
(see also Audesirk and Audesirk, 1980b).
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