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It is not yet understood how the molecular mechanisms con-
trolling the release of neuropeptides differ from those control-
ling the release of classical transmitters, mainly because there
are few peptidergic synapses in which the environment at the
presynaptic release sites can be manipulated. Using Aplysia
californica neuron B2, which synthesizes both peptide and
classical transmitters, we have established two synaptic types.
When B2 is cocultured with a sensory neuron, a peptidergic
synapse is formed. In contrast, when B2 is cocultured with

neuron B6, a classical synapse is formed. In contrast to a
common assumption, single action potentials can release both
types of transmitters. The secretion of peptide and classical
transmitters by B2 is inhibited by the presynaptic injection of
tetanus toxin, but not by an inactive mutant. Thus a
synaptobrevin-like molecule is involved in the secretion of
these two types of transmitters.
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Many neurons, perhaps all, contain classical and peptide cotrans-
mitters (Kupfermann, 1991). Although there are similarities in the
secretion of the two types of transmitters, differences are known.
For example, the release of classical transmitters occurs with a
single action potential, whereas secretion of peptides can require
high frequency firing or a particular pattern of activity (Dutton
and Dyball, 1979; Jan and Jan, 1982; Whim and Lloyd, 1989;
Cropper et al., 1990b; Peng and Horn, 1991). In addition, the
relationship between transmitter release and intracellular calcium
apparently differs between the two transmitter types (Dodge and
Rahamimoff, 1967; Peng and Zucker, 1993). Finally, although
clear vesicles that contain classical transmitters are clustered at
release sites, peptide secretion does not occur at a well defined
active zone (De Camilli and Jahn, 1990).
Whereas many proteins likely to be important in the secretion

of synaptic vesicles have been identified, comparatively little is
known about their specific roles in transmitter secretion, particu-
larly of neuropeptides. One protein that seems to be essential for
the release of classical transmitters is synaptobrevin (also known
as VAMP: vesicle-associated membrane protein), a protein for
which two isoforms are known and which is expressed in neurons
and other secretory cells (Trimble et al., 1988; Elferink et al.,
1989; Cain et al., 1992). Synaptobrevin interacts with other nerve
terminal proteins to form complexes that may mediate vesicle
docking and fusion (Sollner et al., 1993). Investigations of the
physiological role of synaptobrevin have profited from the discov-
ery that tetanus toxin, an inhibitor of neurotransmitter release, is
a protease that selectively digests synaptobrevin 1 and 2 (Schiavo
et al., 1992; Niemann et al., 1994).
Evidence also exists for the involvement of the synaptobrevins

in the release of dense core granules, some of which may contain
peptides (Penner et al., 1986; Dayanthi et al., 1994; Bruns and
Jahn, 1995). However, most studies have used nonpeptidergic or
nonsynaptic models. It is not clear whether synaptobrevin is
involved in the synaptic secretion of neuropeptides.
A major difficulty in studying neuropeptide release has been

that there are very few synaptic responses that have been dem-
onstrated to be attributable to the release of neuropeptides and in
which it is possible to record both pre- and postsynaptically (but
see Willard, 1990). This criterion is important because it allows
the selective presynaptic injection of probes of transmitter release.
We therefore sought to produce a synapse from which we could
monitor the release of an identified neuropeptide reliably. We
used motor neurons B1 or B2 from Aplysia as the peptide-
releasing cell. These neurons synthesize and release the small
cardioactive peptides A and B (SCPs; Lloyd et al., 1986), which
are localized to dense core granules in both cells (Reed et al.,
1988). In addition, B2 is thought to be cholinergic (Lloyd et al.,
1985). Using different postsynaptic targets, we have measured the
release of both peptide and classical transmitters. Our data indi-
cate that a synaptobrevin-like protein is involved in both types of
neurotransmission.

MATERIALS AND METHODS
Cell culture. Cells were isolated and maintained via standard techniques
(Schacher and Proshansky, 1983). Briefly, buccal and pedal–pleural gan-
glia from Aplysia californica (;5 and ;150 gm, respectively) were incu-
bated in 1% protease (Sigma type IX, Sigma, St. Louis, MO) in sterile
normal artificial seawater (nASW) at 348C for 2 or 3 hr, respectively.
Neurons were removed by using finely pulled glass probes and maintained
in sterile culture medium [30% Aplysia hemolymph: 70% ASW contain-
ing penicillin (50 U/ml), streptomycin (50 mg/ml), vitamins (0.53MEM),
and nonessential (0.2 3 MEM) and essential amino acids without
L-glutamine (0.2 3 MEM)] at room temperature. Neurons generally
could be identified by visual criteria alone (Church et al., 1993; Whim and
Lloyd, 1994), and any anomalous ganglia were rejected.
Two synaptic configurations were used, depending on the type of

synapse required. In most experiments in which peptide release was
monitored, the presynaptic B1 or B2 neurons were plated individually
into poly-L-lysine-coated culture dishes (Falcon 1006, Falcon, Oxnard,
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CA). After 2 d, during which the neuron had grown an extensive neuritic
tree, a single pleural sensory neuron was manipulated onto the neuritic
tree. Synapses generally were used within 24 hr before significant postsyn-
aptic growth had occurred. This improved the conditions for voltage
clamp. The second configuration enabled synapses to form between
isolated somata. All of the experiments in which the release of ACh was
monitored used this soma3soma synapse (see Haydon, 1988). Briefly,
the presynaptic B2 and the postsynaptic B6 neurons were isolated and
separately maintained in droplets of culture medium on dishes made
nonadherent by coating them with 5% BSA. After 24 hr the primary
neurite had been reabsorbed, and the pre- and postsynaptic cells were
juxtaposed in a soma3soma configuration. The neurons rapidly adhered
to each other and were used within 1–7 d. In some experiments B3 was
used as the ACh detector cell (because it also receives a cholinergic IPSP;
Gardner, 1971). No differences were observed between experiments using
B3 and B6. For recording, the cell pair was transferred to a poly-L-lysine-
coated culture dish. In some experiments the release of the SCPs also was
monitored in a soma3soma synapse. In these experiments the presyn-
aptic cell was either B1 or B2, whereas the postsynaptic cell was a single
pleural sensory neuron. Most experiments were performed in nASW
containing (in mM): 460 NaCl, 10.4 KCl, 55 MgCl2, 11 CaCl2, and 15
HEPES, pH 7.8. Some experiments made use of a low Ca21 (0.5 mM)/
high Mg21 (110 mM) ASW.
Neuron terminology. In the present experiments in which peptide re-

lease was measured from neurons B1 and B2, no differences were seen
between the two cells (see also Whim and Lloyd, 1994); for simplicity in
the text they are referred to collectively as B1,2. For each figure the
individual neuron is identified. For the experiments studying the release
of ACh, only B2 neurons were used.
Electrical recordings. Pre- and postsynaptic recordings were made with

two Axoclamp 2A amplifiers (Axon Instruments, Foster City, CA) that
were “linked” electronically to reduce coupling artifacts. Each cell was
impaled with a single microelectrode (5–10 MV) filled with 2 M potassium
acetate, 0.5 M KCl, and 10 mM HEPES, pH 7.2. Before impalement the
tips were dipped into Sigmacoat (Sigma), which significantly improved
the quality of the recordings. The presynaptic cell was held under current
clamp in either bridge or discontinuous current-clamp (DCC) mode while
the postsynaptic cell was voltage-clamped with the switching voltage-
clamp technique. Voltage-clamp gain was generally 0.3–0.8 nA/mV, and
switching frequencies of 5 kHz were obtained routinely. Membrane
current was filtered at 20 Hz to 2 kHz, and recordings were stored on
tape. Voltage protocols were generated with Indec BASIC-FASTLAB
software (Sunnyvale, CA). In early experiments in which the presynaptic
cell was recorded in DCC mode (see Figs. 2 and 5), transients were
apparent in the postsynaptic records, which were phase-locked to the
presynaptic spikes. These arose as coupling artifacts between the two
amplifiers and were reduced in later recordings made in bridge mode.
Cell injections. Injections were made with brief pressure pulses (3–20

msec) with a Picospritzer (General Valve, Fairfield, NJ) and an injection
pressure of 14 psi. Microelectrodes had tip diameters of ;1 mm. Recom-
binant tetanus toxin and the inactive tetanus toxin mutant were prepared
as described (Yamasaki et al., 1994) and stored in aliquots at 2808C.
Toxin (12 mM) was injected in a solution containing 0.5% fast green, 1 mM
dithiothreitol, 5 mM HEPES, and 75 mM potassium glutamate, pH 7.2.
For the purposes of statistical analysis, comparisons between treatments
were made by a two-tailed Student’s t test.

RESULTS
Stimulation of B1,2 neurons induces a slow inward
current in the postsynaptic sensory neuron
To establish cocultures of peptidergic neurons with postsynaptic
targets, we cultured single B1 or B2 neurons from the buccal
ganglia of Aplysia with single sensory neurons from the pleural
ganglia. Exogenous application of the SCP neuropeptides has
been shown to evoke an inward current in these sensory neurons
(Ocorr and Byrne, 1985). The sensory neurons were placed onto
the neurites of the B1,2 neurons (see Materials and Methods for
neuron terminology) after 2 d in culture, at which time the
peptidergic B1,2 neurons had regenerated a large neuritic tree
(Fig. 1A).
Stimulation of a presynaptic B1,2 neuron with depolarizing

current pulses triggered action potentials (for which the duration

at 50% amplitude was 3.5 msec 6 1.1; mean 6 SD, n 5 7). These
action potentials evoked a slow inward current in the postsynaptic
sensory neuron when the latter was voltage-clamped at a holding
potential of 240 mV (Fig. 1Bi). The inward current outlasted the
period of B1,2 stimulation. Recordings of the activity of B1,2 in
the freely behaving animal have indicated that these cells fire at
frequencies at ;3 Hz for up to 3 sec during ingestion of food
(Lloyd et al., 1988). The postsynaptic inward current progressively
increased when cells were stimulated by frequencies within this
range.
To determine the change in conductance during the slow in-

ward current, we stepped the postsynaptic membrane potential at
regular intervals from240 to250 mV. The decrease in the size of
the current steps during the synaptic current indicated an appar-
ent decrease in membrane conductance (Fig. 1Bi). Bath applica-
tion of 3 mM SCPB also evoked a slow inward current, with an
associated decrease in membrane conductance (Fig. 1Bii).
Although, as is typical for many peptidergic neurons, the am-

plitude of the postsynaptic current increased during trains of
action potentials, in some preparations a single action potential
was sufficient to induce a slow synaptic current. This was observed

Figure 1. B1,2 stimulation and SCPB application evoke a slow current in
the postsynaptic neuron associated with a decrease in membrane conduc-
tance. A, Bright-field image of a presynaptic B1 neuron (at left) with
associated neuritic tree and a postsynaptic sensory neuron. Scale bar, 80
mm. Bi, Stimulation of B2 at 5 Hz for 20 sec evoked a slow inward current
in the sensory neuron. The sensory neuron was voltage-clamped at a
holding potential of 240 mV, and 10 mV hyperpolarizing steps were
applied at 20 sec intervals. Bii, Bath application of 3 mM SCPB (indicated
by black bar) evoked a slow inward current in the sensory neuron. C, In a
different cell pair, a single B2 spike elicited a slow inward current in the
postsynaptic sensory neuron, which was voltaged-clamped at 240 mV and
hyperpolarized by 2 mV every 20 sec.
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most frequently (in ;50% of preparations) when a synapse was
made between two opposed cell bodies (see Materials and Meth-
ods). This may indicate that under these conditions the synapses
are concentrated in a relatively small area. The synaptic delay
after a single action potential was 1.18 sec 6 1.02 (mean 6 SD,
n5 5). Part of this delay presumably reflects the fact that peptides
are not released at specialized zones but diffuse to the site of
action. In addition, the postsynaptic actions of the SCPs are
mediated via a second messenger (Abrams et al., 1984). A similar
decrease in membrane conductance to that observed during re-

petitive stimulation also was observed during the current evoked
by a single action potential (Fig. 1C).

Induction of the synaptic current is calcium-dependent
The synaptic current induced by stimulation of B1,2 neurons in
nASW (Fig. 2Ai) was blocked by lowering the concentration of
calcium and raising that of magnesium in the bathing medium
(Fig. 2Aii). The synaptic current could be evoked again when
nASW was reintroduced (Fig. 2Aiii). Bath application of a low
concentration of SCPB evoked a slow postsynaptic current in both

Figure 2. The postsynaptic current evoked by B1,2 stimulation is calcium-dependent and is desensitized by exogenous SCPs. Ai, Stimulation of B1 at 5
Hz for 5 sec in nASW evoked a slow inward current in the postsynaptic sensory neuron, which was voltage-clamped at a holding potential of 240 mV.
Aii, When the bathing solution was changed to a low Ca21/high Mg21 ASW (0.5 mM Ca21/110 mM Mg21), the synaptic current could not be evoked, but
(Aiii) could be elicited again when the bath solution was returned to nASW. The notch in the synaptic current was an artifact caused by electrical coupling
between pre- and postsynaptic electrodes (individual transients are not visible because of filtering). Bath application of 0.1 mM SCPB evoked a slow inward
current in the sensory neuron in (Aiv) nASW and (Av) low Ca21/high Mg21 ASW. B, Desensitization of SCP receptors blocked the synaptic current. Bi,
In nASW, stimulation of B1 at 5 Hz for 5 sec evoked a slow synaptic current in the postsynaptic sensory neuron, which was voltage-clamped at a holding
potential of240 mV. Bii, Continuous application of 0.1 mM SCPB for 10 min desensitized the postsynaptic SCP receptors (see Results). In these conditions
stimulation of B1 no longer evoked a synaptic current. Note the slow presynaptic depolarization (arrow) that occurred after B1 stimulation. Biii, After
extensive washing in nASW, stimulation of B1 again evoked a slow synaptic current. The notch in the synaptic current reflects coupling between the pre-
and postsynaptic electrodes (individual transients are not visible because of filtering). A and B are from different cell pairs.

2340 J. Neurosci., April 1, 1997, 17(7):2338–2347 Whim et al. • Mechanisms of Peptide Secretion



nASW and low Ca21/high Mg21 ASW (Fig. 2Aiv,v), indicating
that the elimination of the synaptic current in the low Ca21/high
Mg21 ASW was likely to be attributable to an action at a presyn-
aptic site. Thus the induction of the synaptic current involved the
release of transmitter and was mimicked by the exogenous appli-
cation of the SCPs (although SCPB generally was used, the SCPs
are equipotent in all preparations examined; Lloyd et al., 1985).
The following experiments were then designed to test directly
whether the synaptic current was attributable to the release of the
SCPs.

The synaptic current is desensitized by
exogenous SCPs
If the slow synaptic current results from the release of the SCPs,
it should be possible to block the current by desensitizing the
postsynaptic SCP receptors. SCPA and SCPB have similar se-
quences, and the responses to these two peptides cross-
desensitize. Their effects thus are thought to be mediated by a
single receptor (Abrams et al., 1984).
A synaptic current was evoked by stimulation of the presynaptic

B1,2 neuron (Fig. 2Bi). Bath application of 0.1 mM SCPB then
induced an inward current in the sensory neuron. In the continued
presence of peptide, this current slowly recovered toward the
control level. Desensitization typically took ;10 min in the con-
tinuous presence of peptide, after which subsequent stimulation
of B1,2 no longer evoked a synaptic current (Fig. 2Bii). After
prolonged washout of exogenous SCPB, the synaptic current could
be evoked again by presynaptic stimulation (Fig. 2Biii). Similar
results were seen in five experiments.
The inhibition of the synaptic current in response to application

of the SCPs was not attributable to a reduction of presynaptic
excitability. Previous work has shown that the release of radiola-
beled SCPs from B1,2 neurons is unaffected by the presence of
exogenous SCPs (Whim and Lloyd, 1992). Moreover, B1,2 neu-
rons were hyperexcitable in the presence of SCPB, as evidenced by
the slow presynaptic depolarization that occurred in these condi-
tions (Fig. 2Bii, arrow). Thus the inhibition of the slow synaptic
current in the presence of SCPB is likely to be attributable to a
desensitization of the postsynaptic receptor for the SCPs rather
than to an inhibition of peptide release.

The synaptic- and SCPB-induced currents have the
same null potential
To determine the null potential of the synaptic current evoked by
stimulation of the presynaptic B1,2 neuron, we stepped the
postsynaptic membrane potential from 230 mV to 270 mV in 5
mV increments before and at the peak of the synaptic current.
Similar measurements were made before and at the peak of the
current induced by the exogenous application of 0.1 mM SCPB to
the same synaptically coupled cell pair. The resulting I–V traces
for one cell pair are shown in Figure 3A. Then the net induced
current (i.e., the difference current) was calculated for both the
synaptic- and SCPB-evoked currents. The voltage dependence and
null potential of the difference currents were very similar, and
some rectification was observed for both (Fig. 3B). Similar results
were obtained in four synapses. The null potential for the synaptic
current from four cell pairs was 254 mV 6 3.4 (mean 6 SD),
whereas the null potential for the SCPB-induced current was 254
mV 6 5.9 (mean 6 SD). The slow synaptic currents induced by
repetitive stimulation or by a single action potential showed the
same voltage dependence (data not shown).

SCPB application and synaptic stimulation produce
antiaccommodation in the postsynaptic sensory
neuron
When a depolarizing current pulse (500 msec) is applied to the
postsynaptic sensory neuron in a synaptic pair, a single action
potential is evoked at the onset of the pulse. In the presence of a
low concentration of SCPB the same depolarization evokes mul-
tiple action potentials (Fig. 4A). This behavior has been termed
“antiaccommodation” and is believed to be attributable to the
inhibition of a potassium conductance that is open at the resting
potential (Klein et al., 1986). If the SCPs are released synaptically,
then stimulation of the presynaptic B1,2 neuron also should evoke
antiaccommodation in the sensory neuron. This is indeed what we
observed. In the experiment illustrated in Figure 4, when the
presynaptic B1 neuron was stimulated at 5 Hz for 15 sec (a
paradigm that induced a synaptic current in this cell pair; data not
shown), the number of action potentials evoked by the depolar-
izing pulse was increased from one to five (Fig. 4B). Both the
response to exogenous SCPB application and B1 stimulation
readily reversed. Similar results were observed in three other
experiments. Thus both B1,2 stimulation and SCPB application
produce antiaccommodation in the postsynaptic sensory neuron.

Figure 3. The synaptic- and SCPB-induced currents have a similar voltage
dependence. A, Current–voltage relationships were measured in a
postsynaptic sensory neuron before (Control ) and at the peak of the
synaptic current evoked by stimulation of B2 at 5 Hz for 15 sec (1B2
stimulation) and before (Control ) and at the peak of the current evoked by
bath application of 0.1 mM SCPB (1SCPB). The records show the mem-
brane current recorded in response to voltage steps to 230 mV (top
traces),250 mV (middle traces), and270 mV (bottom traces). The holding
voltage was240 mV. B, The difference currents for both the synaptic- and
SCPB-induced currents show a similar voltage dependence and null po-
tential. A and B are from the same experiment.
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The synaptic current does not contain a significant
cholinergic component
In addition to releasing the SCPs, neuron B2 is thought to be a
cholinergic neuron on the basis of its choline acetyltransferase
activity (Lloyd et al., 1985). To determine whether the synaptic
current evoked by B2 stimulation involved the release of acetyl-
choline (ACh), we examined the response of the sensory neurons
to local application of 100 mM ACh. When ACh was applied to the
sensory neuron in a synaptically coupled cell pair, it evoked an
outward current (Fig. 5Ai). This current was blocked in the
presence of 500 mM phenyltrimethylammonium (PTMA; Fig.
5Aii), an antagonist of the “slow IPSP” ACh receptor in Aplysia
(Kehoe, 1972a). However, in the same synaptic pair PTMA did
not markedly affect the slow synaptic current evoked by stimula-
tion of B2 at 2 Hz for 10 sec (Fig. 5B). Similar results were
observed at three synapses. These results indicate that the slow
inward current does not include a significant cholinergic
component.
Because neuron B2 is believed to be cholinergic, these findings

raise the question as to why a cholinergic component was not
observed. One possibility is that released peptide modulated the
postsynaptic ACh receptor. Consistent with this suggestion, we
noted that the response of the sensory neuron to the puffed
application of ACh was attenuated in the presence of exogenous
SCPB (Fig. 5C). This effect was observed consistently. In six cells
the response to 100 mM ACh was significantly depressed to 44 6
15% of its control value in the presence of 1 mM SCPB (mean 6
SD, p , 0.001). Because B2 often fires spontaneously in culture
(Whim and Lloyd, 1994), the released SCPs therefore may have
resulted in a chronic depression of the ACh response at the
postsynaptic membrane. Other explanations include the possibil-
ity that the ACh receptors are not clustered under the sites of
transmitter release (Anderson et al., 1977).

Presynaptic neuron B2 releases ACh
Although the secretion of ACh from B2 could not be detected by
using a pleural sensory neuron, we examined whether other neu-
rons might be able to monitor the release of ACh. For these
experiments we used neurons B6 or B3, because both receive a
cholinergic IPSP in situ (Gardner, 1971). In the experiment shown
in Figure 6, when B2 was combined with buccal neuron B6 in a
soma3soma configuration (Fig. 6A), single presynaptic action
potentials evoked a rapid outward current in B6 when the latter
was voltage-clamped at 240 mV (Fig. 6Bi). The synaptic current
was eliminated in a low Ca21/high Mg21 ASW (data not shown)
and was blocked completely in the presence of D-tubocurarine and
PTMA (Fig. 6Bii), antagonists of the “rapid” and “slow” IPSPs in
Aplysia neurons, respectively (Kehoe, 1972a). Similarly, local ap-
plication of ACh from a puffer pipette onto the B6 neuron in the
same synaptic pair also evoked an outward current, which was
blocked by the combination of D-tubocurarine and PTMA (Fig.
6Cii). Interestingly, the synaptic current was eliminated com-
pletely by D-tubocurarine, but not by PTMA, whereas the re-
sponse to the application of ACh was blocked only in the presence
of both antagonists (data not shown). As a control for specificity,
when B1 (a noncholinergic neuron) was combined with neuron B6
(or B3) in a soma3soma configuration, a single B1 action poten-
tial did not evoke a rapid outward current in the postsynaptic
neuron (n 5 2).
To confirm further that the outward current at these synapses

was elicited by ACh release and not by release of the SCPs, we
tested the response of B6 and B3 to bath-applied SCPs. In the cell
pair shown in Figure 6B–D, SCPB produced a biphasic response:
an early inward current followed by a later outward current.
Neither phase was markedly affected by D-tubocurarine and
PTMA (Fig. 6Dii). We conclude that the outward synaptic current
produced in response to a single action potential in neuron B2

Figure 4. B1,2 stimulation and SCPB application both produce anti-accommodation in the postsynaptic sensory neuron. A, Depolarization of the sensory
neuron for 500 msec evoked a single action potential (Control ). After bath application of 0.1 mM SCPB, the same depolarization evoked seven action
potentials in the sensory neuron (Peak of response). Recovery was seen after washout of SCPB. B, Same protocol as in A, but after a control depolarization
(Control ) B1 was stimulated at 5 Hz for 15 sec, after which depolarization of the sensory neuron now evoked five action potentials (Peak of response).
After washout, each depolarization again evoked one action potential. The sensory neuron was maintained at a holding potential of 240 mV throughout
the experiment by injecting a variable amount of hyperpolarizing current.
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likely is attributable to the secretion of ACh and does not involve
a significant SCP-dependent component.

Presynaptic injection of tetanus toxin inhibits the
release of both ACh and the SCPs
Tetanus toxin has been shown to cleave Aplysia synaptobrevin
(Yamasaki et al., 1994) and to inhibit the release of ACh from
Aplysia neurons in situ (Mochida et al., 1989; Schiavo et al., 1992).
We observed similar effects of tetanus toxin light chain on the
release of ACh from B2 (Fig. 7Ai). After control postsynaptic
currents were recorded, the toxin was injected into the presynaptic
B2 neuron. To ensure that inhibition did not occur simply as a
result of transmitter depletion, we stored the synaptic pairs in low
Ca21/high Mg21 ASW to prevent secretion. Six to eight hours
later the postsynaptic response to single B2 action potentials again
was recorded in nASW at the same synapse. In the experiment
shown in Figure 7Ai, the synaptic current was eliminated after
tetanus toxin injection. In a series of experiments toxin injection
reduced the postsynaptic current to 8 6 9% of the preinjected
value (mean 6 SD, n 5 4).

As a control for any nonspecific changes in transmission after
intracellular injection, we also tested the effects of injecting a
mutated tetanus toxin in which a glutamate in the zinc-binding
domain had been replaced with a glutamine. This mutant is
unable to digest Aplysia synaptobrevin (Yamasaki et al., 1994).
Presynaptic injection of this protein did not inhibit secretion of
ACh over the same time course (98 6 54% of the preinjection
value, mean 6 SD, n 5 4; the raw traces from one experiment are
shown in Fig. 7Aii). Comparing the effects of the two treatments
indicated that the inhibition seen with tetanus toxin light chain
was significant (Fig. 7C; p , 0.02).
After confirming that tetanus toxin inhibits the release of ACh

from synapses in vitro, we then examined the effect of injecting the
light chain of tetanus toxin on the release of the SCPs. In prelim-
inary experiments we noted that the result of the toxin injection
tended to vary with the distance between the pre- and postsynap-
tic recording sites. Thus, to standardize the distance between the
point of injection and the site of action, we measured peptide
release, using soma3soma synapses made from presynaptic B1 or

Figure 5. The slow synaptic current induced by B2 stimulation does not involve the release of ACh. Ai, In a B23sensory neuron synapse, the puffed
application of 100 mM ACh onto the somata of the sensory neuron evoked an outward current. Aii, This current was blocked in the presence of 500 mM
PTMA, a cholinergic antagonist. Aiii, After washout of PTMA, the response to ACh was observed again. Bi, In the same synaptic pair, stimulation of B2
at 2 Hz for 10 sec evoked a slow inward current in the sensory neuron. Bii, This current was not affected by the presence of 500 mM PTMA. Biii, The
synaptic current remained stable after washout of the PTMA. The sensory neuron was voltage-clamped at 240 mV throughout. The notch in the synaptic
current reflects coupling between the pre- and postsynaptic electrodes (individual transients are not visible because of filtering). C, In an isolated sensory
neuron, the outward current evoked by a 100 msec puff of 100 mM ACh (Control ) was reduced in the presence of 0.1 mM SCPB. The sensory neuron was
voltaged-clamped at a holding potential of 240 mV.
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B2 neurons and single postsynaptic sensory neurons. Six to eight
hours after injection of toxin, the slow synaptic current was
reduced to 19 6 34% of the preinjection value (mean 6 SD, n 5
6). In four of the six synaptic pairs, transmission was effectively
eliminated (see Fig. 7Bi). Tetanus toxin injection inhibited the
release of peptide that was induced either by single (Fig. 7Bi) or
multiple action potentials (data not shown). Again, as a control
for any nonspecific changes resulting from the injection, we also
injected the inactive tetanus toxin mutant. After injection the slow
synaptic current was 92 6 22% of the preinjection value (mean 6
SD, n 5 4; an example of one experiment is shown in Fig. 7Bii).
Comparing the effects of the two treatments indicated that the
inhibition seen with tetanus toxin was significant (Fig. 7C; p ,
0.01). We conclude that tetanus toxin inhibits the secretion of
peptide transmitters, in addition to classical transmitters, from B1
and B2 neurons.

DISCUSSION
We have developed two synaptic preparations in which it is
possible to monitor the release of a peptide and a classical
transmitter from a single presynaptic neuron and have tested the
role of synaptobrevin in transmitter release along both pathways.
Using the B1 and B2 neurons, which synthesize and release the

SCPs (Lloyd et al., 1986; Whim et al., 1992), we have constructed
a peptidergic synapse in vitro that used a sensory neuron as a
postsynaptic detector for the SCPs. Five lines of evidence indicate
that transmission is attributable to the release of the SCPs at this
synapse. First, the synaptic current and the SCPB-induced current
have a prolonged time course, are inward at 240 mV, and are
associated with an apparent decrease in membrane conductance.
Second, the voltage dependence and null potential of the
synaptic- and peptide-induced currents are very similar. Third,
because antagonists for most neuropeptide receptors (including

the SCPs) are not available, we used a desensitization protocol to
block the function of the postsynaptic SCP receptors. When the
SCP receptors had been desensitized, we were unable evoke the
synaptic current. Fourth, both stimulation of the B1,2 neuron and
SCPB application produced an antiaccommodatory effect on the
postsynaptic sensory neuron. Finally, although B2 is a combined
cholinergic /peptidergic neuron, the slow synaptic current did not
seem to involve the release of ACh, because a cholinergic antag-
onist that blocked the effect of ACh on the postsynaptic neuron
was without effect on the synaptic current. These five lines of
evidence all point to the conclusion that the synaptic current is at
least partially (and maybe wholly) attributable to the release of
the SCPs.
Because B2 also synthesizes ACh (Lloyd et al., 1985), we also

were able to detect the release of this classical transmitter from
neuron B2 by using a different postsynaptic detector neuron. The
outward synaptic current that we observed in these synapses likely
is attributable to the secretion of ACh, because it was mimicked
by exogenous ACh (but not the SCPs) and was blocked com-
pletely by a cholinergic antagonist.
We have demonstrated that the synaptic vesicle protein synap-

tobrevin is required for the synaptic release of neuropeptides. The
presynaptic injection of tetanus toxin, a metalloprotease that
selectively digests synaptobrevin, inhibited the release of both the
SCPs and ACh. Injection of a mutated toxin, which does not
digest synaptobrevin, did not depress the release of either ACh or
the SCPs. Thus a synaptobrevin-like protein plays an important
role in the secretion of both clear vesicles and large dense core
granules. These data are in agreement with the emerging picture
that the secretion of many vesicle types share common proteins
(Martin, 1994; Rothman, 1994). Synaptobrevin, first identified as
a component of synaptic vesicles, recently has been localized to

Figure 6. Release of ACh from B2 can be detected with B6 as the postsynaptic neuron. A, Bright-field image of a presynaptic B2 neuron and a
postsynaptic B6 neuron combined in a soma3soma configuration. The B2 neuron is at lower right. The stumps projecting from both neurons are the
remains of the primary neurites. Scale bar, 80 mm. Bi, A single action potential in B2 evoked a rapid outward current in the postsynaptic B6 neuron, which
was voltage-clamped at 240 mV. Bii, The outward current was blocked in the presence of the cholinergic antagonists D-tubocurarine and PTMA (100
mM and 500 mM, respectively). Biii, After washout of the antagonists, the outward current could be elicited again. Ci, The puffed application of 1 mM ACh
onto B6 evoked an outward current. Cii, The current was blocked in the presence of D-tubocurarine and PTMA. Ciii, The current recovered after washout
of the antagonists. Di, Bath application of 10 mM SCPB evoked a slow biphasic current in the B6 neuron. Dii, The current was not markedly affected by
the presence of D-tubocurarine and PTMA. Diii, The current remained stable after washout of the antagonists. All recordings are from the same cell pair.
B2 was held at 240 mV throughout, except when stimulated to fire in B.
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the dense core granules of PC12 cells, a neuroendocrine cell line
(Papini et al., 1995), and is involved in secretion of norepineph-
rine from permeabilized PC12 cells (Lomneth et al., 1991). The
precise role of synaptobrevin is not known, but because vesicles
seem to dock normally in its absence, it has been suggested that it
is involved in evoked vesicle fusion at a point downstream from
docking (Hunt et al., 1994).
We found that peptide release often could be evoked with a

single action potential. This agrees with previous data that the
release of radiolabeled SCPs from B1 and B2 is linearly depen-
dent on the spike number (Whim and Lloyd, 1994). Thus, contrary
to a widespread assumption, the secretion of neuropeptides does
not necessarily require high frequency bursts of action potentials.
This observation is unlikely to be an artifact of cell culture,
because the frequency characteristics of SCP release from another
Aplysia motor neuron, B15, are very similar in situ and in culture
(Whim and Lloyd, 1994). Instead, the parameters controlling the
release of peptides may vary from cell to cell. For example,
neurons B1 and B2, which fire at low frequencies in the behaving
animal (Lloyd et al., 1988), can release the SCPs with a single
action potential (see Results), whereas neuron B15, which fires at
up to 12 Hz in the behaving animal (Cropper et al., 1990a,b), only
releases the SCPs when firing at a relatively high frequency during
long-duration bursts (Whim and Lloyd, 1989, 1990; Cropper et al.,
1990b). This diversity influences the types of transmitter released.
Like B2, neuron B15 is a cholinergic neuron, and release of ACh
occurs with each action potential (Cohen et al., 1978). Thus when
firing slowly, B15 seems to function as a purely cholinergic neuron
and as a combined cholinergic–peptidergic neuron when firing
rapidly. In contrast, neuron B2 may function as a combined
cholinergic–peptidergic neuron at all frequencies.
It is believed that in contrast to the vesicles that contain clas-

sical neurotransmitters, peptide-containing dense core granules
are not released at specialized sites (but see Schroeder et al.,
1994). This has led to the proposal that only with multiple action
potentials does calcium rise to sufficiently high levels away from
the vicinity of the plasma membrane to trigger the release of
neuropeptides. Our finding that the SCPs may be released with a
single action potential indicates that some dense core granules
could be functionally docked at the presynaptic membrane (al-
though this needs to be examined at the EM level). This sugges-
tion is consistent with the observation that a subset of dense core
granules in pituitary cells can be released rapidly (Thomas et al.,
1993).
Although neuron B2 is a cholinergic neuron and sensory neu-

rons express ACh receptors, we could not detect a cholinergic
component in the synaptic response when these neurons were
paired. One explanation is that the ACh receptor is not clustered
at postsynaptic sites. These neurons seem to express only one type
of ACh receptor, which is blocked by the antagonist PTMA. In
contrast, B6 neurons, which readily form cholinergic synapses with
B2 neurons, express at least two types of receptors, one of which
is blocked by D-tubocurarine and the other by PTMA. Only the
D-tubocurarine receptors seemed to be localized at synaptic sites,
because the synaptic response could be blocked by D-tubocurarine
alone. We also found that the synaptic current reversed close to
260 mV (data not shown) as expected for the D-tubocurarine-
sensitive ACh receptor (Kehoe, 1972b). It is likely, therefore, that
only the D-tubocurarine receptors cluster under the sites of trans-
mitter release.
A second factor that may contribute to the absence of a cho-

linergic synapse between a B1,2 neuron and a sensory neuron is a

Figure 7. Tetanus toxin inhibits the release of ACh and the SCPs. A, ACh
release was monitored as the amplitude of the postsynaptic current at a
holding voltage of 240 mV (in neuron B3 in these examples), which was
evoked by a B2 action potential before and 6–8 hr after injection into the
presynaptic neuron of either (Ai) tetanus toxin light chain (TeTX ) or (Aii)
an inactive mutant [TeTX(E-Q)]. B, SCP release was monitored as the
amplitude of the inward current evoked in the postsynaptic sensory
neuron by stimulation of the presynaptic B2 neuron (in these examples)
before and 6–8 hr after injection into the presynaptic neuron of either (Bi)
tetanus toxin light chain (TeTX ) or (Bii) an inactive mutant [TeTX(E-Q)].
The synaptic current was evoked by a single action potential in these
examples. The holding voltage was 240 mV in Bi and 235 mV in Bii. C,
Group data indicate that the release of the SCPs and ACh was inhibited
significantly by tetanus toxin light chain [ p , 0.02 for ACh release, p ,
0.01 for SCP release; inhibition was measured by comparing the effect of
TeTx and TeTX(E-Q) injections]. Values are mean 6 SD (n 5 4–6 for
each treatment).
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reduction in the sensitivity of the target PTMA–ACh receptors in
the presence of the SCPs. This follows from the observation that
the outward current evoked by the local application of ACh was
reduced when the SCPs were coapplied. A similar mechanism
operates at some vertebrate receptors in which calcitonin gene-
related peptide has been shown to desensitize nicotinic ACh
receptors (Mulle et al., 1988).
Some neurons require a signal from their in vivo target before

they become competent to release transmitter (see Haydon and
Drapeau, 1995), whereas others can be induced to do so when
their initial axon segments are manipulated into close proximity
(Hawver and Schacher, 1993). The area of contact between two
cells may be important for the stabilization of classical transmitter
synapses in vitro (Evers et al., 1989). Whether similar consider-
ations apply to the formation of peptidergic synapses is not
known. A specialized area of contact, however, seems not to be
required. For example, in the bullfrog the release of luteinizing
hormone-releasing hormone (LHRH) from preganglionic neu-
rons is detected by cells that are not anatomically close to the
LHRH-containing nerve terminals (Jan and Jan, 1982). The de-
tector neuron simply may record the spillover of peptide into the
extracellular space.
Although the mechanism by which the SCPs evoked a postsyn-

aptic inward current was not the focus of this study, other work
has indicated that the SCPs inhibit a resting potassium current
(probably the “S” current) in sensory neurons (Baxter and Byrne,
1989). Nevertheless the reversal potential of approximately 254
mV that we observed for both the synaptic- and SCPB-induced
currents does not correspond to the equilibrium potential for
potassium. Possibly additional ionic currents are modulated.
Other workers, however, have shown that the serotonin-
dependent depolarization of sensory neurons, which also involves
a modulation of the S channel, approaches the null current at
approximately 245 mV. This has been explained by the strong
outward rectification of the S current (Siegelbaum et al., 1982;
Pollock et al., 1985). We likewise observed a rectification in the
synaptic- and SCPB-induced currents in some experiments.
In conclusion, we have used two in vitro synapses to demon-

strate the release of a neuropeptide and a classical transmitter
from the same presynaptic neuron. A synaptobrevin-like molecule
is involved in the two forms of neurotransmission, and the release
of both types of transmitter can occur with a single action poten-
tial. This preparation may be useful in examining further the role
of other vesicular and plasma membrane molecules in the release
of neuropeptides.
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