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The transport of neuropeptides
between central ganglia was
studied in Aplysia. Peptide transport was determined
by incubating ganglia with %-methionine
and measuring
the appearance of labeled peptides in connected ganglia. Selected
interganglionic
connectives
were left intact and passed
through a diffusion barrier separating
the ganglia. Labeled
peptides transported
between ganglia included FMRFamide,
myomodulin,
and pedal peptide. Each of these peptides has
been shown to be physiologically
active in Aplysia. In addition to these previously
characterized
neuropeptides,
a
number of other as yet uncharacterized
labeled peptides
were also transported.
All the peptides were transported
by
fast axonal transport as judged by the distance transported
and/or the sensitivity to colchicine.
Overall, FMRFamide and
several unidentified
peptides were the predominant
transported peptides.
However, the nature and amount of the
peptides transported
differed for each ganglia. These results
support the proposition
that the labeled peptides have transmitterlike actions and suggest that there are a number of
neuropeptides
that are likely to have central actions that
have not yet been characterized
in Aplysia.

The presentstudy was directed towards 3 objectives. The first
was to identify previously sequencedneuropeptidesthat were
transported betweengangliathat make up the CNS of Aplysia.
The secondgoal was to use axonal transport as a means to
identify new neuropeptidesthat may have transmitterlike roles.
Although the amino acid sequencesof a number of neuropeptides from Aplysia have been determined, thesepeptides were
generallychosenfor study becausethey are synthesizedin large
quantities either in very large individual neurons or in homogeneouscell groups, or they may be particularly potent in a
bioassay.Many physiologieally important neuropeptidesmay
not fall into thesecategoriesand therefore resistidentification.
Other approachesto peptide identification suchasaxonal transport may reveal the existenceof thesepeptides.The third longterm objective is to identify presynaptic peptidergic neurons
that may form synapsesin the gangliathey innervate.
The present study is a continuation of a seriesdesignedto
identify peptide transmitters on the basisof fast axonal trans-
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port. The first study in this seriesidentified peptidesthat were
transported from the buccal ganglia to feeding muscles(Lloyd,
1988). Each of these peptides has now been shown to be biologically active at thesemusclesand to be synthesizedselectively
in individual neurons(Lloyd et al., 1984;Richmond et al., 1986;
Weisset al., 1986; Cropper et al., 1987a,b, 1988).In a second
study, axonal transport of a peptide from the pedal gangliato
the periphery provided critical evidencethat pedalpeptide (Pep)
was a transmitterlike peptide (Pearsonand Lloyd, 1989). Pep
has now been shown to be widely distributed in neuronsand
fibers in the CNS and periphery and to have central and peripheral biologicalactions(Lloyd and Connolly, 1989;P. E.Lloyd,
unpublishedobservations).In the presentstudy, this procedure
was usedto examine transport of peptidesbetweencentral ganglia. The study was restricted to peptidesthat contain methionine residues.The resultsindicate that at least5 identified peptides and a number of unidentified methionine-containing
peptideswere transported betweenganglia.The identified peptides were FMRFamide (Fa; Price and Greenberg, 1977)
myomodulin (Mm; Cropper et al., 1987b), pedal peptide (Pep,
Lloyd and Connolly, 1989), and the smallcardioactive peptides
(SCPs;Morris et al., 1982; Lloyd et al., 1987b). Each of these
peptideshasbeen shownto have electrophysiologicaleffectson
central neurons. The pattern of peptidestransported between
gangliawas specificto the individual ganglialabeledand to the
target ganglia. Several of the unidentified peptideswere transported in large quantities over long distancesand have now
becomeprime candidatesfor purification and sequencing.
Materials
and Methods
Animals. Aplysia calijknica (Marinus; 150-250 gm) were kept in running seawater tanks at 15°C and fed seaweed every 34 d. Animals were
immobilized with an injection of isotonic MgCl, equal to 25% of their
body weight, and ganglia with intact connectives and commissures were
removed (Fig. 1).
Transport experiments. Ganglia complexes were placed in transport
dishes containing 25% isotonic MgCl,: 75% ASW (460 mM NaCl, 10
mM KCl, 11 mM CaCl,, 55 mM MgCl,, 5 mM NaHCO,, pH 7.8). Transport dishes were 150 ml in volume and had Sylgard bases into which
vertical polypropylene cylinders were imbedded. These cylinders had
1-mm-wide vertical slits to allow passage of the connectives. The slits
were occluded with Vaseline, and the source ganglia were placed in the
cylinders with intact connectives running through the Vaseline gap.
Extra Vaseline was added to reseal the gap. The solution in the large
outside chamber was then changed to a solution with the following
composition: 25% Aplysia blood, 75% ASW, 0.01% glucose, antibiotics
(penicillin, 25 units/ml; streptomycin, 25 &ml), 0.0 1% 2-mercaptoethanol, and 100 PM cold methionine. The inside chamber was changed
to the following solution: 50% Aplysia blood, 50% ASW, glucose, antibiotics, 2-mercaptoethanol as above, and 0.5 mCi/mF5 S-methionine
(Amersham; stabilized with 0.1% 2-mercaptoethanol and 15 rnM pyridine, 3,4 dicarboxylic acid). After a 24-hr labeling period at 15°C the

solutionsin both innerandouterchambers
werereplaced
with a chase
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Figure 1. Anatomy of the 5 major ganglia that make up the CNS of
A&in.
Distances between ganglia are those observed in an extended
animal of the size used in these experiments (-200 gm). The buccalcerebral connective is about 1 cm, and the pleural-abdominal
connective 6 cm, in length. The cell body and neuropil regions of each ganglion
are shaded. All ganglia and connectives are surrounded by thick muscular connective tissue.
solution consisting of ASW, glucose, antibiotics, 2-mercaptoethanol as
above, and 1 mM methionine. All solutions were sterilized (0.2 pm
filtered) immediately prior to use. For the chase, the solution in the
inner chamber was turned over - 20 times during 1 hr, while the solution
in the outer chamber was changed once. Chase periods of 24 hr were
used. In previous studies in Aplysia, peptide transport rates as high as
100 mm/d have been observed under similar label and chase conditions
(Pearson and Lloyd, 1989). Thus, the total label-chase period of 2 d is
more than sufficient to permit peptide transport between the most widely
separated ganglia (- 70 mm; see Fig. 1). At least 3 transport and 3 control
(see below) experiments were done for each source ganglion. Additional
experiments were done if the transported peptide profile was complex
(i.e., Fig. 3) or if additional labeled peptides were needed for further
characterization.
Radioactivity in the inner and outer chambers were monitored by
liquid scintillation counting of small aliquots. At the end of the label
periods, the ratio of cpm/ml in the inner chamber:outer chamber was
4 115 + 544 (SE) for 42 preparations. In several experiments, 10 mM
colchicine (Sigma) was added to both the inner and outer chambers
throughout the label and chase periods (see below).
Analyses of 35S-methionine-labeled peptides in target ganglia. At the
end of the chase periods, target ganglia were removed and pinned in
ice-cold 25% isotonic MgC1,:75%ASW. This solution was replaced with
ice-cold 50% nronvlene alvcol:50% ASW to facilitate dissection. and
the connective tissue she;& surrounding the ganglia was removed. The
ganglia which consisted of the cell bodies and neuropil were replaced
in homogenizers containing 500 ~10.02 M trifluoracetic acid (TFA) and
heated to 100°C for 10 min. The TFA solution was spiked with 1O-5 M
FMRFamide, SCP, and SCP, (Peninsula), and usually Pep (Applied
Biosystems). After cooling, the ganglia were homogenized, centrifuged
at 10,000 x g for 10 min, and the supematant filtered (Gelman LC13
0.45 pm) before HPLC.
Two types of controls were carried out. When ganglia were separated
by long connectives (> 10 mm), only small amounts of unincorporated
YS-methionine diffused along the connective to target ganglia, and the
primary control was for label that had leaked into the outer bath. This
control consisted of pinning both the source and target control ganglia
from another animal in the outer chamber near the experimental target
ganglia. When ganglia were separated by shorter distances, there was
significant diffusion of ‘S-methionine along connectives to the target
ganglia. In these experiments, the control was to compare experiments
done in the absence and presence of 10 mM colchicine, which blocks
transport but not synthesis of neuropeptides in Aplysia (e.g., Lloyd et
al., 1987a; Lloyd, 1988). At the end of the experiments, control target

ganglia were processed in parallel with the experimental target ganglia
and run on reverse chase (RP)-HPLC. With the exception of the nedal
ganglia, no peptide peaks were observed in any of the control ganglia.
Synthesis of Pep was usually observed in control pedal ganglia. This is
a reflection of the very high rates of Pep synthesis in this ganglia (Lloyd
and Connolly, 1989).
RP-HPLC was carried out on a 0.46 x 22 cm Brownlee RP-300 C8
column with a guard column. The first mode of HPLC used 0.01 M
TFA as a counterion and a gradient from 95% H,O, 5% CH,CN to 47%
H,O, 53% CH,CN in 20 min at a flow rate of 2 ml/min. In some
experiments, the same gradient was run over 40 min at 1 ml/min.
Iniections were 600 ~1 0.02 M TFA in H,O. Aliauots of fractions from
these runs were counted, and the remainder of the fractions of interest
were dried and run on the same column with 0.01 M heptafluorobutyric
acid (HFBA) replacing the TFA. The standard HFBA gradient was
comprised of 3 linear segments with different slopes. The first segment
was from 79% H,O, 21% CH,CN to 76% H,O, 24% CH,CN in 2 min
followed by a segment from 76% H,O, 24% CH,CN to 72% H,O, 28%
CHCN in 12 min. The final segment was from 72% H,O. 28% CHCN
to 65% H,O, 35% CH,CN. The flow rate was 2 ml/m& and injections
were in 200 ~1 0.02 M HFBA in H,O. Entire fractions from these runs
were counted. Unidentified peptides that were transported between the
cerebral and the pedal and abdominal ganglia (Fig. 4; peaks 2 and 3)
were analyzed with a modified HFBA gradient: 82% H,O, 18% CH,CN
to 34% H,O, 66% CH,CN in 20 min at a flow rate of 2 ml/min. These
Desks were also analvzed bv ion-exchange (IE) HPLC usine. a Brownlee
b.46 x 10 cm Aquapore CX-300 column and a gradient Tram 10 mM
triethylamine acetate (TEA AC) to 300 mM TEA AC in 15 min at a flow
rate of 2 ml/min. All IE-HPLC solutions contained 10% CHCN. The
retention times of synthetic peptides were determined by absorbance at
2 15 nm (RP-HPLC) or 260 nm (IE-HPLC).

Results
A diagram of the principal ganglia making up the CNS ofAplysia
is shown in Figure 1. The interganglionic
distances indicated
were similar to those observed in an extended animal of the
size used in this study. When the nervous system was removed
from the animal, the muscular connective tissue sheath surrounding the connectives gradually contracted, causing the inner
axonal core of the connectives to coil. Thus, even though the
connectives appeared shorter, the axonal lengths remained as
indicated in Figure 1.
Transport of peptides between ganglia was monitored by placing individual
ganglia in a chamber containing 3sS-methionine
and running selected connectives through a Vaseline gap to a
large outer chamber containing the target ganglia. After label
and chase periods, target ganglia were desheathed, and the neuropil and cell body region of the ganglia were extracted and run
on RP-HPLC. The ganglia were desheathed because the sheath
contained nerve trunks in which peripherally
transported peptides might accumulate, and these experiments
were directed
towards identifying peptides that might be transported into synapses in the target ganglia. Although the total amount of transported labeled peptides varied considerably
between experiments, the pattern of peptides transported betweengangliawas

very reproducible (e.g., Fig. 3). Variations in the level of amino
acidsincorporated into peptidesbetweenpreparationshasbeen
observedpreviously (Lloyd, 1988) and presumably reflects differences in endogenous

pools of the amino

acids or differences

in the actual rates of translation and peptide processing.
Transport

from

the abdominal

ganglia

Labeled peptideswere transported from the abdominalganglia
to the pleural, pedal, and cerebralgangliabut not to the buccal
ganglia (Table 1). In each case,the major transported labeled
peptide was FMRFamide. Transport of FMRFamide to the
pleural gangliawas particularly marked with the pedal and ce-
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Table 1. Summary of interganglionic
peptides in Aplysia

Source
ganglia

Target ganglia

Buccal

Cerebral

Cerebral

BUG+
Pleural
Pedal
Abdominal
Cerebral
Abdominal
Cerebral
Pleural
Pedal

Pedalpleural
Abdominal
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transport of methionine-labeled

Identified
peptides
Fa, Mm
Pep, SCPs
Mm
Fa
Fa
Fa
Fa, Pep
Fa
Fa
Fa
Fa

Number
of
unidentified
peaksa
I
2
1
3
3
1
1
2
0

2

Fa, FMRFamide;
Mm, myomodulin,
Pep, pedal peptide; SCP, small cardioactive
peptide.
z To keep this number manageable, only discrete peptide peaks that were
reproducibly
observed and had at least 20% of the cpm found in the dominant
peak transported in the same experiment were included. Note that in some cases,
these peaks were not analyzed further, so each peak may be made up of several
peptides.
* From Lloyd (1988).

rebral gangliareceiving IO-fold lower amounts (Fig. 2). Other
labeledpeakswith lessactivity were also observed in each of
thesegangliabut did not coelute with any of our peptide standards. Note that labeled Pep wasalso observed in the control
pedal ganglia. This synthesisof Pep from leaked labeled methionine wascommonly observed(alsoseeFig. 5) and presumably reflects the extraordinary rates of Pep synthesisand peripheral transport from the pedal ganglia(Lloyd and Connolly,
1989;Pearsonand Lloyd, 1989).Significant synthesisof labeled
peptideswasnot observedin other control ganglia.
A giant FMRFamide-containing neuron termed R2 is located
in the abdominal gangliaand sendsan axon via the right connective to the pleural, pedal, and cerebralgangliaand out many
peripheral nerves (Rayport and Kandel, 1980; Brown et al.,
1985). It was possiblethat much of the observedFMRFamide
transport was in the axon of R2. To test this, transport was
measuredin preparations in which the right and left pedal/
pleuralgangliawereseparatedat the beginningofthe experiment
by cutting the pedal-pedalcommissureand cutting through the
center of the cerebral ganglia(Fig. 1). Abdominal ganglia with
both abdominal-pleural connectivesintact were then placed in
the label chamber. The cerebral gangliawere damagedin these
experiments,so only transport to the pleural and pedal ganglia
was analyzed. The ratios of labeled FMRFamide transported
via the right connective comparedwith the left connective was
10.7 + 6.3 (SD, II = 5) for the pedalgangliabut only 1.4 + 1.5
for the pleural ganglia.Thus, most of the FMRFamide transport
to the pedal gangliawas via the right connective and may have
beenin the axon of R2 but transport to the pleural gangliawas
nearly symmetrical in the 2 connectives, suggestingthat other
FMRFamide-containing axons must alsobe presentin the left
connective.
Transportfrom the buccal ganglia
In theseexperiments,the buccal gangliawere placedin the label
chamber,and both buccal-cerebralconnectiveswererun through

7

Cerebral

0

Iz/

16

Fa

32 min

Figure2. Transport of labeled peptides from the abdominal ganglia
to the pleural, pedal, and cerebral ganglia. RP-HPLC of target ganglia
extracts with TFA as a counterion. Control ganglia were pinned in the
same outer chamber as the experimental ganglia but the abdominal
ganglia were not labeled. Aliquots of the peaks marked Fu were run on
RP-HPLC with HFBA as a counterion and the percentage of cpm that
coeluted with synthetic FMRFamide was 85% for the pleural ganglia,
86% for the pedal ganglia, and 90% for the cerebral ganglia. Note that
both the control and experimental pedal ganglia contained nearly equal
amounts of labeled Pep, indicating that Pep was not transported but
was synthesized in the pedal ganglia itself. Other labeled peaks have not
been identified. This experiment is representative of an additional 2
experiments. The large peaks of label with short retention times in this
and subsequent figures was primarily unincorporated methionine. This
gradient was run with a flow rate of 1 ml/min compared with 2 ml/min
in subsequent figures.
the Vaseline gap to the cerebralgangliawith all connectionsto
the remaining gangliaintact. However, transport of labeledpeptides was only observed to the cerebral ganglia (Table 1). The
pattern of labeledpeptideswas complex, with 6 discrete peaks
and several broad, lessdefined peaks.Nearly identical patterns
were observedin eachof 6 preparations(2 examplesare shown
in Fig. 3). Aliquots from 2 peaksthat had retention timessimilar
to known peptides were run on a secondmode of RP-HPLC
using HFBA as a counterion (Fig. 3). The labeled peptidesin
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Peak # 1

Figure 3. Transport

of labeled peptides from the buccal ganglia to the cerebral ganglia. A and B, Two examples
of the RP-HPLC (TFA) of cerebral ganglia from different experiments. Control ganglia had ~65 cpm in any fraction eluting with a retention time later
than 3 min. Four additional experiments produced nearly identical patterns. Peak#I, Aliquots of peak 1 were
combined from A and B and run with
HFBA as a counterion. Peak#2, Aliquots of peak 2 were combined from A
and B and run with HFBA as a counterion.

C
5

Peak # 2

C
0

one peak had an identical retention time with FMRFamide,
while those of another peak had the sameretention times as
myomodulin, SCP,, and Pep. It is likely that a small amount
of SCP, was also transported as the 2 SCPsare always found
together, presumablybecausethey are processedfrom the same
precursor(Mahon et al., 1985). The other peakswere not identified and represent uncharacterized potential peptide transmitters.
Transportfrom the cerebralganglia
The transport of large quantities of labeled myomodulin from
the cerebral ganglia to the buccal ganglia has been reported
previously (Lloyd, 1988). In the present study, we found that
FMRFamide wastransported from the cerebralgangliato both
the pleural and pedal ganglia (Fig. 4; Table 1). However, significant transport of severalpreviously unidentified peptidesto
the pedal and abdominal gangliawas also observed.Transport
of these peptides to the abdominal ganglia was particularly
prominent. Peak 1 hasa similar retention time to many identified peptides (SCP,, myomodulin, buccalin, and Pep) with
TFA as a counterion. RP-HPLC with HFBA as a counterion
indicates that the predominant component of Peak 1 was the
samein the abdominal and pedal ganglia and that it had a
retention time shorter than any of theseidentified peptides(Fig.
5). The retention time of thesesynthetic peptidesincreasedas
the peptidesbecomemore basic. Thus, the predominant component of Peak 1 is likely to be a relatively acidic peptide. A
small peak of labeled Pep was also found in Peak 1 from the
pedalganglia.Similar quantities of labeledPep were alsofound
in control experiments carried out in colchicine so the labeled
Pep probably doesnot reflect transport of Pep but synthesis
endogenousto the pedalgangliausing35S-methioninewhich had
diffusedfrom the cerebralgangliaor leakedinto the outer chamber.
Peak 2 was also found in the abdominal and pedal ganglia;
however, the composition of this peak proved to be different in
each ganglia. RP-HPLC with HFBA revealed a small but reproducible difference in retention times between Peak 2 from
the 2 ganglia (data not shown). Becausethese differences in
retention time were small, this peak was also analyzed by IEHPLC (Fig. 6). In this system, Peak 2 from the abdominal
gangliaeluted predominantly in a single highly retained peak
with a retention time similar to SCP,, a very basic peptide

8

16min

(Lloyd et al., 1987b).Meanwhile Peak 2 from the pedal ganglia
resolved into 2 peaks,a small one with a shorter retention time
and a large peak with a retention time slightly longer than the
predominant peak from the abdominal ganglia. These differenceswere consistently observed (n = 3) and were not due to
run-to-run variability becauseadded synthetic peptides (i.e.,
SCP,) monitored by absorbancehad identical retention times
in each run. Thus, Peak 2 was transported from the cerebral
gangliato the abdominal and pedalganglia,but the composition
was different for each target ganglia.
Peak 3 wasalsotransported to both the pedaland abdominal
ganglia. Further analysesof this peak by both RP-HPLC with
HFBA as a counterion (Fig. 5) and IE-HPLC (data not shown)
indicate that it was composedpredominantly of a singlebasic
peptide specieswith identical chromatographic properties in
eachganglia.
The amount of labeledpeptidesextracted from the abdominal
gangliaprobably representsunderestimatesof the total amount
transported to the ganglia. In 3 experimentsin which transport
from the cerebralgangliato the abdominalgangliawasanalyzed,
the pleural-abdominal connectiveswere alsoextracted and run
on HPLC. The samepeptide profiles with nearly the sameactivity as in the abdominal ganglion (0.87 ? 0.38; SD for 3
peptide peaks from each of 3 preparations) were observed in
the connectives. These labeled peptides presumably represent
material that would have eventually beentransported into the
abdominal ganglion. Although not analyzed in this study, it
appearslikely that peptides transported from the abdominal
ganglia along the connectives would also representunderestimatesof the total transport.
Transportfrom the pedal-pleural ganglia
Although the pleural and pedal gangliacould be dissectedand
analyzed separatelyastargetsfor transport, they weretoo closely
apposedto be independently labeled (Fig. 1). Peptides were
observedto be transported to the abdominal and cerebralganglia but not the buccal ganglia(Table 1). FMRFamide was the
predominant peptide transported to the abdominal ganglion,
while FMRFamide and Pep were the predominant peptides
transported to the cerebralganglia(Fig. 7). It is very likely that
the transported Pep was from the pedal ganglia as the pleural
gangliahave nearly undetectablerates of Pep synthesis(Lloyd
and Connolly, 1989).
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Figure 6. IE-HPLC of aliquots from Peak 2 from the abdominal and
pedal ganglia (Fig. 4). Note that Peak 2 from the pedal ganglia elutes
as 2 peaks and that the larger of these peaks elutes later than the predominant peak from the abdominal ganglia. These results are representative of 2 additional experiments. The gradient used in these experiments was designed to resolve very basic peptides and most
components of the ganglia extracts were not retained at all by the column.

I

8

Discussion

16 min

Figure 4. Transport of labeled peptides from the cerebral ganglia to
the pleural, pedal, and abdominal ganglia. Control transport experiments were run under identical conditions except 10 mM colchicine was
added to both the inner and outer chambers. The only discrete peptide
peak in the controls was Pep in the pedal ganglia (660 cpm), so these
runs were omitted for clarity. Aliquots of indicated peaks were analyzed
further by RP-HPLC with HFBA and IE-HPLC (Figs. 5,6). These results
are representative of an additional 7 experiments.
Peak

I
I

Pedal
ganglia

b

i

0

c

0.

#l

Peak

The first objective of this study was to identify already characterized peptides that may play important
roles in interganglionic communication.
In this category, the major peptide was
FMRFamide
which was transported in large amounts between
specific ganglia and transported in lesser quantities between the
majority of the ganglia (Table 1). Myomodulin
and Pep were
also transported in significant quantities but only between a few
#3

Abdominal
ganglia

N
k 0.
x
.

I

2 4.
0
,

Pedal
ganglia

-s---

II

0.
0

a

Pep

I
16 min

Figure 5. RP-HPLC with HFBA as a
counterion of aliquots from Peaks I and
3 from Figure 4. The compositions of
each peak appear very similar in each
ganglia with the exception that Peak 1
from the pedal ganglia also contains Pep.
It is likely that this Pep was synthesized
in the pedal ganglia itself as the colchitine control pedal ganglia also synthesized Pep (see Fig. 4). Peak 3 was also
run on IE-HPLC, where it also eluted
as a single peptide species with identical
retention time in each ganglia. These
results are representative of 2 additional experiments.
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7. Transportof labeled
peptides
from thepedal-pleural
ganglia
to theabdominalandcerebralganglia.Theseresultsarefrom different
experiments
with the abdominal-pleural
connectiveintact for the abdominalgangliaandthe pedal-pleural-cerebral
connectivesintact for
the cerebralganglia(seeFig. 1). Aliquots of peakswererun on RPHPLCwith HFBA ascounterionand80%ofthe cpmin thepeakmarked
Fa in the abdominalgangliaelutedwith syntheticFMRFamide.This
valuewas77%for the Fapeakin the cerebralganglia,while73%of the
cpmin the Peppeakelutedwith syntheticPep.Theseresultsarerepresentativeof an additional4 experiments.
The differencein the retention timesof bothsyntheticFMRFamideandlabeledFapeaksin these
2 experiments
wasdueto a columnchange.
Figure

ganglia.Finally, small quantities of the SCPswere observed to
be transported from the buccal to the cerebral ganglia.There is
considerableevidence that FMRFamide, the SCPs, Pep, and
myomodulin are widely distributed neuropeptideswith a number of central and peripheral physiological actions (Lehman et
al., 1984; Brown et al., 1985; Lloyd et al., 1985; 1987a, 1988;
Shaeferet al., 1985;Lloyd, 1986;Cropper et al., 1987b;Pearson
and Lloyd, 1989). In several cases,these peptides have wellestablishedroles as modulatory transmitters (Abrams et al.,
1984; Lloyd et al., 1984; Belardetti et al., 1987; Mackey et al.,
1987; Cropper et al., 1987b).In addition, FMRFamide and the
SCPshave beenlocalized to dense-coresynaptic vesicles(Kreiner et al., 1986; Reed et al., 1988) and the SCPsare released
by stimulation of identified neurons in culture (Lloyd et al.,
1986).FMRFamide, myomodulin, and the SCPsare alsotransported from buccal ganglia to buccal muscle, and individual

neuronsthat synthesizethesepeptidesin the buccalgangliahave
been identified (Cropper et al., 1987a,b; Lloyd, 1988).
The secondgoal was to identify new peptide transmitter candidates that may also play important roles in interganglionic
communication. Several peptidestransported from the buccal
to the cerebral ganglia and from the cerebral to the pedal and
abdominal ganglia fall into this category (Table 1). Peptides
transported from the cerebral ganglia may be particularly important in behavioral regulation as thesegangliareceive input
from a number of sensorystructuresand appearto be involved
in the higher-order control of many behaviors, including locomotion and both appetitive and consummatory aspectsof feeding (Kupfermann, 1974; Kandel, 1979; Fredman and JahanParwar, 1983).
These results do not rule out the possibility that there were
other methionine-containing neuropeptides transported between ganglia. Peakswith low activity were observed in many
experiments, but it wasnot possibleto determinewhether these
were fragments of other transported peptides, peptidessynthesized in the ganglia themselves,or neuropeptidestransported
from the labeled ganglia at low levels. Finally, although most
of the neuropeptidescharacterizedfrom Aplysia do contain methionine residues,many small peptides do not, and thesepeptides would not have beenobserved in this study.
It would be useful to estimatethe magnitude of the observed
transport in terms of actual peptide quantities. A very rough
estimate can be made basedon previous results from nearly
identical experiments measuringtransport betweenthe buccal
ganglia and buccal muscles(Lloyd, 1988). The estimatesare
specifically directed towards the SCPsbecausethe amounts of
the SCPs in terminals in buccal muscle have been accurately
measuredby bioassay(Lloyd et al., 1984).In theseexperiments,
transport of approximately lo3 cpm of a peptide containing a
singlemethionine residuecorrespondsto a musclecontent of 1
pmol of that peptide. If a similar relationship holds for the
peptidestransported between ganglia,the maximum transport
observed in this study would correspond to 10 pmol peptide.
This would be a significant proportion of the total peptide content of someganglia.For example, the entire Aplysia CNS contains about 100pmol FMRFamide or the SCPs(Lehmanet al.,
1984; Lloyd et al., 1985).
A quantitative comparisonof peptidetransport is not possible
due, in somecases,to an unknown number of methionine residuesin a peptide and to largedifferencesin distancesbetween
ganglia, ranging from a few millimeters between the cerebral,
pleural, and pedal gangliato many centimetersfor the abdominal connectives(Fig. 1). However, in someinstances,the greatest amount of labeled peptide was transported the longer distances.Examplesof this include the peptidestransportedin both
directions between the cerebral and buccal ganglia and
FMRFamide transported from the abdominal gangliaand several unidentified peptides transported from the cerebral to the
abdominal ganglia.
The question remains of whether the uncharacterizedtransported peptides serve a transmitterlike role. There are several
reasonsto believe that this is indeed the casefor many of the
peptides. First, as decribed above, several of the transported
peptides have been identified as characterized neuropeptides
previously shown to have transmitterlike actions in Aplysia.
Second,the nature of the transport is specificto both the source
gangliaincubated with label and its target ganglia.It is possible
that the peakscould be processedfragmentsof precursorsthat
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