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Localization of Potential Serotonergic Facilitator Neurons in Aplysia
by Glyoxylic Acid Histofluorescence Combined with Retrograde

Fluorescent Labeling

Robert D. Hawkins
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A variety of evidence suggests that 5-HT participates in pre-
synaptic facilitation of the siphon sensory cells contributing
to dishabituation and sensitization of the gill- and siphon-
withdrawal reflex in Aplysia. Most recently, Glanzman et al.
(1989) have shown that the 5-HT neurotoxin 5,7-DHT mark-
edly reduces both the synaptic facilitation and behavioral
dishabituation produced by tail shock. To provide more di-
rect evidence for a role of 5-HT, | have used histological
techniques to try to locate individual serotonergic facilitator
neurons. | first used a modification of the glyoxylic acid
histofluorescence technique to map serotonergic and do-
paminergic neurons in the CNS of Aplysia. Intracellular flu-
orescent labeling combined with histofluorescence indi-
cates that the previously identified L29 facilitator neurons
are not serotonergic. Nerve transection experiments sug-
gest that most of the perisomatic 5-HT histofluorescence in
the abdominal ganglion (the location of the siphon sensory
cells) comes from neurons whose cell bodies are located in
the pedal or cerebral ganglia. As there are at least 500 sero-
tonergic neurons in those ganglia, | combined retrograde
fluorescent labeling with histofluorescence to identify a small
subset of those neurons which send processes to the ab-
dominal ganglion and are therefore potential serotonergic
facilitators. In the following paper, Mackey et al. (1989) show
that stimulation of 2 of those neurons in the cerebral ganglia
(the CB1 cells) produces presynaptic facilitation of the si-
phon sensory cells contributing to dishabituation and sen-
sitization of the withdrawal reflex.

A variety of evidence suggests that 5-HT participates in pre-
synaptic facilitation of the siphon sensory cells contributing to
dishabituation and sensitization of the gill- and siphon-with-
drawal reflex in Aplysia. First, 5-HT mimics sensitizing cuta-
neous stimuli or nerve shock in producing presynaptic facili-
tation and its biophysical and biochemical correlates in the
sensory cells (Brunelli et al., 1976; Klein and Kandel, 1978,
1980; Bernier et al., 1982). Second, 5-HT is endogenous to the

Received Feb. 27, 1989; revised June 6, 1989; accepted June 12, 1989.

This work was supported by a grant from the National Institute of Health
(MH26212). I thank D. Glanzman, L. Eliot, E. Kandel, I. Kupfermann, and J.
Schwartz for their comments, K. Hilten and L. Katz for preparing the figures, and
H. Ayers and A. Krawetz for typing the manuscript.

Correspondence should be addressed to Dr. Robert D. Hawkins, Center for
Neurobiology and Behavior, College of Physicians and Surgeons, Columbia Uni-
versity, 722 West 168th Street, New York, NY 10032.

Copyright © 1989 Society for Neuroscience 0270-6474/89/124214-13$02.00/0

abdominal ganglion, where 5-HT immunoreactive fibers are
found in close proximity to the sensory cells (Kistler et al., 1985).
Third, the 5-HT antagonist cinanserin reduces facilitation of the
sensory cells (Brunelli et al., 1976), and the 5-HT neurotoxin
5,7-DHT markedly reduces both facilitation and behavioral
dishabituation (Glanzman et al., 1989). However, this evidence
is all indirect, and at least 2 other endogenous transmitters (the
small cardioactive peptide SCP and the unknown transmitter
of the L29 cells) can also produce facilitation of the sensory cells
(Abrams et al., 1984; Hawkins et al., 1981b). The contribution
of 5-HT to facilitation, dishabituation, and sensitization has
therefore been uncertain.

To provide more direct evidence for a role of 5-HT in facil-
itation, dishabituation, and sensitization, it is desirable to iden-
tify individual serotonergic facilitator neurons. In this paper, I
report on the use of histological techniques to locate a set of
serotonergic neurons in the nervous system of Aplysia that are
potential facilitators. In the first part of the paper, I describe
experiments in which I used a modification of the glyoxylic acid
histofluorescence technique to map serotonergic neurons in
Aplysia and present evidence that suggests the technique is fairly
specific for 5-HT. I then review experiments in which I com-
bined the glyoxylic acid method with nerve transection and
retrograde fluorescent labeling to identify a subset of seroto-
nergic neurons that send processes to the vicinity of the siphon
sensory cells. In the following paper, Mackey et al. (1989) show
that stimulation of 2 of those neurons, the left and right CB1
cells, produces presynaptic facilitation of the sensory cells.

Materials and Methods

Glyoxylic acid histofluorescence. The glyoxylic acid histofluorescence
technique is a relatively fast and easy method for visualizing monoam-
inergic neurons in sections of nervous tissue (Lindvall and Bjorklund,
1974). I used a slight modification of the methods of Goldstein (1984;
Goldstein and Schwartz, 1989), Barber (1982), and Bolstad et al. (1979),
which arein turn modifications of the method of de 1a Torre and Surgeon
(1976), to map the distribution of monoaminergic neurons in the ner-
vous system of Aplysia. Ganglia from adult (30-100 gm) or juvenile
(0.5-5.0 gm) Aplysia californica (supplied by Sea Life Supply, Sand City,
CA, and the Howard Hughes Medical Institute mariculture facility,
Woods Hole, MA) were soaked in a solution of 25% sucrose, 0.1 M
phosphate buffer (pH 7.4) at 4°C for at least 1 hr, or until they sank.
They were then quickly frozen in a drop of O.C.T. embedding medium
(Miles, Inc., Elkhart, IN) and cut into 30-um sections in 4 cryostat. The
sections were picked up on clean glass slides and immersed in an ice-
cold solution of 1% glyoxylic acid, 25% sucrose, 25 mM HEPES buffer
(pH 7.0) for 5 min. The slides were then blotted around the edges with
a tissue, dried under a stream of cool air for 15-30 min, and heated in
a 100°C oven for 5 min. The sections were coverslipped with mineral



oil and viewed with a D filter cube (excitation filter 355425 nm, mirror
455 nm, barrier filter 460 nm) on a Leitz epifluorescence microscope.
Using this technique, 5-HT appears yellow-green and catecholamines
appear blue. In Aplysia, blue fluorescence probably corresponds to do-
pamine, since that is the only catecholamine detectable with biochemical
techniques (Carpenter et al., 1971; McCaman et al., 1973; Gospe et al.,
1981). Goldstein (1984; Goldstein and Schwartz, 1989) has shown by
microspectrofluorimetry that the glyoxylic acid emission spectra in Aply-
sia agree well with 5-HT and dopamine standards. Control slides treated
similarty but dipped in a solution without glyoxylic acid exhibited no
yellow-green or blue fluorescence, but only reddish autofluorescence.
The fluorescent images were photographed with Kodak Ektachrome 400
film for slides, which were then either converted to prints or projected
onto paper, traced on a digitizing tablet, and entered into an IBM PC
for reconstruction of the ganglia using commercially available software
(PC3D, Jandel Scientific, Corte Madera, CA).

Intracellular fluorescent labeling. In some experiments, ganglia from
adult (50-100 gm) animals were partially desheathed and individual
cells were identified with standard electrophysiological techniques (Fra-
zier et al., 1967; Hawkins et al., 1981a). The identified cell was then
injected iontophoretically with the fluorescent dye lissamine rhodamine
B (LRB) (Gurr, High Wycombe, England). Injection electrodes were
filled with a 5% soultion of dye in water and had resistances approxi-
mately 5 times as high as comparable electrodes filled with 2.5 m KCL
Dye was injected by passing 500 msec hyperpolarizing pulses (1-2 nA)
at 1 Hz unti] the cell was faintly pink (5-90 min, depending on the size
of the cell). The ganglion was then processed for glyoxylic acid histo-
fluorescence as described above. Dye-injected cells exhibit red fluores-
cence with the Leitz N2 filter cube (excitation filter 530-560 nm, mirror
580 nm, barrier filter 580 nm). The cell could then be checked for
monoamine histofluorescence by switching to the D filter cube, with
minimal interference between the intracellular and monoamine labeling.

Transections. Isolated CNSs (abdominal, pedal, pleural, cerebral, and
buccal ganglia) from adult Aplysia (50-200 gm) were incubated at 18°C
for 6-8 days in a solution of artificial seawater (in mm: 460 NaCl, 10
K(l, 11 CaCl,, 55 MgCl,, buffered to pH 7.6 with 10 HEPES) supple-
mented with glucose, essential and nonessential amino acids, vitamins;
penicillin, and streptomycin (Eisenstadt et al., 1973). The bathing so-
lution, which will be referred to as culture medium, was changed every
otherday. Each dish contained 2 nervous systems: in one the connectives
between all the major ganglia were intact, and in the other the pleural-
abdominal and cerebral-buccal connectives were transected (separating
the abdominal and buccal ganglia from the other ganglia) at the begin-
ning of the incubation period (Fig. 14). At the end of the incubation
period, the abdominal and buccal ganglia were processed for glyoxylic
acid histofluorescence as described above.

Retrograde fluorescent labeling. Two different methods produced suc-
cessful retrograde fluorescent labeling of neurons with cell bodies in the
ring ganglia and axons projecting to the abdominal ganglion. The first
method, which was used with animals weighing 0.5-5 gm, was to place
the abdominal ganglion in a small, Vaseline-sealed well containing a
1% solution of lissamine rhodamine in culture medium, with the rest
of the nervous system (connected to the abdominal ganglion by the
pleural-abdominal connectives through the Vaseline seal) in normal
culture medium (Fig. 1B). The second method, which was used with
animals weighing 5-50 gm, was similar to the first except that the pleu-
ral-abdominal connectives were cut and their ends were placed in a well
containing a 1% solution of propidium iodide in water. With either
method, the preparation was then incubated at 18°C for 1-3 d with the
culture medium outside the well changed daily. At the end of the in-
cubation period, the ring ganglia were processed for glyoxylic acid his-
tofluorescence as described above. Retrogradely labeled cells exhibit red
fluorescence with the Leitz N2 filter cube. The lissamine rhodamine
method produced punctate labeling in the cytoplasm of the cell body,
whereas the propodium iodide method produced labeling in the nucleus.
The cell could then be checked for monoamine histofluorescence by
switching to the D filter cube, with minimal interference between the
retrograde and monoamine labeling.

Results

Mapping monoamingergic neurons

Abdominal ganglion. Figure 24 shows an example of a glyoxylic
acid-treated section through the dorsal side of the abdominal
ganglion. Cells in the area of the RB cluster, which have been
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Figure 1. Methods. 4, Diagram of nerve transection experiments. B,

Diagram of retrograde fluorescent labeling experiments. See the text for
details.

shown to be serotonergic by other methods (Eisenstadt et al.,
1973; Liebeswar et al., 1975; Goldstein, 1984; Goldstein et al.,
1984; Ono and McCaman, 1984; Kistler et al., 1985; Longley
and Longley, 1986; Jahan-Parwar et al., 1987), fluoresce yellow-
green. The outlines of many nonfluorescing neurons, including
the cholinergic neuron R2, are also visible. The cell bodies of
virtually all of the neurons in the ganglion (and in the other
central ganglia as well) are surrounded by a sparse network of
5-HT-fluorescing processes. These are seen at higher magnifi-
cation in Figure 84, which shows a section through the left
ventral abdominal ganglion in the vicinity of the siphon sensory
cells. A few neurons and/or blood vessels in the posterior region
of the ganglion, sometimes including 5-HT-fluorescing neurons,
are surrounded by a network of dopamine-fluorescing fibers, as
illustrated in Figure 74,.

Figure 3 shows a serial reconstruction of all of the fluorescent
neurons in a representative abdominal ganglion. For this pur-
pose, the ganglion has been divided into 4 layers: dorsal surface,
dorsal subsurface, ventral surface, and ventral subsurface. The
dorsal layers are viewed from the dorsal side, and the ventral
layers are viewed from the ventral side. R2 (which does not
fluoresce) is shown for orientation. Abdominal ganglia from 5
adult animals were completely mapped in this manner, and
abdominal ganglia from several more animals were examined
more casually. There were consistently 3 groups of serotonergic
neurons: a cluster on the right dorsal surface and subsurface of
about 50 medium-sized (75-150 pm) to small (less than 75 um)
cells; a cluster on the left dorsal subsurface extending to the
ventral subsurface of about 25 medium to small cells; and a
cluster on the right ventral surface of about 12 small cells. The
exact locations and shapes of the clusters were somewhat vari-
able. In addition, there were occasionally 1-5 medium-sized
cells near the lateral edge of the left ventral (or dorsal) subsur-
face. There were not usually any dopamine cell bodies in the
abdominal ganglion, but in some cases there was a single me-
dium-sized dopamine cell in the cluster of serotonergic cells on
the right dorsal surface.

Cerebral ganglia. Figure 2B shows an example of a section
through the dorsal side of the left and right cerebral ganglia, and
Figure 4 shows a serial reconstruction of representative ganglia.
Cerebral ganglia from 3 adult animals (50 gm) and 1 juvenile
animal (5 gm) were completely mapped in this manner, and
cerebral ganglia from several more animals were examined more
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casually. In addition to the serotonergic metacerebral cells
(MCCs), there were consistently 2 groups of serotonergic neu-
rons in each ganglion: a cluster on the posterior dorsal surface
of about 5 medium-sized cells; and a cluster on the anterior
dorsal and ventral subsurfaces of 25-30 medium to small cells.

There were also consistently 3 groups of dopaminergic neu-
rons in each cerebral ganglion: a cluster on the anterior dorsal
surface and subsurface of up to 10 small cells; a cluster on the
lateral dorsal surface and subsurface of about 5 small cells; and
a cluster on the posterior ventral surface of 5-15 small cells.
There was a tendency for the clusters of dopamine cells in the
left ganglion to have more cells than those in the right, but I
did not map ganglia from enough animals to determine whether
this was a reliable difference. In addition to these clusters of
small cells, there were occasionally 1-2 medium-sized dopamine
cells in the cluster of serotonergic cells on the anterior, dorsal,
and ventral subsurfaces.

The cerebral ganglia from 1 juvenile animal showed a similar
general pattern, but had fewer serotonergic and dopaminergic
neurons on each cluster. The total number of monoaminergic
cells was approximately 50% of that seen in adults.

Pedal and pleural ganglia. No serotonergic or dopaminergic
cell bodies were observed in the pleural ganglia. Figure 2C shows
an example of a section through the left pedal ganglion, and
Figure 5 shows a serial reconstruction of a representative gan-
glion. Pedal ganglia from 3 adult animals and 1 juvenile animal

—

dominal ganglion from serial sections
showing the outlines of monoaminergic
cells. In this and the following figures,
open circles indicate 5-HT fluorescing
cells and filled circles indicate cate-
cholamine fluorescing cells. R2, which
is not monoaminergic, is shown for ori-
entation. The cell outlines from every
second section and the ganglion outline
from every fourth section are shown.
Section thickness was 30 um. The out-
line of the central neuropil is indicated
by a dashed line.

were completely mapped in this manner, and pedal ganglia from
several more animals were examined more casually. There were
consistently 3 groups of serotonergic neurons in each pedal gan-
glion: a cluster extending from the posterior-dorsal surface to
the posterior-ventral surface of about 200 large (> 150 ym) to
small cells; a cluster on the anterior-dorsal surface of about 15
large to medium cells; and a cluster on the anterior-ventral
surface of about 10 large to medium cells.

The number and position of dopamine cells was more vari-
able, but there was usually a cluster on the dorsal surface of 3—
15 medium- to small-sized cells, and there was occasionally a
cluster on the ventral subsurface of 1-3 medium-sized cells.
There was not any obvious difference between the left and right
pedal ganglia in either 5-HT or dopamine cells, but I did not
examine enough ganglia to detect differences in details.

The pedal ganglia from 1 juvenile animal showed a similar
general pattern, but had fewer serotonergic and dopaminergic
neurons in each cluster. The total number of monoaminergic
cells was approximately 60% of that seen in adults.

Buccal ganglia. Figure 2D shows an example of a section
through the left and right buccal ganglia, and Figure 6 shows a
serial reconstruction of the ganglia. The buccal ganglia from 1
adult animal were reconstructed in this manner, and buccal
ganglia from several more animals were examined more casual-
ly. No serotonergic cell bodies are observed in the buccal ganglia.
Three to five medium- to small-sized dopamine cells are found

Figure 2. Examples of glyoxylic acid histofluorescence in Aplysia ganglia. Serotonergic cells fluoresce yellow-green and catecholaminergic cells
fluoresce blue. 4, Abdominal ganglion. B, Cerebral ganglia. C, Pedal ganglion. D, Buccal ganglia.
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Figure 4. Reconstruction of the ce-
rebral ganglia showing the outlines of
monoaminergic cells. See the legend of
Figure 3. MCC indicates the metacere-
bral cells.

along the midline of each ganglion. Since I reconstructed the
buccal ganglia from only 1 animal, I do not know whether the
number and position of these cells is variable.

Summary. Table | summarizes the results of these mapping
studies. A total of about 90 serotonergic cells was found in the
abdominal ganglion, about 35 in each cerebral ganglion, and
more than 200 in each pedal ganglion. No serotonergic cells
were found in the pleural or buccal ganglia. There were also

_about 20 dopaminergic neurons in each cerebral ganglion, 5-15
in each pedal ganglion, and about 4 in each buccal ganglion.
One dopamine cell was occasionally found in the abdominal
ganglion, and none were found in the pleural ganglia.

Intracellular fluorescent labeling

The results described above provide a map of the distribution
of monoaminergic neurons in the nervous system of Aplysia,
but they do not show whether individual identified neurons are
monoaminergic except for large cells that can be identified by
visual criteria alone, such as R2 and the MCCs. To tell whether
smaller cells are monoaminergic, it is necessary to identify them
electrophysiologically and label them with an intracellular dye
compatible with the glyoxylic acid histofluurescence method. I
tried a number of dyes and found one, lissamine rhodamine,
that was suitable for this purpose. Figure 7 illustrates this meth-
od with 2 identified cells in the abdominal ganglion, an RB cell
and an L29 cell.
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RIGHT

POSTERIOR

VENTRAL SUBSURFACE

200um

RB cells have previously been shown to be serotonergic by
several methods (Eisenstadt et al., 1973; Liebeswar et al., 1975;
Tritt et al., 1983; Goldstein, 1984; Goldstein et al., 1984; Ono
and McCaman, 1984; Kistler et al., 1985; Longley and Longley,
1986; Jahan-Parwar et al., 1987; Salimova et al., 1987). Cells
in the region of the RB cluster (the posterior right dorsal hemi-
ganglion) show 5-HT histofluorescence (Figs. 24 and 3). As a
more definitive test, an RB cell identified electrophysiologically
by the criteria of Frazier et al. (1967) was injected iontophoreti-
cally with lissamine rhodamine and the ganglion was processed
for glyoxylic acid histofluorescence. As shown in Figure 74,,
the injected cell fluoresces red when viewed with a Leitz N2
filter cube. Figure 74, shows the same section viewed with a D
filter cube for monoamine histofluorescence. The injected cell
fluoresces yellowish, indicating that it contains 5-HT.

L29 refers to a group of several neurons in the abdominal
ganglion, stimulation of which produces presynaptic facilitation
of the siphon sensory cells (Hawkins, 1981; Hawkins et al.,
1981b). Data from morphological studies and experiments on
5-HT uptake suggested that those neurons might be serotonergic
(Bailey et al., 1981, 1983). However, immunocytochemical
studies indicated that the L29 neurons do not contain 5-HT
(Ono and McCaman, 1984; Kistler et al., 1985; Longley and
Longley, 1986). Results with the glyoxylic acid histofluorescence
method provide additional evidence that the L29 cells are not
serotonergic. First, no serotonergic cells are found in the ante-
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rior, left ventral region of the abdominal ganglion (Fig. 3), which
is where the 1.29 cells are usually located (Hawkins et al., 198 1a).
As a more definitive test, an L29 neuron identified electro-
physiologically by the criteria of Hawkins et al. (1981a) was
injected with lissamine rhodamine (Fig. 7B,). As shown in Fig-
ure 7B,, the injected L29 neuron shows no monoamine histo-
fluorescence, indicating that it is not serotonergic. Since mono-
amine histofluorescence is often brighter in the axons than in
the cell bodies of neurons, I also injected identified L29 neurons
with lissamine rhodamine and left the ganglion in organ culture
overnight to label the axon, and again saw no corresponding
5-HT histofluorescence.

Transection experiments

The finding that the L29 cells are not serotonergic prompted a
further search for serotonergic facilitator neurons. I first tested
cells in areas of the abdominal ganglion where the glyoxylic acid
method showed that serotonergic cells are located (Fig. 3). Stim-
ulating cells in those regions has not produced facilitation of
PSPs from siphon sensory cells, although it is possible that the
critical cells have been missed. Alternatively, serotonergic fa-
cilitator neurons may have their cell bodies in other ganglia and
send processes to the abdominal ganglion. I attempted to test
this possibility with the transection experiments illustrated in
Figure 1A4.

The abdominal ganglion was left in organ culture for approx-
imately 1 week, either connected to the ring ganglia (pedal,
pleural, and cerebral) or separated from them by transecting the
pleural-abdominal connectives. If serotonergic processes in the
abdominal ganglion come from cell bodies in the other ganglia,
they should lose their transmitter (due either to degeneration or
to depletion) more rapidly when the abdominal ganglion is iso-
lated than when it is connected to the other ganglia. If, however,
those processes come from cell bodies in the abdominal gan-
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Figure 5. Reconstruction of the left
pedal ganglion showing the outlines of
monoaminergic cells. See the legend of
Figure 3.
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Figure 6. Reconstruction of the buccal ganglia showing the outlines
of monoaminergic cells. See the legend of Figure 3.
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ISOLATED

glion, transmitter loss should be approximately equal in the 2
cases.

Figure 8 shows glyoxylic acid treated sections from the region
of the siphon sensory cells in 2 abdominal ganglia. Figure 84
is from an abdominal ganglion that had been left connected to
the ring ganglia for 6 days in organ culture. The glyoxylic acid
histofluorescence is similar to that in a freshly dissected gan-
glion; in particular, there is a clear network of serotonergic pro-
cesses around the cell bodies of most of the neurons. Figure 8B
is from an abdominal ganglion that had been separated from
the ring ganglia for the same amount of time, in the same culture
dish as the ganglion shown in part 4. The fluorescence of the
serotonergic processes around the cell bodies is greatly reduced

—

200um

Figure 8. Examples of results from the nerve transection experiments. 4, A glyoxylic acid treated section from an abdominal ganglion that had
been left connected to the ring ganglia for 6 days in organ culture. B, A similar section from an abdominal ganglion that had been isolated from
the ring. There is much less perisomatic histofluorescence in the isolated ganglion than in the connected ganglion.

or absent. This was true throughout the abdominal ganglion,
except for a restricted area in the anterior medial region of the
ganglion. By contrast, the fluorescence of serotonergic cell bodies
and axons, as well as dopaminergic processes, was not obviously
affected by transecting the pleural-abdominal connectives. Sim-
ilar results were obtained from 4 of 5 pairs of abdominal ganglia
treated in this manner; in the fifth pair, the fluorescence of
serotonergic processes was reduced in both ganglia. As a check
on the method, similar results were also obtained from 5 pairs
of buccal ganglia, which contain no serotonergic cell bodies:
5-HT histofluorescence was present in the connected, but not
the isolated, buccal ganglia.

These results suggest that most of the perisomatic serotonergic

Figure 7. Combined intracellular labeling with lissamine rhodamine and glyoxylic acid histofluorescence. 4,, An RB cell that had been injected
with lissamine rhodamine, viewed with rhodamine filters. 4,, The same section viewed with histofluorescence filters. The injected cell (arrow)
shows 5-HT histofluorescence. * indicates a nonfluorescing neuron or blood vessel surrounded by a dense network of catecholamine processes. B,
An L29 cell injected with lissamine rhodamine. B,, The same section viewed with histofluorescence filters. The injected cell (arrow) shows no

monoamine histofluorescence.
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Table 1. Approximate number of monoaminergic neurons in adult
Aplysia ganglia

Ganglion 5-HT cells DA cells
Abdominal 90 (1)
Each cerebral 35 20
Each pedal >200 10
Each pleural 0 0
Each buccal 0 4

processes in the abdominal ganglion come from neurons in the
ring ganglia. I have attempted to use the transection technique
to determine which ganglion they come from by leaving the
abdominal ganglion connected to either the cerebral or the pedal
ganglia, but the results have not been as clear. This ambiguity
suggests that the serotonergic processes in the abdominal gan-
glion may come from more than ! ganglion in the ring.

Retrograde fluorescent labeling

The results of the transection experiments described above sug-
gested that there may be serotonergic facilitator neurons that
have their cell bodies in the ring ganglia and send axons to the
abdominal ganglion, Since there are at least 500 serotonergic
neurons in the ring ganglia (Table 1), however, it was impractical
to test all of them. I therefore combined glyoxylic acid histoflu-
orescence with retrograde fluorescent labeling to identify that
subset of serotonergic neurons in the ring ganglia that send an
axon to the abdominal ganglion.

Figure 94 shows an example of a double-labeled serotonergic
cell in the cerebral ganglia. In Figure 94,, the section 1s viewed
with the N2 filter cube, showing retrograde labeling from the
abdominal ganglion with lissamine rhodamine. In Figure 94,,
the same section is viewed with the D filter cube, showing glyox-
ylic acid labeling of monoamines. The arrows identify a neuron
that is labeled by both methods. This technique has been used
to locate approximately 12 bilaterally symmetrical monoamin-
ergic neurons in the ring ganglia that send axons to the abdom-
inal ganglion (Fig. 10). On each side, there is a medium-sized
serotonergic neuron in the B cluster of the cerebral ganglion (this
cell is shown in Fig. 94), a large serotonergic neuron on the
anterior edge of the pedal ganglion, and a group of 3 or 4 smaller
serotonergic neurons on the posterior side of the pedal ganglion.
There is also a smallish dopaminergic neuron on the anterior
edge of the cerebral ganglion (this cell is shown in Fig. 9B). Each
of these neurons has been clearly double-labeled in more than
1 experiment. Since the results are somewhat variable from
experiment to experiment (particularly for the retrograde la-
beling), there may be additional neurons which have been missed.

Discussion

Mapping monoaminergic neurons by glyoxylic acid
histofluorescence

This paper describes the first systematic mapping of monoam-
inergic neurons in A. californica by the glyoxylic acid histoflu-

—
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Figure 10. Diagram of neurons in the ring ganglia that show both
monoamine histofluorescence and retrograde fluorescent labeling from
the abdominal ganglion. Open circles = 5-HT fluorescing neurons; filled
circles = catecholamine-fluorescing neurons.

orescence technique. Several previous papers have described
glyoxylic acid histofluorescence in Aplysia with basically similar
results (Tritt et al., 1983; Goldstein, 1984; Salimova et al., 1987,
Rathouz and Kirk, 1988; Goldstein and Schwartz, 1989). How-
ever, only one of those studies (Salimova et al., 1987) provided
a systematic mapping, and that was for Aplysia depilans. There
are several differences in details between my results and those
of Salimova et al. (1987), which could be due to the different
species used or differences in technique. Although I usually used
a somewhat different glyoxylic acid method (Bolstad et al., 1979;
Barber, 1982), which produced better labeling, I still got different
results than Salimova et al. (1987) when I used their method
(de la Torre and Surgeon, 1976). Thus, it seems likely that there
are species differences between A. californica and A. depilans.

The distribution of serotonergic neurons in A. californica has
previously been examined by immunocytochemistry (Gold-
stein, 1984; Goldstein et al., 1984; Ono and McCaman, 1984;
Kistler et al., 1985; Longley and Longley, 1986) and 5,7-DHT
staining (Jahan-Parwar et al., 1987). There is general agreement
between my results with the glyoxylic acid method and results
with these other methods concerning the major cell groups that
are 5-HT positive. In addition, my results also agree with im-
munocytochemical results on identified RB and L29 cells (Kis-
tler et al., 1985) and with biochemical assays of 5-HT content
or synthesis in RB, R2, and MCCs (Weinreich et al., 1973;
Eisenstadt et al., 1973; Liebeswar et al., 1975; Ono and Mc-
Caman, 1984). This agreement between different techniques
tends to support the specificity of each of them.

Figure 9. Combined retrograde labeling with lissamine rhodamine and glyoxylic acid histofluorescence. 4,, A section through the ¢erebral ganglia
viewed with rhodamine filters, showing several neurons with retrograde labeling from the abdominal ganglion. A,, The same section viewed with
histofluorescence filters. One neuron (arrow) shows both retrograde labeling and 5-HT histofluorescence. B,, Another section through the cerebral
ganglia viewed with rhodamine filters. B,, The same section viewed with histofluorescence filters, showing a catecholamine fluorescing neuron

(arrow) that also backfilled from the abdominal ganglion.
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The major differences between these different studies have to
do with the number of cells observed in each of the 5-HT pos-
itive cell groups. For example, the number of serotonergic cells
reported in the left abdominal ganglion varies from 1 or 2 (Ono
and McCaman, 1984; Longley and Longley, 1986; Salimova et
al., 1987) to 20 or 30 (Kistler et al., 1985; Jahan-Parwar et al.,
1987; and the present study). This study shows more 5-HT-
positive cells than most of the previous studies. These differ-
ences in number of cells do not correlate with the type of assay
[e.g., Ono and McCaman (1984), Longley and Longley (1986)
and Kistler et al. (1983), all used immunocytochemistry, and
Salimova et al. (1987) and the present study used glyoxylic acid]
and thus are probably not due to differences in the inherent
sensitivity or specificity of the assays. Rather, this study prob-
ably revealed more positive cells because it involved reconstruc-
tion of the ganglia from serial sections. This technique makes
it possible to count cells accurately in the interior as well as on
the surface of mature ganglia. Such counting showed that there
is a substantial increase (between 50 and 100%) in the number
of monoamine-positive cells between the late juvenile (5 gm)
and adult (50 gm) stages of development, in agreement with
previous reports of increases in the number of both monoam-
inergic and nonmonoaminergic neurons (Goldstein, 1984;
Goldstein et al., 1984; Kistler et al., 1985; Cash and Carew,
1989; Goldstein and Schwartz, 1989).

An advantage of the glyoxylic acid method is that it permits
visualization of catecholamines as well as 5-HT. In basic agree-
ment with previous studies (Tritt et al., 1983; Goldstein, 1984;
Salimova et al., 1987; Rathouz and Kirk, 1988; Goldstein and
Schwartz, 1989), there were consistently catecholamine (pre-
sumably dopamine) neurons in the cerebral, pedal, and buccal
ganglia, and occasionally in the abdominal ganglion. There was
also a dense network of catecholamine processes enveloping
some neurons and/or blood vessels in the posterior part of the
abdominal ganglion.

Although the same cell groups were consistently monoamine-
positive from animal to animal, there was considerable variation
in the position and shape of the cell groups and the number of
cells they contained. In addition, individual neurons sometimes
appeared outside of the major groups. For example, there were
sometimes, but not always, from 1 to 5 serotonergic cells on
the lateral margin of the left abdominal ganglion, and a single
catecholamine neuron on the right dorsal surface of the abdom-
inal ganglion. This variability could be apparent (due, for ex-
ample, to variability in the threshold of detection of the assay)
or it could be real. Ifit is real, individual neurons could be strays
from the major groups, or they could represent anomalies in
transmitter expression. In the case of the catecholamine cells,
the latter possibility seems more likely, since such cells always
appeared within clusters of similar-sized serotonergic cells.

LRB: An intracellular and retrograde fluorescent label
compatible with glyoxylic acid histofluorescence

To test whether electrophysiologically identified neurons show
glyoxylic acid histofluorescence, it is necessary to label the cells
with an intracellular marker compatible with the glyoxylic acid
method. Conventional markers such as fast green or horseradish
peroxidase tend to obscure the histofluorescence. The fluores-
cent dye Lucifer yellow is also not suitable because its excitation
and emission characteristics are similar to those of 5-HT his-
tofluorescence. I therefore searched for another fluorescent dye
that is easy to inject but has different excitation and emission

characteristics, so that it can be distinguished from serotonin
histofluorescence. I tried a number of rhodamine dyes and found
one, LRB, that is suitable for this purpose. LRB had previously
been used by Simpson et al. (1977) to examine dye coupling
between salivary gland cells, but I have not observed dye cou-
pling in Aplysia neurons. LRB is also suitable as a second in-
tracellular dye in conjunction with Lucifer yellow (Hawkins and
Schacher, 1989). LRB is generally comparable to Lucifer yellow
as an intracellular dye: it is highly fluorescent, is easily injected
either by iontophoresis or by pressure, quickly spreads into the
processes of the cell, and does not leak out or appear to be toxic
for up to 24 hr. Its one drawback is that it does not fix with
conventional paraformaldehyde fixation procedures and is
therefore limited to use either in living tissue or in cyrostat-
sectioned material.

LRB also turned out to be useful as a retrograde fluorescent
dye compatible with glyoxylic acid histofluorescence. It works
best when it is applied to the terminals (rather than the cut axon)
of a neuron and labels cell bodies a relatively long distance
(centimeters) away. The punctate appearance of the labeling in
the cell body suggests that the dye is carried by retrograde trans-
port mechanisms. I also had success with propodium iodide as
a retrograde fluorescent marker compatible with glyoxylic acid
histofluorescence (Van der Kooy and Wise, 1980; Wieland et
al., 1983). The 2 retrograde labeling methods produced similar
results. Propodium iodide worked best when applied to the cut
axon of a neuron and did not spread as far as LRB. A number
of other fluorescent dyes that are good retrograde markers in
vertebrates, including Fluorogold, Nuclear yellow, True blue,
DAPI, Primulin, Bisbenzimide, Evans blue, and Doxorubicin,
did not label cell bodies when applied to cut axons in Aplysia.

Localization of serotonergic facilitator neurons by nerve
transections and retrograde fluorescent labeling

One of the more striking results from both immunofluorescence
and glyoxylic acid histofluorescence studies is the existence of
a sparse network of serotonergic processes around the cell bodies
of almost all neurons in the CNS. The MCCs can evidently
account for many of these perisomatic processes in the buccal
ganglia (Shkolnik and Schwartz, 1980); it would be interesting
to know the origin of these processes in other ganglia, and what
their functional role is. The nerve transection experiments de-
scribed in this paper suggest that most of the perisomatic sero-
tonergic processes in the abdominal ganglion, including those
around the siphon sensory neurons, come from neurons whose
cell bodies are located in the cerebral or pedal ganglia. These
results do not rule out the existence of serotonergic facilitator
neurons in the abdominal ganglion, since such neurons might
contact the sensory neurons in the neuropil. Nonetheless, these
experiments provided the motivation to search in the ring gan-
glia for serotonergic facilitators.

The combination of retrograde fluorescent labeling and glyox-
ylic acid histofluorescence made it possible to locate a small
number of serotonergic neurons in the ring ganglia that send
axons to the abdominal ganglion and are therefore potential
facilitators. The following paper (Mackey et al., 1989) presents
evidence that 2 of these neurons, the left and right CB1 cells,
produce presynaptic facilitation of the siphon sensory cells con-
tributing to behavioral dishabituation and sensitization of the
gill- and siphon-withdrawal reflex.

The double-labeling technique also located a pair of dopa-
minergic neurons in the cerebral ganglia which send axons to



the abdominal ganglion. Since dopamine produces presynaptic
inhibition of the siphon sensory neurons (Tomosky-Sykes, 1978;
Abrams et al.,, 1984), it is possible that these dopaminergic
neurons participate in behavioral inhibition of the reflex by
feeding, copulation, or aversive stimulation such as tail shock
(Advokat, 1980; Lukowiak, 1980; Lukowiak and Freedman,
1983; Krontiris-Litowitz et al., 1987; Mackey et al., 1987; Mar-
cus et al., 1988).

The double-labeling technique could be applied to a number
of similar problems in Aplysia. For example, it might be used
to locate interganglionic serotonergic neurons involved in the
control of locomotion, circadian rhythms, or osmotic regulation,
or dopaminergic neurons involved in the control of opaline
secretion. By using a different retrograde fluorescent dye com-
bined with immunofluorescence, the strategy can be applied
more generally to interganglionic neurons of almost any trans-
mitter type. We have recently used this approach to locate a
FMRFamide-immunoreactive neuron in the pleural ganglion
that produces presynaptic inhibition of the siphon sensory neu-
rons contributing to behavioral inhibition of the reflex by tail
shock (Mackey et al,, 1987; Hawkins and Small, 1988).
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