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ABSTRACT
This study examined the catecholaminergic and serotonergic
innervation of the foregut of Aplysia californica, a model sys-
tem in which the control of feeding behaviors can be investi-
gated at the cellular level. Similar numbers (15–25) of
serotonin-like-immunoreactive (5HTli) and tyrosine
hydroxylase-like-immunoreactive (THli) fibers were present in
each (bilateral) esophageal nerve (En), the major source of
pregastric neural innervation in this system. The majority of En
5HTli and THli fibers originated from the anterior branch (En2),
which innervates the pharynx and the anterior esophagus.
Fewer fibers were present in the posterior branch (En1), which
innervates the majority of the esophagus and the crop. Back-
fills of the two En branches toward the central nervous system
(CNS) labeled a single, centrifugally projecting serotonergic
fiber, originating from the metacerebral cell (MCC). The MCC

fiber projected only to En2. No central THli neurons were found
to project to the En. Surveys of the pharynx and esophagus
revealed major differences between their patterns of cat-
echolaminergic (CA) and serotonergic innervation. Whereas
THli fibers and cell bodies were distributed throughout the
foregut, 5HTli fibers were present in restricted plexi, and no
5HTli somata were detected. Double-labeling experiments in
the periphery revealed THli neurons projecting toward the
buccal ganglion via En2. Other afferents received dense peri-
somatic serotonergic innervation. Finally, qualitative and
quantitative differences were observed between the buccal
motor programs (BMPs) produced by stimulation of the two En
branches. These observations increase our understanding of
aminergic contributions to the pregastric regulation of Aplysia
feeding behaviors. J. Comp. Neurol. 514:329–342, 2009.
© 2009 Wiley-Liss, Inc.
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The feeding behaviors of most animals are strongly influenced
by signals that originate from the alimentary tract (Pavlov, 1910).
The diversity of such signals is reflected by the varied effects
they exert on consummatory behaviors, ranging from enhance-
ment of ingestion to development of satiation (Novin et al., 1976;
Smith, 1998). Because of the structural and functional complex-
ity of feeding control in vertebrates, the contributions of specific
afferent pathways and neurotransmitter systems are difficult to
assess (Norgren, 1978; Grill, 2006). They may, however, be ef-
fectively studied in certain invertebrate systems, where the con-
sequences of preabsorbtive signals can be evaluated on simpler
neural networks and behaviors (Gelperin, 1967; Beenhakker et
al., 2004; Melcher and Pankratz, 2005).

One system in which pregastric regulation of feeding can be
examined in the context of well-defined neural circuits is the
marine mollusc Aplysia californica (Kupfermann, 1974a,b). In-
tensive study of molluscan feeding behavior and its neural
control has contributed to our general understanding of motor
system organization (for reviews see Murphy, 2001; Elliott and
Susswein, 2002; Cropper et al., 2004). As in other repetitive
actions, the consummatory behaviors of Aplysia are largely
controlled by a central pattern generator (CPG) network. Fun-

damental design features that this network appears to share
with CPGs found in more complex nervous systems include 1)
the capacity to accomplish multiple behaviors via reconfigu-
ration of its constituent modules (i.e., multifunctionality; see
Getting, 1989; Morton and Chiel, 1994; Kupfermann and
Weiss, 2001), 2) the ability to be activated and influenced by
signals originating from a variety of sources (Rosen et al.,
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1991; Nargeot et al., 1997; Horn and Kupfermann, 2002); and
3) the capacity to modify its cycle-by-cycle activity in re-
sponse to sensory stimuli (Evans and Cropper, 1998; Boro-
vikov et al., 2000; Shetreat-Klein and Cropper, 2004).

The central feeding network of Aplysia is strongly influenced
by afferent signals originating from pharyngeal and esopha-
geal sources (Susswein and Kupfermann, 1975a,b; Kuslansky
et al., 1978, 1987). The neural pathways that convey these
signals access the central nervous system via the esophageal
nerve, which has direct access to feeding CPG elements
present in the buccal ganglion (see Fig. 1; see Chiel et al.,
1986; Nargeot et al., 1999; Jing et al., 2007; Proekt et al., 2007).
In the periphery, the esophageal nerve bifurcates into two
major branches (Schwarz and Susswein, 1986), 1) a long pos-
terior branch (designated En1 by Nargeot et al., 1997) that can
be traced down the length of the crop and 2) a shorter anterior
branch (En2 of Nargeot et al., 1997) that preferentially inner-
vates the pharynx (see also Scott et al., 1991; Xin et al., 1995).
Lesion experiments indicate that esophageal afferents exert
diverse actions on feeding behavior, including signaling sati-
ation (Susswein and Kupfermann, 1975a,b; Kuslansky et al,,
1978, 1987), learning about food palatability (Schwarz and
Susswein, 1986), and reinforcement of both operant and clas-
sically conditioned consummatory behaviors (Nargeot et al.,
1997, 1999; Lechner et al., 2000). Esophageal nerve stimula-
tion is commonly used to activate coordinated buccal motor
programs (Chiel et al., 1986; Morgan et al., 2002; Proekt et al.,
2004) and is also employed as an unconditioned stimulus (US)
in in vitro and in vivo conditioning paradigms (Brembs et al.,
2002; Mozzachiodi et al., 2003; Baxter and Byrne, 2006). Al-
though some observations suggest that signals originating
from the two esophageal nerve branches may affect the feed-
ing CPG differentially (see Discussion), few comparisons of
their anatomical and physiological properties have been re-
ported.

The biogenic amines dopamine (DA) and serotonin (5HT) are
known to regulate the neural circuits that generate feeding-
related behaviors of mollusks (Wieland and Gelperin, 1983;
Trimble and Barker, 1984; Kyriakides and McCrohan, 1989;
Quinlan et al., 1997; Kabotyanski et al., 2000). In Aplysia, DA
and serotonin are present in specific interneurons that exert
broad and coordinated actions on the feeding circuitry (Weiss
et al., 1978; Rosen et al., 1991; Teyke et al., 1993; Alexeeva et
al., 1998; Kabotyanski et al., 1998). Potential peripheral
sources of these neurotransmitters have also been described,
but their participation in the control of feeding is not well
understood (Goldstein et al., 1984; Susswein et al., 1993; Xin
et al., 1995; Croll, 2001). This investigation explored the amin-
ergic innervation of the foregut with an aim toward increasing
our understanding of the neurotransmitter systems that con-
tribute to preabsorbtive regulation of feeding in Aplysia.

MATERIALS AND METHODS
Specimens and solutions

Experiments were conducted on specimens of Aplysia cali-
fornica (150–250 g) that were purchased from the Aplysia
Resource Facility and Experimental Hatchery (University of
Miami, Coral Gables, FL) or from Marinus Inc. (Pasadena CA).
Animals were maintained in refrigerated aquaria (14–16°C)
and fed dried seaweed twice per week. All protocols were

approved by the Institutional Animal Care and Use Committee
(IACUC) of the University of Puerto Rico Medical Sciences
Campus.

Electrophysiological experiments were performed in normal
artificial seawater (ASW) consisting of 460 mM NaCl, 10 mM
KCl, 55 mM MgCl2, 11 mM CaCl2, and 10 mM HEPES. Fixation
was achieved with a 4% paraformaldehyde solution contain-
ing 27% sucrose. Antibody incubations and washes were
conducted in 80 mM phosphate buffer (PB: 24 mM KH2PO4,
56 mM Na2HPO4, pH 7.4) containing 2% Triton X-100 and
0.1% sodium azide (solution referred to below as PTA).

Nerve backfills
Ganglia were positioned with minutien pins near a small

Vaseline well on the surface of a Sylgard-lined Petri dish. The
esophageal nerve was cut, and one of its branches was drawn
into the well. The ASW inside the well was withdrawn and
replaced with a saturated aqueous solution (1.6 mg/30 �l) of
biocytin (Sigma Chemical, St. Louis, MO). The preparation
was covered and incubated overnight at 14°C. The well was
then removed, and the ganglia were washed three to five
times, repinned, and fixed in paraformaldehyde. The fixed
ganglia were transferred to microcentrifuge tubes, washed
five times (30 minutes each) with PTA solution, and incubated
overnight (room temperature, with shaking) in Alexa avidin 488
(Molecular Probes, Eugene, OR) diluted 1:2,000 in PTA (24–48
hours, room temperature). The ganglia were then washed five
times with PTA, and the quality of the backfill was assessed
prior to further immunohistochemical processing. In the
double-labeling experiments, immunolabeling was visualized
with Alexa 546-conjugated second antibodies. Nerve fills to-
ward the periphery were conducted by using the same meth-
ods.

Immunohistochemistry
Standard whole-mount immunohistochemical protocols

were followed (for details of buffer composition, incubation,
and wash procedures see Dı́az-Rı́os et al., 1999). Tissues were
dissected, secured to a Sylgard-lined Petri dish with minutien
pins, and fixed in chilled 4% paraformaldehyde. Tissues being
processed for TH-like immunoreactivity were fixed for 1 hour,
whereas those being tested for serotonin-like immunoreactiv-
ity were fixed for 4 hours. When antibodies against both
amines were examined on the same tissue, an intermediate
fixation time (3 hours) was employed. After preincubation with
normal goat serum (0.8%), tissues were immersed (48 hours,
room temperature) in the primary antibody.

Catecholaminergic neurons were detected with a mouse
monoclonal antibody (Diasorin, Stillwater MN; product No.
22941) generated against rat tyrosine hydroxylase [lot LNC1
purified from rat pheochromocytoma (PC12) cells]. Primary
antibody concentrations ranged from 1:50 to 1:200 (see Dı́az-
Rı́os et al., 2002). This antibody is reported to possess wide
species cross-reactivity, which is proposed to reflect its rec-
ognition of a highly conserved epitope in the midportion of the
TH molecule (Diasorin specification sheet 22914). It specifi-
cally labels neurons that are stained with several independent
catecholaminergic (CA) markers, including the glyoxylic acid
(Rathouz and Kirk, 1988; Kabotyanski et al., 1998) and the
formaldehyde (Fa)-glutaraldehyde (Glu) histofluorescent tech-
niques (Goldstein et al., 1989; Croll, 2001; Dı́az-Rı́os et al.,
2002). These CA mapping studies were conducted on speci-
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mens spanning a range of developmental stages and exhibit
some variance with respect to details concerning small or
weakly staining cells. They collectively agree, however, on the
presence of five strongly staining CA neurons (the paired B20
cells, the paired B65 cells, and one unpaired interneuron) in
the Aplysia buccal ganglion, as observed in this study. Addi-
tional biochemical and pharmacological studies indicate that
dopamine is the major catecholamine neurotransmitter in
Aplysia and that DA mediates synaptic signaling by the neu-
rons labeled with this antibody (Carpenter et al., 1971; McCa-
man et al., 1973, 1979; Teyke et al., 1993; Due et al., 2004;
Dı́az-Rı́os and Miller, 2005). The synaptic actions of one THli
neuron (B20) were shown to be blocked by the dopaminergic
antagonists ergonovine (Teyke et al., 1993) and sulpiride
(Dı́az-Rı́os et al., 2005), and excitatory postsynaptic potentials
(EPSPs) produced by another THli buccal neuron (B65) were
blocked by sulpiride (Due et al., 2004). Finally, DA was shown
to mimic and occlude the postsynaptic actions of both B20
and B65 when applied directly to identified follower neurons
(Due et al., 2004; Dı́az-Rı́os et al., 2005). Collectively, these
observations support the utility of this antibody for labeling
neurons with a catecholaminergic phenotype in this system.

For serotonin, a rabbit polyclonal antiserum (Sigma-Aldrich,
St. Louis MO; product No. S5545) was used at a dilution of
1:200. The immunogen serotonin creatinine complex was con-
jugated with formaldehyde to bovine serum abumin (BSA).
Labeling was eliminated after preincubation of the antibody
(1:200) with serotonin creatinine complex (1 mM; overnight at
4°C). It was not reduced following preabsorbtion with BSA
(0.25%; overnight at 4°C). The results obtained with this anti-
body were in agreement with numerous independent seroto-
nin mapping studies in Aplysia (Ono and McCaman, 1984;
Goldstein et al., 1984; Longley and Longley, 1986) and other
mollusks (Croll, 1987; Sudlow et al., 1998; Newcomb et al.,
2006).

After repeated PTA washes (five times for at least 30 min-
utes each, room temperature), ganglia were incubated in sec-
ond antibodies conjugated to fluorescent markers [Alexa 488
goat anti-mouse IgG (H � L) conjugate or Alexa 546 goat
anti-rabbit IgG (H � L); Molecular Probes]. The second anti-
body dilutions ranged from 1:500 to 1:3,000. Preparations
were viewed on a Nikon Eclipse or on a Zeiss Pascal laser
scaning confocal microscope (LSCM). Images were captured
with the Nikon ACT-1 (version 2.10) software of the Eclipse or
the Zeiss LSM 5 Image Browser (version 3.1.0.11) program of
the Pascal. They were transported as BMP files to Adobe
Photoshop for adjustment of overall contrast and brightness
and then imported to Corel Draw 8 for addition of labels and
organization of panels.

Electrophysiology
Neurons were identified in preparations consisting of the

paired buccal and cerebral ganglia. Intracellular microelec-
trodes filled with 2 M KCl (10–20 M�) were used for DC
recording of membrane potentials (NeuroProbe 1600; AM
Systems). Extracellular signals were recorded with polyethyl-
ene suction electrodes and AC-coupled amplifiers (model
1700; AM Systems). The typical configuration consisted of two
cut-end recordings from buccal nerve 1 (Bn1; see Fig. 1A).
Experiments were conducted at room temperature (19–21°C)
in normal ASW (see composition above).

Nerve stimulation was achieved with 3-msec 2-Hz pulses
generated from an isolated pulse stimulator. Buccal motor
program classification was based on the method of Morgan et
al. (2002; see also Serrano et al., 2007). Intracellular record-
ings from the radula closer motor neuron B8a/b were used to
determine the phase of radula closure. Ingestive-like pro-
grams were defined as those in which the ratio of the average
firing frequency of B8 during protraction to its average firing
frequency during retraction was less than 0.65. Egestive-like
programs were defined as those in which the ratio of the
average firing frequency during protraction to its average fir-
ing frequency during retraction was greater than 2.0. Pro-
grams that did not fulfill either criterion were classified as
intermediate.

Data analysis
All results reported in this study were observed in a mini-

mum of three specimens. Measurements are reported as the
mean � SD or SEM, as noted. Parametric (Student’s t-test,
two tailed) or nonparametric statistical tests were performed
by comparing measurements obtained prior to drug applica-
tion with those attained at the peak of the response. Multiple
group tests were performed with ANOVA followed by Tukey-
Kramer pairwise comparisons. A value of P < 0.05 was es-
tablished as the criterion for significance.

RESULTS
The esophageal nerve of Aplysia californica bifurcates into

two major branches near its emergence from the buccal gan-

Figure 1.
Aminergic fibers in the esophageal nerve. A: Schematic diagram (not
drawn to scale) of the structures examined in this study. The posterior
region of the buccal mass, to which the paired buccal ganglia adhere,
corresponds to the pharynx. One esophageal nerve emerges from
each buccal hemiganglion. Near its origin, the esophageal nerve bi-
furcates into a posterior branch (En1), which projects along the length
of the esophagus, and a shorter anterior branch (En2), which projects
laterally toward the pharynx and salivary gland. In the region of the
salivary duct, the En2 projection converges with buccal nerve 1 (Bn1).
CBC, cerebral buccal connective. B: THli in the esophageal nerve. At
the En bifurcation, THli fibers could be traced to both the En1 and En2

branches. C: Serotonin-like immunoreactivity in the En. Several 5HTli
fibers were observed in each En branch. Scale bar � 100 �m.
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glion (Schwarz and Susswein, 1986; shown schematically in
Fig. 1A). A posterior branch (En1; Nargeot et al., 1997) projects
in the longitudinal direction, innervating the entire length of
the crop to the anterior gizzard. A shorter anterior branch
(Schwarz and Susswein, 1986; Scott et al., 1991; En2 of Nar-
geot et al., 1997) projects laterally toward pharyngeal and
salivary structures. Whole-mount immunohistochemical
methods revealed similar total numbers of TH-like-
immunoreactive (-li) and 5HTli fibers in the esophageal nerve
branches (En1 � En2; THli: 18.5 � 2.1; 5HTli: 22.5 � 1.6; Fig.
1B1,2, Table 1). Both amines exhibited an unbalanced distri-
bution of fibers in the two En branches (Table 1). In both
cases, the number of fibers in En2 (THli: 14.3 � 1.3; 5HTli:
16.8 � 1.8) exceeded the number in En1 (THli 4.3 � 0.9; 5HTli:
5.8 � 1.0; Table 1).

The differential distributions of aminergic fibers in the two
En branches prompted us to explore further the composition
of these nerves. Previous investigations showed that central
neurons project to the esophageal nerve (Lloyd et al., 1988;
Scott et al., 1991), so backfill methods were used to compare
systematically the projections from the buccal ganglion to the

two En branches (Fig. 2). Projections to En1 were chiefly
limited to a single cluster of large neurons (6.0 � 1.5 cell
bodies; n � 4) on the caudal surface of the ipsilateral buccal
hemiganglion (Fig. 2A, Table 2). Neurons in this cluster, which
includes the largest cell bodies in the ganglion (B1 and B2;
Fig. 2A), have been characterized previously as peptidergic
motor neurons that promote gut motility (Lloyd et al., 1988).
Backfills of En2 labeled a more numerous (42.3 � 9.5 total cell
bodies, n � 4) and dispersed population of buccal neurons
(Fig. 2B, Table 2). The cells projecting to En2 were distributed
across the rostral and caudal surfaces of both hemiganglia. In
contrast to En1, the neurons labeled with En2 backfills could
not be readily identified as cells that were described in previ-
ous investigations.

Several central neurons within the buccal ganglion of Aply-
sia contain markers for catecholamines (Rathouz and Kirk,
1988; Goldstein and Schwartz, 1989; Teyke et al., 1993; Kabo-
tyanski et al., 1998). Anatomical descriptions of CA buccal
neurons that have been reported to date have not included
projections to the En (Teyke et al., 1993; Kabotyanski et al.,
1998; Dı́az-Rı́os et al., 2002). However, as the branching pat-

Figure 2.
Backfills of the two esophageal nerve branches labeled distinct and nonoverlapping populations of buccal neurons. A: Backfill of En1 labeled
the B1, B2 cluster of motor neurons on the caudal surface of the ipsilateral hemiganglion. A single small neuron in the S-cell cluster (arrowhead)
was also usually filled. B: Backfills of En2 did not label neurons in the B1, B2 cluster. Many moderately sized neurons spanning the central
regions of both hemiganglia were labeled. Scale bar � 200 �m.

TABLE 1. Quantification of THli and 5HTli Fibers in En1 and En2, the Two Major Branches of the Esophageal Nerve

N

Total (En1 � En2) En1 En2

Mean
(S.E.)

Max #
fibers

Min #
fibers

Mean
(� S.E.)

Max #
fibers

Min #
fibers

Mean
(� S.E.)

Max #
fibers

Min #
fibers

TH 4 18.5 � 2.1 18 2 4.3 � 0.9 6 2 14.3 � 1.3 18 12
5-HT 4 34.0 � 1.6 21 3 5.8 � 1.0 8 3 16.8 � 1.8 21 13

TABLE 2. Distribution of Buccal Ganglion Cell Bodies Labeled with Backfills of Esophageal Nerve Branches En1 and En2

n

IPSILATERAL HEMIGANGLION CONTRALATERAL HEMIGANGLION TOTAL

mean
(� S.E.)

max #
cells

min #
cells

mean
(� S.E.)

max #
cells

min #
cells

mean
(� S.E.)

max #
cells

min #
cells

En1 4 6.0 � 1.5 10 3 1.0 � 0.4 2 0 7.0 � 1.2 10 4
En2 4 34.0 � 7.1 52 20 7.5 � 3.1 15 1 42.3 � 9.5 62 24
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terns of buccal CA neurons remain incompletely documented,
biocytin backfills of the two En branches were conducted in
conjunction with TH immunohistochemistry to determine

whether centrifugal projections could contribute to the cat-
echolaminergic fibers of the esophageal nerve (Fig. 3). Several
CA neurons, including B65 (Kabotyanski et al., 1998), B20

Figure 3.
Double-labeling experiments demonstrating that THli neurons in the buccal ganglion do not project fibers to the esophageal nerve. A1: Biocytin
backfill (green) of the En1 branch of the esophageal nerve (En) overlayed with THli (red) in the ipsilateral buccal hemiganglion. THli was present
in a small number of buccal neurons, including B20, B65, and a pair of unidentified cells (arrowhead) on the caudal surface near the B1, B2
cluster. None of the THli neurons was double labeled. A2: Contralateral hemiganglion from the same preparation as in A1. None of the THli
neurons, including B20, B65, or the unidentified lateral neurons (arrowhead), was labeled by the contralateral En1 backfill. B1: Biocytin backfill
(green) of the En2 branch of the esophageal nerve (En) overlayed with THli (red) in the ipsilateral buccal hemiganglion. None of the THli neurons,
including B20 and the pair of unidentified lateral cells (arrowhead), was double labeled. B2: Contralateral hemiganglion from the same
preparation as in B1. None of the THli neurons, including an unpaired medial neuron (U; see Dı́az-Rı́os et al., 2002), B20, B65, or the unidentified
lateral neurons (arrowhead), was labeled by the contralateral En2 backfill. Magenta/green image provided as Supporting Information Figure 1.
Scale bar � 100 �m.
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(Teyke et al., 1993), and a pair of unidentified lateral neurons,
were located near neurons with En1 projections, but none of
them was double labeled (Fig. 3A1,2). Likewise, backfills of the
En2 branch did not label THli buccal neurons in the ipsilateral
(Fig. 3B1) or contralateral (Fig. 3B2) buccal hemiganglia. To-
gether, these observations indicate that efferent axons from
central neurons do not contribute to the catecholaminergic
fiber systems of the En branches.

Analogous experiments were conducted to determine the
contribution of efferent axons to the serotonergic fibers in the
En branches (Fig. 4). Previous investigations showed that the
buccal ganglion is devoid of serotonergic cell bodies but that
it receives dense serotonergic innervation (Longley and Lon-
gley, 1986). Much of this innervation originates from the meta-
cerebral cell (MCC), a large serotonergic neuron that projects
from the cerebral ganglion (Gerschenfeld and Paupardin-
Tritsch, 1974; Weiss et al., 1978; Alexeeva et al., 1998). In
addition to its central ramifications, electrophysiological re-
cording showed that MCC axon branches enter many buccal
nerves, including the ipsilateral En (Weiss and Kupfermann,
1976). Our anatomical experiments confirmed this projection
(Fig. 4). One markedly large-caliber serotonergic fiber was
observed in the En (Fig. 4A1, arrow). At the En bifurcation, this
fiber turned sharply to enter the En2 branch. Within the buccal
ganglion, it could be traced back to the major site of MCC
axon branching, near the junction of the cerebral-buccal con-
nective (CBC) with the ganglion (Fig. 4A2, arrow). When back-
fills of En2 were combined with serotonin immunohistochem-
isty, a single, large double-labeled fiber was observed in the
CBC (Fig. 4C1,2). No additional CBC fibers were double la-
beled. Moreover, no CBC serotonergic CBC fibers were la-
beled when the En1 branch was backfilled (not shown). To-
gether, these findings indicate that the sole efferent
serotonergic En fiber originates from the MCC and that this
fiber projects only to En2.

The limited contributions of central projections to the amin-
ergic fiber systems of the En led us to examine their possible
role as afferents. Upon close inspection, many THli and 5HTli
fibers could be observed to taper and ramify upon entry into
the ganglion (Fig. 5). They appeared to give rise to fine net-
works that terminated around the cell bodies of specific neu-
rons and clusters within the ganglion. The densities of THli
and 5HTli fibers within the buccal ganglion rendered it impos-
sible to attribute specific regions of innervation to individual
En afferents or to distinguish En projections from those orig-
inating from other sources. With both amines, however, the En
appeared to be the predominant source of afferent input to
the BG. No THli fibers were present in buccal nerves 1–3 or the
radula nerve (see also Kabotyanski et al., 1998). Although the
sheath regions surrounding these nerves were richly inner-
vated by fine, irregular 5HTli networks, very few 5HTli fibers
could be detected passing longitudinally within the nerve
cores (Fig. 5B).

Results described thus far suggested a predominantly af-
ferent function for the aminergic fiber systems of the esoph-
ageal nerve. Peripheral aminergic labeling was therefore ex-
amined to determine whether potential sources of THli and
5HTli En fibers could be identified. THli fiber systems were
present throughout the pharynx and esophagus (Fig. 6). All
major En branches contained brightly staining fibers. In addi-
tion, small spherical or ellipsoid (20.2 � 1.6 �m length, 17.8 �

1.4 �m width; n � 25) THli cell bodies were observed Fig.
6A–D). Most of the THli somata were located close to major En
branches, with some appearing to be embedded within or
appended to the nerves. The majority of THli cells possessed
a single prominent process that was oriented toward the
closest nerve (Fig. 6A, arrowheads).

The distribution of THli neurons did not appear to be con-
stant throughout the length of the esophagus (compare Fig.
6A–D). To quantify possible differences, the esophagus was
divided into five sections along its length from the buccal
mass to the triturating stomach. When the total numbers of
THli cells in each segment were compared (n � 4 specimens;
Fig. 6E), a significant decline in the total number of THli cells
was observed (one-way ANOVA; F4,15 � 5.10, P < 0.01). This
decline occurred fairly abruptly between the second segment
(61.0 � 10.4 cells) and the third segment (35.0 � 5.4 cells;
Student-Newman-Keuls pairwise multiple comparison proce-
dure; q � 3.49, P < 0.05). The number of THli in the more
posterior segments (4 and 5) did not decline further (pairwise
multiple comparisons tests with segment 3: segment 4, q �
1.107, P > 0.05; segment 5, q � 0.40, P > 0.05).

The localization of serotonin-like immunoreactivity in the
esophagus (Fig. 7) differed from that of TH. Most notable was
a complete absence of 5HTli neuronal cell bodies (Fig. 7A,B).
The pharynx and the region surrounding the buccal ganglion
were completely covered with a dense network of fine fibers
(Fig. 7A). More posterior regions of the crop contained large

Figure 4.
The serotonergic metacerebral cell projects to En2. A: One markedly
large-caliber 5HTli fiber was observed in the En. At the En bifurcation
(arrowhead), this fiber turned sharply to enter the En2 branch.
B: Within the buccal ganglion, the 5HTli fiber could be traced back to
the major site of MCC axon branching (arrow), near the junction of the
cerebral-buccal connective (C-b c) with the ganglion. C1: Backfill of
En2 labeled several fibers in the C-b c, including one large caliber axon
(arrowhead). C2: When 5HTli was examined in the same preparation,
the large fiber in the C-b c was labeled. No additional double labeling
was observed in fibers backfilled from the En2. Scale bars � 50 �m in
A; 50 �m in C (applies to B,C).

Research in Systems Neuroscience The Journal of Comparative Neurology
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patches of immunoreactive fibers (Fig. 7B). The overall density
of innervation within these patches was less than that in the
pharynx. The fibers did not appear to ramify into fine termi-
nals, and no varicosities were observed. The borders of the
patches were very well defined and often gave the appear-
ance of exact boundaries (Fig. 7B, arrows). The 5HTli fiber
patches did not appear to correspond to underlying tissue
structures.

Biocytin fills of the esophageal nerve toward the periphery
were performed to identify foregut regions that may give rise
to aminergic afferents. Examination of En1 at a distance of
approximately 1 cm along its course along the esophagus
revealed no THli (Fig. 8A1) or 5HTli (Fig. 8A2) fibers within the
nerve. When En2 was examined in the region of the salivary
gland, however, many THli (Fig. 8B1) and 5HTli (Fig. 8B2)
fibers were present within the nerve. Occasionally, double-
labeled fibers could be detected in En2 (arrowheads in Fig.
8B1,2), indicating that fibers labeled with the biocytin con-
tained the amines. Together, these observations indicated
that aminergic projections to the CNS originate from foregut
regions innervated by En2, including the pharynx and most
anterior portions of the esophagus.

These nerve-tracing experiments prompted a focused ex-
ploration of potential aminergic afferents within foregut re-
gions innervated by En2. First, double-labeling experiments
were performed to determine relations between THli and 5HTli
in this region (Fig. 9A). Although no serotonergic neurons were
detected (see also Fig. 7), numerous profiles were observed
that were indicative of cell bodies enveloped by 5HTli varicose
fibers (two indicated by arrows in Fig. 9A; see also Goldstein
et al., 1984). In addition to its dense catecholaminergic inner-
vation, the pharynx was also stippled with THli cell bodies
(two indicated by arrowheads in Fig. 9A). Serotonergic inner-
vation of THli cell bodies was never detected (>30 THli cells
examined in four double-labeled preparations).

The catecholaminergic and serotonergic innervations of the
pharynx were further characterized in conjunction with biocy-
tin fills of En2 toward the periphery. Such experiments re-
vealed double-labeled THli cell bodies in the region of the
pharynx (Fig. 9B, eight observed in six preparations). In the
case of serotonin (Fig. 9C), varicose fiber networks were
sometimes observed surrounding cell bodies that were la-
beled by the fills (Fig. 9C). Together, these findings indicate
that THli peripheral cells contribute to afferent pathways orig-

Figure 5.
Extensive aminergic innervation of the buccal ganglion originating from the esophageal nerve. A: THli fibers from the En entered the buccal
ganglion and projected in a loose bundle (arrow) toward the large motor neurons B1 and B2. The THli fibers crossed the axon of the
dopaminergic interneuron B65. They did not project toward the soma of B65 or toward two additional unidentified THli cells (arrowheads) in the
lateral region of the ganglion. B: 5HTli fibers from the En also projected in a loose bundle (arrow) toward the medial region of the ganglion.
Comparatively, few serotonergic fibers projected toward the ganglion via the other buccal nerves (Bn1 and Bn2). Scale bars � 50 �m in A; 100
�m in B.
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Figure 6.
Tyrosine hydroxylase-like immunoreactivity in the pharynx and esophagus. A: Numerous THli fibers were present in each of the major nerves
innervating the pharynx. Fine varicose fibers covered the entire surface of the pharynx. Cell bodies (arrows) were located near major fiber
bundles. It was often possible to detect a single fine process projecting from each THli cell body toward the nearest fiber bundle. B: The pattern
of THli in the anterior region of the esophagus was similar to that observed in the pharynx. Labeled cell bodies (arrows) were positioned close
to major fiber bundles. C,D: Bundles of THli fibers coursed through more posterior regions of the esophagus, but the surface was not covered
with the fine network observed in more anterior segments. Labeled cell bodies (arrows) were closely associated with, and often appeared to be
embedded within, the THli fiber bundles. E: Group data (n � 5) from experiments in which the esophagus was cut into five segments along its
longitudinal axis prior to processing for THli. The number of labeled cell bodies decreased steeply between the second and the third segments
(corresponding to B and C). The numbers of labeled neurons did not diminish over the remaining segments. *P < 0.05. Scale bar � 100 �m.

Figure 7.
Serotonin-like immunoreactivity in the foregut. A: Serotonin-immunoreactive fiber network in the anterior esophagus. B: Serotonin-
immunoreactive fibers in the crop. The fibers were more uniform in diameter than those seen in the pharynx and esophagus. Although the
patches did not correspond to any discernible underlying structures, they sometimes had clearly defined borders (arrows). No 5HTli cell bodies
were detected in the foregut. Scale bar � 100 �m.

Research in Systems Neuroscience The Journal of Comparative Neurology



inating from En2. Although serotoninergic fibers do not appear
to contribute directly to such afferent pathways, they may
regulate activity originating from other classes (i.e., non-THli-
containing) of pharyngeal neurons that project to the CNS.

After we had established that the two major branches of the
esophageal nerve differ with respect to their patterns of pe-
ripheral aminergic innervation, experiments were conducted
to compare systematically the influence En1 vs. En2 on evoked
motor programs (Fig. 10). In these experiments, an extracel-
lular recording from buccal nerve 1 (Bn1) was used as a
monitor of the protraction phase of BMPs (Neustadter et al.,
2002), and intracellular recordings from the multifunctional
neurons B4/5 (Jahan-Parwar et al., 1983) and motor neurons
B8a/b (Morton and Chiel, 1993) were used as monitors of
radula retraction and closure, respectively. As observed in
previous studies (Chiel et al., 1986; Morgan et al., 2002; Proekt
et al., 2004), most (86.6% � 8.1%; Fig. 10A1,B) buccal motor
programs produced in response to stimulation of En1 (total of
41 programs from five preparations) were functionally classi-
fied as egestive-like (see Materials and Methods for classifi-
cation algorithms). Fewer programs were classified as inter-
mediate (13.4% � 8.1%), and no ingestive-like programs were
observed (one-way ANOVA; F � 49.86, P < 0.05). Stimulation
of En2 (total of 48 programs from six preparations), on the
other hand, produced a more balanced proportion of motor
programs (egestive-like: 46.3% � 16.1%; intermediate: 19%
� 7.5%; ingestive-like: 34.3% � 14.7%; one-way ANOVA; F �
1.06, P > 0.05; Fig. 10B,C1–3).

DISCUSSION
This study contributes to our understanding of the aminer-

gic innervation of the pregastric alimentary tract of Aplysia.
Our findings disclosed several differences between the sero-
tonergic and catecholaminergic patterns of foregut innerva-
tion. 1) Although no efferent CA projections could be attrib-
uted to central neurons, one serotonergic efferent projection
originated from the MCC; 2) although no peripheral serotoner-
gic cell bodies were observed, THli somata were abundantly
distributed throughout the foregut; and, 3) although seroto-
nergic fibers enveloped many peripheral somata, no periph-
eral THli cells were observed to receive serotonergic innerva-
tion. These experiments also revealed differences between
the two major branches of the esophageal nerve. 1) Most THli
and 5HTli fibers in the En were associated with the En2

branch; 2) the serotonergic efferent fiber originating from the
MCC projected exclusively to En2; 3) THli afferents were de-
tected only in En2; and 4) the functional profile of buccal motor
programs produced in response to stimulation of En1 differed
from that elicited by stimulation of En2.

Serotonin is a major regulator of gastrointestinal motility in
vertebrates (Gershon and Tack, 2007; Beattie and Smith,
2008) and invertebrates (Orchard, 2006; Stern et al., 2007),
including molluscs (Ajimal and Ram, 1981; Hernadı́ et al.,
1998; Kiss et al., 2003). The localization of 5HTli observed in
this study is in general agreement with previous reports in
Aplysia (Goldstein et al., 1984) and related gastropods (Moroz
et al., 1997; Hernadı́ et al., 1998). Notably, the absence of 5HTli
peripheral neurons is consistent with observations in Helix
pomatia (Hernadı́ et al., 1998), Pleurobranchaea californica,
and Tritonia diomedea (Moroz et al., 1997), as well as juvenile
Aplysia (Goldstein et al., 1984). Collectively, these studies

leave unresolved the cellular origins of peripheral serotonin-
immunoreactive fibers. One hypothesis proposes that all pe-
ripheral serotonergic fibers arise from central neurons (Moroz
et al., 1997). If this is so, then the serotonergic afferent fibers
that appear to enter the buccal ganglion via the En may
originate from neurons in other central ganglia that take a
circuitous peripheral route to reach their targets. Observa-
tions of serotonergic fibers on nonserotonergic cell bodies in
the gut led previous investigators to postulate a role for 5HT in
the regulation of reflexes or feedback to the CNS (Goldstein et
al., 1984; Moroz et al., 1997). Our finding that peripheral neu-
rons labeled with dye fills of the En were enveloped with 5HTli
supports the hypothesis that serotonin can regulate direct
feedback pathways to the buccal CPG.

The observed dopaminergic innervation of the Aplysia fore-
gut was also in agreement with previous findings obtained

Figure 8.
Fiber tract tracing indicates that aminergic afferents are associated
with the proximal foregut. A1: Biocytin fill (red) of the En toward the
periphery labeled a few fibers in En1. When examined approximately 1
cm from the buccal ganglion, THli fibers (green) and small cell bodies
(arrowheads) were prevalent in the region surrounding En1, but no THli
fibers were observed in the nerve itself. A2: Nerve tracing (red) exper-
iment conducted as in A1, but with serotonin-like immunohistochem-
istry (green). Image was captured at approximately the same distance
from the buccal ganglion as A1. Note comparatively little 5HTli on the
esophagus (see Figs. 6, 7). No 5HTli fibers were detected in En1. B1:
Biocytin fill (red) of the En toward the periphery labeled fibers in En2.
Image was captured in the region of the salivary gland (S.G.), using the
large peripheral salivary afferent neuron (arrow) as a landmark. Many
THli fibers (green) were present in En2. Although the majority of these
THli fibers were not filled by the biocytin, fibers with a yellow appear-
ance (arrowhead) were observed, indicative of the presence of THli
afferents in this region. B2: Forward-fill (red) conducted in combina-
tion with 5HTli labeling (green). Image captured in the same region as
B1 (large peripheral salivary afferent neuron, arrow). Note the higher
level of serotonergic innervation compared with more posterior fore-
gut regions, e.g., A2. Several serotonergic fibers were present in En2,
including a few (arrowhead) that had a yellow appearance, indicative
of double labeling. Magenta/green images submitted as Supporting
Information Figure 2. Scale bar � 100 �m.
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with juvenile specimens (Susswein et al., 1993; Croll, 2001).
Although dopamine has been reported to regulate gastroin-
testinal motility in molluscs (Hernadı́ et al., 1998), its function
is best understood as a modulator of the neural networks that
control feeding (Wieland and Gelperin, 1983; Trimble and
Barker, 1984; Kyriakides and McCrohan, 1989; Quinlan et al.,
1997). In Aplysia, dopamine is present in specific interneurons
within the feeding system that are instrumental in the gener-
ation and specification of consummatory motor programs
(Rosen et al., 1991; Teyke et al., 1993; Kabotyanski et al.,
1998; Jing and Weiss, 2001). DA has not been localized to
motor neurons in this system. The presence of dopaminergic
afferents in the pharyngeal region reported here indicates that
DA may mediate transmission of proprioceptive feedback
from specific effector elements directly to the feeding CPG
(see below).

Neuroregulation of the foregut: functional
organization

The backfill and nerve stimulation experiments conducted
in this study disclosed significant structural and functional
differences between the two major esophageal nerve
branches, En1 and En2. In mammals, diverse preabsorbtive
signals are thought to exert influence on the regulation of
consummatory behaviors, ranging from enhancement of in-
gestion to development of satiation (Novin et al., 1976; Zeigler,
1994; Smith, 1998). Considerable evidence indicates a com-
parable level of complexity in the pregastric signaling of mol-
lusks (Croll et al., 1987; Schwarz et al., 1988; Elliott and Ben-
jamin, 1989; Horn et al., 2001). In Aplysia, successful
consumption of small quantities of food produces an en-
hancement of feeding, probably via activation of gut chemo-
receptors (Susswein et al., 1984). Further filling the crop, how-
ever, with food or nonnutritive bulk produces a stimulus-
graded satiation (Susswein and Kupfermann, 1975a,b;

Susswein et al., 1976). Bilateral sectioning of the esophageal
nerves results in a significant increase in the volume required
to achieve satiation, indicating that the sensory afferents sig-
naling gut distension reach the CNS via the En (Kuslansky et
al., 1987). Direct support for the participation of the esopha-
geal nerve in transmitting information concerning the pres-
ence of food in the foregut was obtained in free-feeding Aply-
sia, where bouts of high-frequency En activity were observed
when bites resulted in the ingestion of food, but not when the
animals were prevented from swallowing (Brembs et al.,
2002).

The digestive system of Aplysia is richly innervated by a
broad spectrum of neuroregulators that participate in both
motor and sensory functions (Lloyd et al., 1988; Miller et al.,
1991, 1992; Fujisawa et al., 1999; Furukawa et al., 2001, 2003).
Our observations indicate that the biogenic amines dopamine
and serotonin are preferentially associated with En2, the
esophageal nerve branch that innervates the pharynx and
most anterior esophagus. With the exception of a single fiber
originating from the metacerebral cell, DA and 5HT do not
appear to participate directly in the efferent CNS control of
foregut targets. Other neuroregulators are specifically associ-
ated with En1, the branch that innervates more posterior
esophageal and crop regions (Lloyd et al., 1988; Jing et al.,
2007). The small cardioactive peptides (SCPs) are present in
the large caudal motor neurons, including B1 and B2, which
project to the En (Lloyd et al., 1985, 1988). Stimulation of B1
was shown to produce peristaltic contractions in a relatively
distal portion of the gut (Lloyd et al., 1988). These actions are
consistent with our backfill experiments showing that neurons
of the B1/B2 cluster project exclusively to En1. Although we
obtained no evidence for motor projections to the pharynx via
En2, this region is known to receive motor innervation via
another buccal nerve (buccal nerve 1; Nagahama and Takata,
1987; Serrano et al., 2007).

Figure 9.
Double-labeling experiments illustrate relations between catecholaminergic and serotonergic innervation of the foregut. A: Image of the pharynx
region labeled for THli (green) and 5HTli (red). Several small THli cell bodies were observed (two indicated by arrowheads). Although no
serotonergic somata were detected, several cell bodies were enveloped by varicose serotonergic fibers (two indicted by arrows). No TH-5HTli
double-labeled fibers or cell bodies were observed. Moreover, serotonergic somatic innervation was not found to occur on THli neurons.
B: Overlay image of biocytin fill (red) of En2 toward the pharynx and THli (green). Although the majority of the THli cells in the pharynx did not
exhibit double labeling, THli was occasionally detected in pharyngeal neurons that had afferent En projections (cell appears yellow in overlay
image, arrow). C: Biocytin fill (red) of En2 toward the pharynx overlayed with 5HTli (green). No double labeling was observed, but several filled
peripheral cell bodies were enveloped with serotonergic fibers (two indicated by arrow), indicative of serotonergic regulation of CNS afferents.
Magenta/green images submitted as Supporting Information Figure 3 Scale bar � 100 �m.

Research in Systems Neuroscience The Journal of Comparative Neurology
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Afferent signals from the alimentary tract contribute to satia-
tion in molluscan species with diverse feeding strategies and
preferences, including Pleurobranchea (Davis et al., 1977), Limax
(Reingold and Gelperin, 1980), and Navanax (Susswein and Ben-
nett, 1979). In Aplysia, a herbivore that consumes well-defined
meals (Kupfermann, 1974a), recent experiments have provided
evidence for the contribution of afferent signals mediated by
Aplysia neuropeptide Y (apNPY; Rajpara et al., 1992) to produc-
ing the transition from hunger to satiety (Jing et al., 2007). That
study and others implicating the participation of gut afferents in
producing satiation (see above) have focused on the posterior
branch (En1) of the esophageal nerve in signaling crop disten-
sion, a stimulus that is preabsorbtive but postingestive. Other
studies have disclosed a more complex control of satiation that
emphasizes sensory feedback from more anterior regions of the
alimentary tract (Horn et al., 2001). The association of aminergic
afferents with the En2 anterior esophageal nerve branch indi-
cates that dopamine and serotonin may be signaling some pa-
rameter of the ingestive (or egestive) process itself, such as
passage of substances between the pharynx and the esopha-
gus. The distinct sources of motor (buccal nerve 1) vs. sensory

(En2) innervation of this region coupled with the partitioning of
certain neurotransmitter systems between the two En branches
should facilitate further functional characterization of peripheral
determinants of feeding and satiation in Aplysia.

Preabsorbtive signals and conditioning of feeding
behaviors

Considerable interest has focused on esophageal nerve
sensory signals in modifications of feeding behaviors that
result from learning. In one conditioning paradigm, bilateral
lesion of the En was found to attenuate the ability of Aplysia to
cease responding to inedible food (Schwarz and Susswein,
1984, 1986). En2 lesions were also found to impair learning in
a classical conditioning protocol in which food was used as an
unconditioned stimulus (US; Lechner et al., 2000). Such ex-
periments led to the identification of En2 as a pathway that is
both necessary and sufficient for transmission of US informa-
tion in both classical and instrumental conditioning of feeding
responses (Nargeot et al., 1997; Brembs et al., 2002; Mozza-
chiodi et al., 2003; Baxter and Byrne, 2006).

Figure 10.
Comparison of buccal motor programs produced by stimulation of the two major esophageal nerve branches. A: Motor programs produced by
stimulation (3-msec pulses, 2 Hz) of En1. Extracellular recordings from buccal nerve 1 (Bn1) were used to monitor the protraction phase of motor
programs (Neustadter et al. 2002; duration of protraction indicated by the white bar below recordings). Intracellular recording from the
multifunctional neuron B4 provided a monitor of the retraction phase (duration of retraction indicated by gray bar below recordings). Note that
retraction phase duration corresponds to the entire period of B/4 depolarization, which typically outlasts its period of firing. Intracellular
recording from B8 served as a monitor of radula closure. In A1, the closure phase is coincident with protraction, indicative of a fictive
egestive-like program. A2 illustrates an intermediate program in which closure is not preferentially associated with either protraction or
retraction (see Materials and Methods for classification algorithm). B: Group data (41 programs from five preparations) showed that the motor
programs produced by En1 stimulation were biased toward the egestive-like classification. C: Motor programs produced by stimulation of En2.
In C1, the closure phase is coincident with protraction, indicative of a fictive egestive-like program. C2 illustrates an intermediate program in
which closure is not preferentially associated with either protraction or retraction. In C3, closure was predominantly associated with retraction,
indicative of an ingestive-like program. Group data for En2 stimulation (48 programs from six preparations) are shown in B (right side). No
significant bias toward any of the three program classifications was detected.
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The efficacy of En2 stimulation as contingent reinforcement
in a neuronal analogue of operant conditioning (Nargeot et al.,
1997) led to an investigation of dopaminergic signaling in this
pathway (Nargeot et al., 1999). In specific buccal neurons, En2

stimulation was shown to produce direct PSPs that were
blocked by the dopamine antagonist methylergonovine. Im-
portantly, these synaptic potentials were significantly reduced
by a concentration of methylergonovine (1 nM) that also
blocked the efficacy of En2 stimulation as a US. The demon-
stration of dopaminergic afferents projecting to the buccal
ganglion via the En2 further supports the hypothesis that DA
conveys the natural US in the operant conditioning of Aplysia
feeding.

In summary, our findings indicate that dopamine (directly)
and serotonin (indirectly) participate in feedback projections
from the anterior alimentary tract to the feeding CPG of Aply-
sia. For action patterns that possess motivational or goal-
directed determinants, such feedback could contribute to
computing the value, or incentive salience, that is assigned to
a particular stimulus (Berridge and Robinson, 1998; Alcaro et
al., 2007). It can also participate in the comparative evaluation
of actual vs. expected consequences of an organism’s motor
actions (Schultz, 1998; Schultz and Dickinson, 2000). Plastic-
ity in the feeding motor network of Aplysia possesses a history
dependence that exhibits features of intentions and expecta-
tion in higher organisms (Proekt et al, 2004). The presence of
dopaminergic afferents on the pharynx and anterior esopha-
gus is highly consistent with a system that provides feedback
to the feeding CPG concerning the effectiveness of ingestive
or egestive actions. In this respect, dopaminergic systems of
molluscs may share critical functional attributes with their
counterparts in vertebrate brains; i.e., they may provide infor-
mation to central motor networks concerning the conse-
quences of the actions that they generate.
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