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Neural Circuits

A conserved gastropod withdrawal circuit in Biomphalaria glabrata, an
intermediate host for schistosomiasis
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Institute of Neurobiology and Department of Anatomy & Neurobiology, University of Puerto Rico Medical Sciences Campus,
San Juan, Puerto Rico

Abstract

Neuronal signals mediated by the biogenic amine serotonin (5-HT) underlie critical survival strategies across the animal kingdom.
This investigation examined serotonin-like immunoreactive neurons in the cerebral ganglion of the panpulmonate snail
Biomphalaria glabrata, a major intermediate host for the trematode parasite Schistosoma mansoni. Five neurons comprising the
cerebral serotonergic F (CeSF) cluster of B. glabrata shared morphological characteristics with neurons that contribute to with-
drawal behaviors in numerous heterobranch species. The largest member of this group, designated CeSF-1, projected an axon
to the tentacle, a major site of threat detection. Intracellular recordings demonstrated repetitive activity and electrical coupling
between the bilateral CeSF-1 cells. In semi-intact preparations, the CeSF-1 cells were not responsive to cutaneous stimuli but did
respond to photic stimuli. A large FMRF-NH,-like immunoreactive neuron, termed C2, was also located on the dorsal surface of each
cerebral hemiganglion near the origin of the tentacular nerve. C2 and CeSF-1 received coincident bouts of inhibitory synaptic input.
Moreover, in the presence of 5-HT they both fired rhythmically and in phase. As the CeSF and C2 cells of Biomphalaria share funda-
mental properties with neurons that participate in withdrawal responses in Nudipleura and Euopisthobranchia, our observations sup-
port the proposal that features of this circuit are conserved in the Panpulmonata.

NEW & NOTEWORTHY Neuronal signals mediated by the biogenic amine serotonin underlie critical survival strategies across
the animal kingdom. This investigation identified a group of serotonergic cells in the panpulmonate snail Biomphalaria glabrata
that appear to be homologous to neurons that mediate withdrawal responses in other gastropod taxa. It is proposed that an an-
cient withdrawal circuit has been highly conserved in three major gastropod lineages.

FMRFa; pond snail; pulmonate mollusk; Schistosoma mansoni; serotonin

INTRODUCTION tissue injury (9-13). Responses range from specific escape,
defensive, or avoidance behaviors to general arousal or vigi-

Planorbid snails of the genus Biomphalaria serve as inter- lance (14-16).

mediate hosts for the trematode Schistosoma mansoni, the
causative agent for schistosomiasis (1-3). One obligatory
stage of the complex schistosome life cycle requires the mir-
acidium form of the parasite to penetrate the skin of its snail
host (Fig. 1, A and B). Miracidium penetration is achieved by
muscular boring action and release of lytic secretions, two
noxious stimuli that produce tissue damage (4, 5).

Across phylogeny, the biogenic amine serotonin (5-HT) is
present in networks that mediate or regulate responses to
aversive stimuli (6-8). Stimuli that initiate such responses
range from detection of potential predators to traumatic
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Pioneering studies recognized the utility of stereotyped
gastropod withdrawal behaviors for disclosing general prin-
ciples of neural circuit operation and plasticity (17-20). The
neural circuits that underlie these responses are often com-
posed of large neurons that can be identified and homolo-
gized across species, providing insight into neural circuit
evolution (21-23). In the nudipleura Tritonia tetraquetra
(formerly Tritonia diomedea) and Pleurobranchaea californ-
ica, serotonergic neurons participate in the central pattern
generator (CPG) circuits that produce escape swimming fol-
lowing contact with potential predators (24-28). In the
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Figure 1. Preparations and methods used in this study. A: Schistosoma mansoni miracidia penetrating the head region of Biomphalaria glabrata.
Photo credit: Dr. Solymar Rolén-Martinez. B: higher magpnification of region enclosed by dashed box in A. Miracidia (arrows) penetrating the proxi-
mal tentacle. C: a semi-intact preparation was used to test motor and sensory responses to aversive stimuli. Lips, eyes, and tentacles (Ten) were
left intact and connected to the central nervous system (CNS) via their respective nerves. The buccal nerves remained connected to the buccal
mass (B m.), and a portion of the body wall including the pneumostome (Pn) remained connected via the intestinal nerve (I n.). D: electrophysiologi-
cal properties of neurons were characterized by intracellular recording. In this image, two microelectrodes (El 1 and El 2; dashed lines added to aid
visibility) were recording the membrane potentials of the left C2 (L C2) and the right cerebral serotonergic F (CeSF)-1 (R CeSF1), respectively. L Cer
g., left cerebral ganglion; R Cer g., right cerebral ganglion; L Pa g., left parietal ganglion; R Pa g., right parietal ganglion; R PI g., right pleural gan-

glion; V g., visceral ganglion. Calibration bar, 100 um.

euopisthobranch Aplysia californica, modulatory actions of
serotonin produce behavioral sensitization following nox-
ious stimuli (29-31). The serotonergic neurons of gastropods
also contribute to more generalized arousal or vigilant states
by modulating circuits that control multiple behaviors (16,
27,31, 32).

In previous reports, we described systems of 5-HT-like
immunoreactive (SHT-li) and FMRF-NH,-like immunoreac-
tive (FMRF-NH,-1i) neurons in the central nervous system
of Biomphalaria glabrata (33-35). Those studies localized
S5HT-li and FMRF-NH,-li to neurons in the cerebral gan-
glion that appeared to correspond to cells that participate
in withdrawal responses in other gastropods (16, 36). These
observations prompted the present study, in which electro-
physiological and neuron tracing techniques were used to
characterize elements of a circuit that could contribute to
withdrawal behaviors in Biomphalaria.

MATERIALS AND METHODS
Specimens

Experiments were conducted on laboratory-reared B.
glabrata (8- to 12-mm shell diameter). Specimens were con-
sidered sexually mature, as evidenced by their capacity to
lay eggs. Snails were housed in plastic aquaria at room tem-
perature (21-23°C) and fed lettuce ad libitum. All protocols
were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of Puerto Rico Medical
Sciences Campus (Protocol No. 3220110).

Tests for Neuronal Function

Potential motor and sensory functions of identified neu-
rons were tested in semi-intact preparations, in which the
central nervous system remained connected to the periphery
(Fig. 1, C and D). Intracellular recording was performed with
single-barrel glass microelectrodes filled with 2 M KCI (25-40
MQ). Cutaneous stimulation, designed to simulate penetra-
tion of schistosome miracidia, was performed with a glass
probe (tip diameter ~10 pm) mounted on a Narashigi micro-
manipulator. Stimuli were applied to the anterior, medial,
and posterior foot, ipsilateral and contralateral lips, and ten-
tacles. Stimuli were considered nociceptive if they produced
synaptic responses in neuron Cl1 (metacerebral cell) and
evoked peripheral organ retraction and/or body withdrawal.
A dark-step test, designed to simulate a looming stimulus,
was performed by turning off the lamp illuminating the
preparation (60 s) in a room that was otherwise darkened.

Immunohistochemistry

Standard whole mount immunohistochemical protocols
were followed (33, 37). Tissues were dissected in normal sa-
line (in mmol-L™% NaCl 51.3, KCI 1.7, MgCl, 1.5, CaCl, 4.1,
HEPES 5, pH 7.8.) and pinned in a Sylgard plate. Tissues
were incubated in protease (0.5%; type XIV, Sigma no. P5147;
10-15 min), washed thoroughly with normal saline, and then
fixed for 1 h in cold 4% paraformaldehyde prepared in 80
mM phosphate buffer (PB; 24 mM KH,PO,4, 56 mM Na,HPO,,
PH 7.4) containing 24% sucrose. Fixed tissues were washed
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Table 1. Primary antibodies used in this study

Antibody Source Dilution
5HT-H209 (ms) DAKO; no. MO758 1:1,000
5HT (rb) Sigma-Aldrich; no. S5545 1:2,000
SCPy, (ms) Gift from S. C. Kempf* 1:300
FMRF-NH, (rb) ImmunoStar; no. 20091 1:1,000-1:500

ms, Mouse; rb, rabbit. *Ref. 38.

5 x 20 min in PTA (0.1 M phosphate buffer containing 2%
Triton X-100 and 0.1% sodium azide) at room temperature.
After preincubation with normal goat serum (0.8%, 3-12 h,
room temperature), tissues were transferred to the primary anti-
body diluted in PTA. Primary antibodies used in this study
included rabbit polyclonal anti-serotonin (Sigma-Aldrich no.
S5545, 1:2,000 dilution), mouse monoclonal anti-serotonin
(Dako no. M0758, 1:1,000), rabbit polyclonal anti-FMRF-NH,
(ImmunoStar no. 20091; 1:1,000), and mouse monoclonal anti-
SCPg (Ref. 38; gift from Dr. Stephen Kempf, 1:300; Table 1).
After a 2- to 4-day incubation, samples were washed (5 x 20

L-CeSF 1
L-CeSF 4

N\

Bt

L-CeSF 2
‘ -

b )

\ 7,

L-CeSF 3

L-CeSF 5

min in PTA) and incubated in secondary antibodies conjugated
to fluorescent markers [Alexa 488 goat anti-rabbit IgG (H + L)
conjugate and/or Alexa 546 goat anti-mouse IgG (H + L) conju-
gate; Molecular Probes; Eugene, OR] at dilutions ranging from
1:500 to 1:1,000. Quality of the staining was assessed with
a Nikon Eclipse fluorescence microscope before imaging.
Confocal imaging was performed on a Zeiss 510 or a Nikon AIR
laser scanning confocal microscope using the NIS Elements AR
program (version 4.5; Nikon Instruments). Whole brain images
were collected with tile scans and stitching with 15% overlap.
Series of optical sections at 0.5- to 1.5-um intervals were used to
make maximum-intensity projections and merged images with
the open-source ImageJ image processing and analysis pro-
gram (National Institutes of Health; http://imagej.nih.gov/ij/).

Electrophysiology

After dissection, preparations were exposed to protease
(Sigma type XIV, 1.2 mg/mL dissolved in snail saline, 10-15
min) to facilitate electrode penetration through the external

Figure 2. Identification of serotonergic cerebral serotonergic F (CeSF)-1 neurons. A;: 5-HT-like immunohistochemistry labeled the CeSF cluster on the
dorsal surface of the left cerebral ganglion. The CeSF-1-5 neurons could be distinguished on the basis of size and location. CeSF-1 was the largest cell
in the medial cerebral ganglion. CeSF-2 was located slightly medial to CeSF-1, and CeSF-3-5 were smaller and located more laterally. The numerical
designations of CeSF-3-5 were based on their relative medial to lateral position. A>: CeSF-1 (arrow) in the left cerebral ganglion was injected with biocy-
tin after electrophysiological identification. Biocytin was visualized with Alexa avidin 546 (magenta pseudocolor). A large fiber (arrowhead) projected in
the lateral direction toward the tentacular nerve. Az: overlay of A; and A. Double-labeled CeSF-1 neuron appears white. Calibration bar, 50 um (applies
to A—Agz). By CeSF cluster on the dorsal surface of the right cerebral ganglion. Cell nomenclature as in A;. Bo: CeSF-1 (arrow) in the right cerebral gan-
glion was injected with biocytin after electrophysiological identification. A large fiber (arrowhead) projected in the lateral direction toward the tentacular
nerve. Bs: overlay of B; and B,. Double-labeled CeSF-1 neuron appears white. Calibration bar, 50 um (applies to B/~B3).
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sheath. The preparation was stabilized to the Sylgard-lined
chamber with minutien pins and superfused at a rate of 1
mL/min (Warner Instruments, VCS-6 perfusion system).
Microelectrode tips were filled with 4% Neurobiotin (Vector
Laboratories, Burlingame, CA) dissolved in 0.5 M KCl and 50
mM Tris (pH 7.6). The shaft of the pipette contained 2 M KClI,
resulting in electrode resistances ranging from 30 to 50 MQ.
Serotonin (50 puM; Sigma no. H7752) was applied by bath
superfusion. Recordings were acquired and analyzed with
LabChart 7 software.

Neuron Labeling

Depolarizing current pulses (1-2 nA; 0.5 s; 1 Hz; 30-60
min) were used to inject Neurobiotin as described previously
(33). After tracer injections, preparations were incubated
overnight (4°C) to allow injected material to diffuse from the

cell body to small and distant processes. Ganglia were then
repinned and fixed as described above. The fixed ganglia
were transferred to microcentrifuge tubes and washed five
times (30 min each) with PTA solution. They were then
incubated in Alexa Streptavidin 546 (Molecular Probes)
diluted (1:800 to 1:3,000) in PTA (24-48 h, room tempera-
ture). Tissues were washed five times with PTA and viewed
on the Nikon Eclipse TE200 fluorescence microscope
before immunohistochemistry processing.

Retrograde Nerve Labeling

Nerve backfills were performed as previously described
(33). Dissected ganglia were positioned with minutien pins
near a small petroleum jelly (Vaseline) enclosure (3- to 5>-mm
diameter) on the surface of a Sylgard-lined petri dish. The
nerve of interest was severed, and its end was drawn into the

Figure 3. Cerebral serotonergic F (CeSF)-1 projects to the tentacular nerve. A low-power view of the cerebral ganglia. Retrograde biocytin labeling of
the right tentacular nerve (T n.). Visualized with Alexa avidin 546 and pseudocolored magenta. Regions shown in B; and C; are labeled. A,: same field of
view as A;. 5-HT-like immunoreactivity (5HT-Ii) visualized with an Alexa 488. Regions shown in B> and C; are labeled. As: overlay of A;and A,. Double-la-
beled neurons appear white. Regions shown in B3z and C3 are labeled. Calibration bar, 100 um (applies to A—A3). B;: higher magnification of neurons
filled by retrograde labeling of the right (ipsilateral) tentacular nerve. B,: same field of view as B; showing the CeSF cluster of SHT-li neurons. Bs: in an
overlay of B; and B,, the double-labeled CeSF-1 neuron (arrow) appears white. Calibration bar, 50 um (applies to B—B3). C;: higher magnification of con-
tralateral neurons filled by retrograde labeling of the right tentacular nerve. C,: same field of view as C; showing the left CeSF cluster of 5SHT-li neurons.
Cs: overlay of panels C;and Co. The double-labeled left CeSF-1 neuron (arrow) appears white. Note that the retrograde labeling of the ipsilateral CeSF-1
(By) neuron was stronger than its contralateral counterpart (C;). Calibration bar, 50 um (applies to C—Cj).
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Vaseline-lined pool. The saline was withdrawn from the pool
and replaced with a saturated solution of biocytin (Sigma-
Aldrich, St. Louis, MO; 1.4 mg/50 uL dH,0). The enclosure
was sealed with Vaseline, and the preparation was incubated
overnight at 4°C to allow migration of the biocytin. The
nerve was then extracted from the pool, and the ganglia were
repinned and washed three to five times with saline. Tissues
were immersed in 0.5% protease (type XIV; Sigma-Aldrich)
for 10-15 min and fixed for 1 h in cold 4% paraformaldehyde.
After fixation, tissues were transferred to microcentrifuge
tubes, washed five times (30 min each) with PTA solution,
and incubated in Alexa Avidin 488 (Molecular Probes)
diluted 1:1,000 to 1:2,000 in PTA (24-48 h, room tempera-
ture). The preparations were assessed daily until the quality
of the backfill staining was considered sufficient for advanc-
ing to immunohistochemical processing.

RESULTS
Identification and Properties of CeSF-1

A group of five serotonin-immunoreactive neurons on the
dorsal surface of each cerebral hemiganglion (Fig. 2, A1 and
B1) was previously designated the cerebral serotonergic F
(CeSF) cluster (33). Each CeSF cluster comprised three small
(20-30 pm) lateral cells and two larger (40-50 um) medial
cells. A nomenclature was applied in which the largest cell
was designated CeSF-1 (Fig. Fig. 2, A1 and BI). The other large
cell, which was usually positioned more medially, was la-
beled CeSF-2. The small cells were termed CeSF-3 through
CeSF-5, from their medial to lateral positions (Fig. 2, Al
and BI).

CeSF-1 could be reliably identified in each hemiganglion
(Fig. 2, A2, A3, B2, and B3). Neurobiotin injection showed

A "
R CeSF-1 * *
I I o
L CeSF-1
40 mv

L

L — LI |ona

2s

L CeSF-1 20 mvV

|20 mV

1s

that each CeSF-1 projected an axon in the lateral direction to-
ward the tentacular nerve (Fig. 2, A2 and B2, arrowheads).
Subsequent processing for SHT-li confirmed the serotonergic
phenotype of CeSF-1 (Fig. 2, A3 and B3).

Retrograde tracing of the right tentacular nerve with bio-
cytin labeled ~10 cells on the dorsal surface of the cerebral
ganglion (Fig. 3, Al and BI). Subsequent processing for SHT-
li showed that only the largest CeSF cell, CeSF-1, projected
to the tentacular nerve (Fig. 3, A2, A3, B2, and B3).
Surprisingly, weak retrograde labeling was also observed in
the contralateral CeSF-1 neuron, suggesting that the two
CeSF-1 cells could be dye coupled (Fig. 3, AI-A3 and CI-C3).

The CeSF-1 resting potential ranged from —51 to —64 mV
(mean = —56.6 mV; n = 7). It exhibited irregular spike activ-
ity (mean impulse duration = 17.6 + 6.1 ms; n = 8) and a low
level of synaptic input. The possibility of dye coupling
between the bilateral CeSF-1 cells prompted tests of their
electrical coupling (Fig. 4). Injection of hyperpolarizing cur-
rent pulses into the left CeSF-1 produced voltage deflections
in the right CeSF-1 (Fig. 4A). Coupling ratios ranged from 0.1
to 0.2 (n = 3) with sustained (4 s) current pulses. Rebound fir-
ing of the left CeSF-1 produced very small deflections of the
right CeSF-1 membrane potential (V,,) (Fig. 4A, asterisks),
suggesting that their coupling exhibits characteristics of a
low-pass filter. Supporting this interpretation, spontaneous
firing of the two CeSF-1 neurons was often asynchronous
(Fig. 4B, dotted lines).

In prolonged recordings, firing of the right and left CeSF-1
cells exhibited alternating periods of synchrony and asyn-
chrony (Fig. 4C). In some preparations, they both received
repetitive bouts of inhibitory synaptic input (Fig. 4D). The
inhibitory postsynaptic potentials (IPSPs) also exhibited
alternating periods of synchrony and asynchrony, where

* % [ * % % |% *[% | % % % [* o] [20mv
e S WAL S B A =
[20 mv
R CesF-1_* | * *
: {MW
: i E ; E |2o mv
L CeSF-1 Y Y Y Y M

2s

Figure 4. Electrical coupling between cerebral serotonergic F (CeSF)-1 neurons. A: injection of hyperpolarizing current pulses (/) into the left (L) CeSF-1
cell produced coupled electrical responses in the contralateral right (R) CeSF-1 neuron. Steady-state coupling coefficients (4-s pulses) ranged from 0.1 to
0.2. Rebound firing of L CeSF-1 produced small (0.5—1 mV) deflections (asterisks) in the R CeSF-1 membrane potential. B: simultaneous recording from
paired CeSF-1 cells. Each impulse produced small (0.5—-1 mV) deflections in the contralateral CeSF-1 cell (dotted lines drawn to aid alignment). C: in pro-
longed recordings, synchronous and asynchronous phasing of the CeSF-1 pair was observed. Asterisks indicate deflections caused by action potentials
in L CeSF-1. Below the recording, the dotted lines indicate phases of synchronous activity between the CeSF-1 neurons. D: in some preparations, the
bilateral CeSF-1 cells received repetitive barrages of inhibitory synaptic input. The inhibitory postsynaptic potentials (IPSPs) exhibited periods when they
were in phase (dashed arrows) and periods when they were out of phase (asterisks).

J Neurophysiol « doi:10.1152/jn.00390.2023 - www.jn.org 5

F3

F4


http://www.jn.org

FS

J_ID: JN ART NO: JN-00390-2023 Date: 16-April-24

19:24 Page: 6  Total Pages: 11 ini: 6//SS

() CONSERVED WITHDRAWAL CIRCUIT IN BIOMPHALARIA

their occurrence in one cell preceded the other (asterisks in
Fig. 4D). Together, the electrical coupling and common syn-
aptic inputs suggest that the CeSF-1 neurons participate in a
bilateral central circuit.

Application of cutaneous stimuli, designed to mimic mira-
cidium penetration (Fig. 1, A and B), did not produce
responses in the CeSF-1 neuron (Fig. 5). Stimuli applied to the
foot (Fig. 5A), lip (Fig. 5B), or tentacle (not shown) did not alter
the firing pattern or elicit synaptic activity in either the ipsi-
lateral or contralateral CeSF-1. Simultaneous recordings from
neuron Cl, the largest serotonergic cell in the cerebral gan-
glion (33), did exhibit synaptic responses to the peripheral
stimuli (Fig. 5, A and B), confirming integrity of the sensory
pathway to the central nervous system (CNS). Cl1 is proposed
to correspond to the metacerebral cell (MCC) of Aplysia and
the metacerebral giant cell (MGC) of Pleurobranchaea, seroto-
nergic neurons that receive synaptic input after noxious stim-
uli (31, 32, 39). Our observations indicate that CeSF-1 does not
participate in pathways mediating responses to tactile or nox-
ious cutaneous stimuli.

CeSF-1 30 mv
c1 PN |:5mv
Foot stimulus & 2s

CeSF-1 |30 mvV
¢ MMM% | Smy
Lip stimulus & 2s
*
L CeSF-1 20s
[ o g |

Figure 5. Tests for cerebral serotonergic F (CeSF)-1sensory responses. A:
aversive stimuli were applied to the tentacle in a semi-intact preparation
while recording from both CeSF-1 and C1. Piercing the foot with a micro-
pipette (arrowhead) produced contraction of cephalic appendages and a
depolarization of C1. No changes in the activity of CeSF-1 neurons were
observed. B: similarly, piercing the lip with a micropipette (arrowhead) pro-
duced contractions of appendages, a depolarizing response in C1, and no
change in CeSF-1 activity. C: exposure of the semi-intact preparation to a
60-s dark step (bar below recording) inhibited left (L) CeSF-1 firing. With
prolonged dark phases, inhibition of firing slowly decayed (asterisk). A
rebound period of increased firing occurred when illumination was
resumed.

The projection of CeSF-1 to the tentacle prompted experi-
ments to test its photic sensitivity. When illumination of the
preparation was eliminated, CeSF-1 was hyperpolarized 3-5
mV and firing ceased (Fig. 5C). During a 1-min period of
darkness, low-level synaptic activity was observed, and the
CeSF-1 membrane potential gradually returned to its original
level, reaching threshold after nearly 1 min (Fig. 5C, asterisk).
When the illumination was resumed, CeSF-1 initially exhib-
ited rebound excitation, before returning to its typical 0.2- to
0.5-Hz firing rate.

The C2 Interneuron: Structure and Physiological
Properties

When ganglia were processed for FMRF-NH,-like immu-
noreactivity, labeling was observed in several neurons on the
dorsal surface of the B. glabrata cerebral ganglion (34). In
double-labeling experiments, FMRF-NH,-li was detected in
neurons contiguous to the CeSF cluster, but colocalization
was not observed in any serotonergic cells (Fig. 6).

A distinctive white cell body, termed C2, could be distin-
guished on the dorsal surface of each cerebral hemigan-
glion near the origin of the tentacular nerve (Fig. 1D). As
this cell appeared to contain FMRF-NH,-1i material (Fig. 6,
arrows), double-labeling (Neurobiotin injection x FMRF-
NH,-li) experiments were conducted to confirm its pepti-
dergic phenotype (Fig. 7). Double labeling was also
observed in Neurobiotin-filled C2 cells with a monoclonal
antibody generated against small cardioactive peptide B
(SCPg, Table 1; not shown), probably because of its cross-
reactivity with extended RF-NH, peptides (see Refs. 40,
41). Colocalization of FMRF-NH,-li and SCPg-like immu-
noreactivity (SCPp-li) provides a heuristic attribute for
identification of C2 homologs in gastropods (Ref. 42; see
DISCUSSION).

The C2 resting potential ranged from —55 to —73 mV
(mean = —64.3 mV; n = 4). It was silent before manipulation
(mean impulse duration = 14.0 £1.3 ms; n = 4). Neurobiotin
injection disclosed an axonal projection that emerged from
the lateral pole of the C2 soma, turned abruptly in the medial
direction, crossed the cerebral commissure, and entered the
contralateral cerebral-pedal connective to reach the contra-
lateral pedal ganglion (Fig. 7, A; and BI). Collectively, the
immunological and morphological characteristics of the B.
glabrata C2 neuron support its homology with neurons in
Nudipleura (C2 of Tritonia and Al in Pleurobranchaea) that
participate in the escape swimming central pattern genera-
tor (CPG; Refs. 42-44).

CeSF-1and C2: Evidence for a Common Circuit

Simultaneous recording from a C2 neuron and a CeSF-1 cell
provided evidence that these cells belong to a common circuit
(Fig. 8). In some preparations, both neurons received concur-
rent repetitive bouts of inhibitory synaptic input (7- to 10-s
interbout interval) from an unknown source (Fig. 8A). When
serotonin (50 uM) was added to the bath, C2 and CeSF-1 exhib-
ited repetitive activity (Fig. 8B). Spiking of C2 often occurred as
doublets, with the impulses superimposed on a slow potential.
A small concurrent voltage deflection occurred in the CeSF-1
Vi (Fig. 8B, arrowheads), suggesting the presence of electrical
coupling with low-pass characteristics (see also Fig. 4A).
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FMRF-NH:

Figure 6. Histological properties of C2. A: C2 is a large white neuron located at the base of the tentacular nerve (see Fig. 1D). FMRF-NH,-like immunore-
activity (FMRF-NH,-li) in the dorsolateral quadrant of the cerebral ganglion. C2 (arrow) is located at the origin of the tentacular nerve. B: 5-HT-like immu-
noreactivity (5HT-li) in the same field as A. 5SHT-li cerebral serotonergic F (CeSF) neurons (arrowhead) labeled green. C: overlay of A and B. Clusters of

FMRF-NH,-li neurons surround the CeSF cluster in the medial dorsal cerebral ganglia. Calibration bar, 50 pm.

DISCUSSION

This investigation identified components of a neural cir-
cuit in a panpulmonate, Biomphalaria glabrata, that share
features with well-characterized networks in nudipleura and
euopisthobranchia species (Fig. 9). This circuit appears to
participate in responses to aversive or noxious stimuli in
diverse species with highly disparate body plans and life-
styles. These observations thus support the proposal that an
ancient central circuit was conserved throughout the
Euthyneura lineage to couple such stimuli to adaptive motor
responses (Fig. 9; see Refs, 36, 50).

The Serotonergic CeSF Cluster: Structure and Function

The CeSF cluster of B. glabrata shares characteristics
with groups of serotonergic neurons in the cerebral gan-
glia of several nudipleura and euopisthobranch species
(36, 45). These clusters typically consist of five neurons,
with a characteristic motif of three small lateral cells and
two larger medial cells (47, 53, 54). The small neurons
have been intensively studied in the nudipleura Tritonia
and Pleurobranchaea, where they act as key elements
in the CPG circuits for escape swimming (26, 44, 53).
Additional functions have been demonstrated, including

EMRF:NH:;

Figure 7. Histological properties of C2. A;: injection of C2 with Neurobiotin and visualization with avidin 546 showed a projection to the cerebral commis-
sure (Cer c.), crossing the contralateral cerebral ganglion (arrowhead) to the contralateral pedal ganglion (Pd g.). A,: same preparation as A labeled with an
antibody against FMRF-NH, visualized with Alexa 488. As: in an overlay of A; and A,, the white appearance of C2 supported its labeling with the FMRF-
NH,, antibody. Regions enclosed by dashed rectangles in A—As are shown in B—Bs. Calibration bar, 200 um (applies to A—As). By a single fiber emerges
from the lateral pole of C2 (arrowhead) and curves sharply back to project in the medial direction. B,: C2 is one of several FMRF-NH,-like immunoreactive
(FMRF-NHy-li) neurons at the base of the tentacular nerve (T n.). B3: double labeling of the C2 cell body. Calibration bar, 50 um (applies to B—B3).
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Figure 8. Cerebral serotonergic F (CeSF)-1and C2 belong to a common circuit. A: CeSF-1and the contralateral C2 receive barrages of inhibitory postsy-
naptic potentials (IPSPs) from a common source. L, left; R, right. B: bath application of 50 uM serotonin initiated rhythmic doublet spiking pattern in C2.
Doublets occurred in phase with an impulse in the ipsilateral CeSF-1. Small depolarizations (arrowheads) occurred in the CeSF-1 membrane potential

when it failed to reach threshold.

ciliary locomotion in both species (55, 56) and turning in
Pleurobranchaea (27).

In the nonswimming nudibranch Hermissenda crassic-
ornis, three posterior dorsal serotonergic interneurons,
termed cerebral triplet neurons (CPTs), trigger foot con-
traction in response to cutaneous or light stimuli (50). This
circuit was thus proposed to manifest polysensory activation
that converged upon withdrawal motor neurons (50).
Whereas most characterized posterior cerebral serotonergic
cells of nudipleura are cerebral-pedal interneurons, the larg-
est member of the As cluster of Pleurobranchaea, termed As-
rh, was reported to project to the rhinophore (26). As-rh is
thought to innervate the chemosensory epithelium in the
rhinophore (53). Whether it is activated by photic stimuli, as

observed here for the CeSF-1 neuron of B. glabrata, is not
known.

In the nonswimming euopisthobranch Aplysia californica,
two members of the posterior cerebral serotonergic cluster,
CC9 and 10, initiate and modulate locomotion and contrib-
ute to a general arousal state (32). A third member of the C
cluster, CC3 (CB-1), projects to the abdominal ganglion,
where it modulates synaptic plasticity underlying nonasso-
ciative conditioning (dishabituation and sensitization) of the
gill and siphon withdrawal responses to noxious stimuli (49,
57). In Clione limacina, a species that spends most of its life
swimming in the water column, activation of the cerebral
serotonergic posterior (Cr-SP) neurons increases swimming
speed by increasing the CPG cycle frequency and the force of

Euthyneura
Tectipleura
Nudipleura Euopisthobranchia Panpulmonata
I I
Nudibranchia Pleurobranchomorpha
Speci Tritonia Tochinate Melibe Hermissenda Triopha Pleurobranchaea Aplysia Clione Biomphalaria
pecles tetraquetra traquetra leonina crassicornis catalinae californica californica limacina glabrata
. * Predator e *Photic *Cutaneous PO * Predator * Noxious * Tactile *Photic
Stimulus touch -Light touch
SHT-li -DsI +CeSP-A +CeSP-A *CPT +CeSP-A « AS1-4 + CC + Cr-SP +CeSF
cluster
FMRF-li «C2 y— «C2 b fy— A1 .- .- «C2
cell
*Escape +1 Crawling * Modulate *Foot «1 Crawling * Avoidance « Escape * 1 Swimming -
swimming swim cycle contraction turning locomotion speed
Response - Ciliary - Escape « Arousal
locomotion swimming
« Sensitization
« Ciliary
locomotion
* Arousal

Figure 9. Conserved features of a proposed withdrawal circuit in three euthyneura clades. Phylogeny based upon Refs. 45, 46. Nudibranch species
selected based upon known stimulus and response properties. Proposed homologs, termed CeSP-A cells, were also identified in Dendronotus frondo-
sus, Dendronotus iris, and Armina californica based upon anatomical and physiological criteria (47). —, Unknown. AS1-4, A cluster serotonergic cells 1-4
(26); C2, cerebral neuron 2 (42); CC, cerebral C cluster (32, 48, 49); CeSF, cerebral serotonergic F cluster (this article); CeSP-A, cerebral serotonergic
posterior cluster (47); CPT, cerebral triplet neurons (50); Cr-SP, cerebral serotonergic posterior neurons (51); DSI, dorsal swim interneurons (17, 44); Ib,

type Ib interneurons (52).
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wing contractions (51, 58). In both euopisthobranch species,
the posterior serotonergic cerebral cells were proposed to
activate or enhance withdrawal responses (32, 51).

Croll and Chiasson (59) described a group of five cerebral
SHT-li cells, designated the CeSF cluster, in the panpulmo-
nate Lymnaea stagnalis. The position and composition of
the posterior cerebral serotonergic cluster of Biomphalaria,
three small lateral cells and two larger medial cells, led us to
adopt the CeSF nomenclature (33). Interestingly, the largest
CeSF neuron of Lymnaea was reported to project a fiber to-
ward the tentacular nerve (59), raising the possibility that it
corresponds to the B. glabrata CeSF-1 cell.

The presence of low-level synaptic activity converging
upon CeSF-1 in the light-dark stimulus experiments (Fig. 5C)
suggests an interneuronal function in the visual system, but
a possible photoreceptor role cannot be excluded. Its activa-
tion by light agrees with findings in other gastropods, where
light stimuli evoke photoreceptor “on” responses (60-62).
Behavioral responses to light have been examined in detail
in Hermissenda, where they can range from a positive photo-
taxis mediated by the ciliary motor system of the foot (63,
64) to reflexive foot withdrawal mediated by neuromuscular
contraction (50, 52). In that system, the serotonergic CPT
cells project directly to the pedal ganglion, where they acti-
vate motor neurons that produce foot contractions. It was
proposed that the CPT cells are polysensory (tactile and
light) interneurons that contribute to reflexive foot contrac-
tions (65). CeSF-1 could play such a role in the sensory limb
of a withdrawal reflex in Biomphalaria, such as the shadow-
withdrawal reflex described in Lymnaea (66, 67). Although
we did not detect a direct projection to the pedal ganglion,
CeSF-1 could potentially promote a withdrawal through its
influence on cerebral-pedal interneurons, such as C2.

C2: a Conserved Peptidergic Cell Associated with
Serotonergic Withdrawal Systems

Neuron C2 was initially identified as a peptidergic mem-
ber of the Tritonia swim central pattern generator (44, 68,
69). A homologous neuron, termed Al, was shown to play a
similar role in the escape swim network of Pleurobranchaea
(43). Neuroanatomical approaches were used to characterize
C2 homologs in Tritonia, Pleurobranchaea, and three addi-
tional nudibranchs (Melibe leonina, Hermissenda crassic-
ornis, and Flabellina iodinea; Ref. 42). It was proposed that
C2 homologs could be uniquely identified based on three cri-
teria: 1) it appears as a distinctive white cell on the dorsal sur-
face of the live cerebral ganglion, 2) it projects to the
contralateral pedal ganglion, and 3) it is labeled by antibod-
ies that are used to detect peptide immunoreactivity
(FMRF-NH, and SCPg). The neuron designated C2 of B.
glabrata satisfied all three criteria (Fig. 1D, Fig. 6, and Fig.
7). Interestingly, C2 homologs have not been identified in
two extant euopisthobranchs, Aplysia californica and
Clione limacina, raising the possibility that it was lost in the
euopisthobranch lineage (Table 2).

Early studies provided strong evidence for a peptidergic
phenotype for the C2 neuron of Tritonia (69). To date, how-
ever, the bona fide neuropeptides present in the C2 neurons
of gastropods remain unresolved (see Ref. 42). Although
labeling of C2 homologs with antibodies generated against

FMRF-NH, and SCPg (Table 1) provides empirical evidence
for neuron identification, the C2 peptidergic phenotype
remains equivocal because of the uncertain specificity of
these antibodies (40-42). This question may be resolved in
Biomphalaria with specific probes for neuropeptide tran-
scripts (see Refs. 34, 35, 70).

A Conserved Withdrawal Circuit in Panpulmonata

In contrast to the soft-bodied nudipleura and euopistho-
branchia species, shelled panpulmonates withdraw from
potential threat by retracting their head-foot into their
shell (see Refs. 71, 72). In view of the functions of the ho-
mologous circuits in related groups (Table 2), we hypothe-
size that the CeSF and C2 neurons of Biomphalaria
contribute to a polysensory network that activates motor
projections to the whole body retraction musculature, i.e.,
the columellar muscle and the dorsal longitudinal muscle
(66, 67, 72). This study characterized CeSF-1, the only CeSF
neuron with a projection to the tentacle. Whereas CeSF-1
may have acquired a specialized function by responding to
photic stimuli, the possibility that the remaining four
CeSF cells respond to other aversive stimuli, including tis-
sue damage produced by penetrating miracidia, remains
to be explored. Responses to stimuli designed to mimic
miracidia penetration were observed in the giant seroto-
nergic neuron C1 (Fig. 5, A and B), suggesting a broader
role for serotonin in activating an aroused or vigilant state
in Biomphalaria (see Refs. 8, 16, 27, 31).

Because of the complexity of neural circuits, it is thought
that they are less responsive to evolutionary pressures than
the peripheral systems they control (22, 23, 73). Katz et al.
(36) surveyed the serotonergic withdrawal neural networks
of nudipleura and euopisthobranch species and proposed
their descendance from an ancestral form that responded to
noxious stimuli and produced a variety of nonrhythmic
responses (see also Ref. 74). The presence of this circuit in
the air-breathing Panpulmonata should provide opportuni-
ties to expand our understanding of neural circuit function
and evolution in a highly diverse group that accounts for
more than one-third of all molluscan species.
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