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Abstract Tritonia diomedea uses the Earth’s magnetic
field as an orientation cue, but little is known about the
neural mechanisms that underlie magnetic orientation
behavior in this or other animals. Six large, individually
identifiable neurons in the brain of Tritonia (left and
right Pd5, Pd6, Pd7) are known to respond with altered
electrical activity to changes in earth-strength magnetic
fields. In this study we used immunochemical, electro-
physiological, and neuroanatomical techniques to
investigate the function of the Pd5 neurons, the largest
magnetically responsive cells. Immunocytochemical
studies localized TPeps, neuropeptides isolated from
Pd5, to dense-cored vesicles within the Pd5 somata and
within neurites adjacent to ciliated foot epithelial cells.
Anatomical analyses revealed that neurites from Pd5 are
located within nerves innervating the ipsilateral foot and
body wall. These results imply that Pd5 project to the
foot and regulate ciliary beating through paracrine re-
lease. Electrophysiological recordings indicated that,
although both LPd5 and RPdS5 responded to the same
magnetic stimuli, the pattern of spiking in the two cells
differed. Given that TPeps increase ciliary beating and
Tritonia locomotes using pedal cilia, our results are
consistent with the hypothesis that Pd5 neurons control
or modulate the ciliary activity involved in crawling
during orientation behavior.
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Introduction

Behavioral experiments have demonstrated that diverse
animals use the Earth’s magnetic field as an orientation
cue while migrating, homing, or moving though their
habitats (see reviews by Wiltschko and Wiltschko 1995;
Lohmann and Johnsen, 2000). Relatively little is known,
however, about the neural mechanisms that underlie
magnetic orientation behavior. Although neurons that
respond electrically to changes in magnetic fields have
been detected in several animals (Semm et al. 1984;
Beason and Semm 1987; Semm and Beason 1990;
Walker et al. 1997), the precise role that these cells play
in the magnetic orientation circuitry has not been
determined.

To date, magnetic orientation research has focused
primarily on vertebrate animals, especially migratory
birds (Baker 1984; Able and Able 1993; Berthold 1993;
Beason et al. 1995). It was in birds that a magnetic
compass sense was first discovered (Wiltschko and
Merkel 1968; Wiltschko and Wiltschko 1972), and sev-
eral other vertebrates have proven to be useful model
systems for behavioral studies of magnetic orientation
(Lohmann and Lohmann 1996; Walker et al. 1997;
Phillips et al. 1992). Unfortunately, the complexity of
the vertebrate nervous system makes cellular-level
analyses of neural circuitry challenging in these animals.

The marine mollusc Tritonia diomedea has a relatively
simple nervous system and a magnetic compass sense
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(Lohmann and Willows 1987), which it might use when
moving between offshore and near-shore areas (Willows
1999). The Tritonia central nervous system is comprised
of unusually large cells, many of which can be identified
individually on the basis of color, size, location, and
electrophysiological properties (Willows et al. 1973). In
addition, intracellular recordings from specific cells
within the brain can be made while the nervous system
and body of the animal remain largely intact. These
characteristics have made Tritonia a favorable model
system for studying the neural mechanisms that underlie
diverse behavioral patterns (Willows et al. 1973;
Audesirk and Audesirk 1980a, b; Lohmann et al. 1991;
Frost and Katz 1996; Murray and Willows 1996; Wil-
lows et al. 1997; Popescu and Willows 1999).

In previous studies, three pairs of bilaterally sym-
metric giant neurons in the brain of Tritonia were found
to respond electrically when the direction of an earth-
strength magnetic field around the animal was altered.
Two pairs of cells, left and right pedal 5 (LPd5 and
RPd5) and left and right pedal 6 (LPd6 and RPd6), in-
crease spiking in response to rotations of the ambient
magnetic field (Lohmann et al. 1991; Popescu and Wil-
lows 1999; Wang et al. 2003). In contrast, the left and
right pedal 7 (LPd7 and RPd7) neurons are inhibited by
the same magnetic stimuli that excite the Pd5 and Pd6
cells (Wang et al. 2004).

Previous studies described the electrical responses of
the LPd5 neurons (Lohmann et al. 1991; Popescu and
Willows 1999) and the LPd6 neurons (Wang et al. 2003),
as well as the large-scale distribution of TPeps (a class of
neuropeptides produced by the Pd5 and Pd6 cells) within
the fused central ganglia and foot (Willows et al. 1997,
Beck et al. 2000). These studies, and several others
(Willows et al. 1997; Popescu and Willows 1999), have
provided evidence that the Pd5 and Pd6 control or
modulate ciliary activity of the foot.

Numerous questions, however, remain unanswered.
The spiking relationship between the two PdS cells on
the left and right sides of the brain, and whether the
electrical activity in the two differs when the ambient
field is altered, has not previously been investigated.
Similarly, the way in which the Pd5 and Pd6 cells release
TPeps onto target cells in the periphery has not been
studied. In principle, at least two different mechanisms
of release are possible. One possibility is that the Pd5
and Pd6 cells distribute TPeps through endocrine re-
lease, enabling the peptides to circulate through the
blood and influence the activity of ciliated cells
throughout the entire foot. Alternatively, the Pd5 and
Pd6 cells might rely on some form of paracrine release,
in which the peptides are released directly on the target
cells or structures and affect only localized targets in a
limited area.

In this study we used immunochemical, anatomical,
and electrophysiological analyses to: (1) characterize the
projection patterns and neuroanatomy of LPd5 and
RPd5; (2) determine the ultrastructural localization of
TPeps in the CNS; (3) determine the ultrastructural

localization of TPeps in regions of the foot innervated by
Pd5 and Pd6; and (4) compare the electrical activity be-
tween the bilaterally paired Pd5 neurons while the mag-
netic field around the animal was changed. Our results
provide evidence that the Pd5 and Pd6 neurons release
TPeps onto ipsilateral ciliated foot epithelial cells through
a mechanism of paracrine release. In addition, Pd5 neu-
rons on opposite sides of the brain did not spike syn-
chronously during changes in ambient magnetic fields, a
finding consistent with the possibility that ciliary activity
on the left and right sides of the foot can be modulated so
that activity on the two sides differs during turning or is
similar when the animal is crawling straight ahead.

Materials and methods
Animals

Animals were collected from two locations in the Puget
Sound region of Washington State, USA. Those used in
field-rotation experiments were trawled from Bellingham
Bay at depths of approximately 30 m and maintained in
flow-through seawater tanks at the University of
Washington Friday Harbor Laboratories in Friday
Harbor, Washington. The temperature of the seawater
flowing through the tanks remained between 9 and 11°C.
Animals used in all other experiments were collected by
SCUBA divers in relatively shallow (3—10 m) areas near
Tacoma, Washington and shipped overnight to Chapel
Hill, North Carolina, USA. Animals were maintained in
Plexiglas aquaria (600 1) filled with Instant Ocean arti-
ficial seawater (ASW). The temperature was kept
between 10 and 11°C using a recirculating chiller
(Coolflow CFT-33). Animals were held in captivity for
6-35 days before being used in experiments. During this
time they were fed sea pens (Ptilosarcus gurneyi) ad
libitum.

Neuroanatomy of Pd5

To examine the morphology of the Pd5 neurons, a
500 mM cobalt chloride solution was injected into the
soma of Pd5 by iontophoresis (5-50 nA, 50:50 duty
cycle, 1 Hz, 1-2 h). The brain and nerves were removed
from the preparation (n=10) and placed in 10 ml fil-
tered ASW. The tissue was then incubated for 15 min in
ASW with 1-2 drops of ammonium sulfide (Croll 1986).
Following incubation, the brain was washed in ASW,
fixed (10% formalin in ASW), dehydrated in an
ascending alcohol series, cleared in methyl salicylate and
mounted in DPX. The soma and major neurites were
examined in whole mounts.

Methylene blue staining (n=135) was used to identify
the branching and projection patterns of pedal nerves 2
and 3, the two nerves that contain neurites of the Pd5
cells. An incision was made on the dorsal surface directly
above the brain, and the body wall was pulled away. The



exposed brain and nerves were immersed in a 1%
methylene blue solution (in ASW) at 4°C for 30 min.
The tissue was then rinsed in fresh ASW and one of the
two nerves was carefully followed until the nerve was no
longer visible. Fresh methylene blue was then applied
and the tissue incubated and washed as previously de-
scribed. This process was continued until the nerve
branches were too small to resolve. The anatomy of each
nerve was determined in four individuals and the pro-
jection patterns traced using camera lucida.

Localization of the TPep neuropeptides

Immunohistochemistry and immunocytochemistry were
used to localize Tritonia TPeps in the central ganglia and
in peripheral epithelial tissues. Brains (n=15) and pieces
of foot (taken from 10 different animals) used for
wholemount immunofluorescence were fixed overnight
in 4% paraformaldehyde in ASW with 0.15 M Tris at
4°C. Foot tissue was embedded in 1% agarose and
sectioned (100-300 pum) using a Series 1000 Vibratome
(TPI, St. Louis, MO, USA). The tissue was rinsed five
times in ASW over 1 h and placed in 0.15 M phosphate
buffer (pH 7.2)/1% Triton X 100/0.1% sodium azide
(PTA) overnight. The tissue was incubated in 6% nor-
mal goat serum (NGS) in PTA for 12 h followed by 24—
48 h in primary antibody (polyclonal rabbit-antiTPep-
NLS in PTA/NGS 1:500) at 4°C. The tissue was rinsed
in PTA six times over 12 h followed by secondary
antibody (FITC-goat-antirabbit in PTA/NGS 1:200) for
36 h. The tissue was then rinsed in 0.15 phosphate buffer
(pH 7.2) six times over 12 h, dehydrated in an ascending
alcohol series, cleared in xylene, and mounted in DPX.
Images were captured using a BIO-RAD Radiance 2000
confocal microscope.

For semi-thin and thin tissue sections, whole brains
(n=4) and pieces of foot (n=4) from regions innervated
by left and right pedal nerve 3 were dissected and fixed
for 12 h in primary fixative (4% paraformaldehyde/
0.1% glutaraldehyde in 0.15 M cacodylate buffer and
20% sucrose for immunolabeling; 2.5 glutaraldehyde in
0.2 M Millonig’s phosphate buffer (pH 7.6) and 0.14 M
NaCl for ultrastructure studies). The tissue was then
post-fixed in 1% OsO4 and 1.25% potassium ferrocya-
nide in 0.15 M Na cacodylate buffer/20% sucrose (im-
munolabeling) or 2% OsO4 and 1.25M sodium
bicarbonate (ultrastructure) for 45 min. Following two
rinses in dH,O, the tissue was dehydrated in an
ascending alcohol series, and embedded in LRWhite
resin (London Resin Company) for immunolabeling or
EMBed 812 (EMS, Fort Washington, PA, USA) for
ultrastructural studies. Both semi-thin (0.5-1 pm) and
thin (80-100 nm) sections of brain and foot tissue were
taken. All thin sections were mounted on pioliform-
coated nickel grids (Ted Pella, Redding, CA, USA).

Light-level, silver-enhanced immunohistochemistry
was performed on semi-thin sections mounted on glass
slides (sections were taken from blocks of tissue from
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three different animals). All treatments were carried out
at room temperature unless otherwise indicated. Sec-
tions were incubated for 10 min in 0.1 M glycine in
0.01 M phosphate buffer (PB) at pH 7.4. Following
three rinses in PBS, sections were equilibrated in 0.1%
cold fish gelatin (CFG; Ted Pella) in PB for 10 min,
then incubated in blocking solution (4% NGS/PB/
CFQG). After blocking, the sections were incubated
overnight at 4°C in primary antibody (polyclonal rab-
bit-antiTPep-NLS) in blocking solution (1:500 dilu-
tion). Sections were rinsed three times in PBS/CFG and
incubated in blocking solution for 10 min followed by
1-h incubation in secondary antibody (goat-antirabbit
5 nm immunogold 1:200). Sections were rinsed three
times in PBS/CFG, postfixed for 2 min in 2% glutar-
aldehyde, and rinsed five times in dH,O. Silver
enhancement was performed using a silver-enhance-
ment kit (Ted Pella).

The ultrastructural localization of TPep was investi-
gated using EM immunogold staining. Methods for
immunogold staining of thin sections were similar to
light-level immunogold silver-enhancement. Sections
were incubated for 10 min in 0.1 M glycine, rinsed five
times in dH,0, and etched for 20 min in 5% sodium
metaperiodate. Sections were rinsed two times in dH»0,
three times in 0.005 M PB (pH 7.6), and equilibrated in
1% CFG/0.005 PBS for 10 min. Following a 10-min
block in 1% CFG/2% NIGS/0.005 PB, sections were
incubated for 12 h at 4°C in primary antibody (rabbit-
antiTPep-NLS 1:250) in blocking solution. Sections
were then rinsed two times in PBS, three times in Tris
buffer (0.5 mM pH 8.2)/0.5% bovine serum albumin
(BSA), blocked for 10 min in 1% CFG in Tris/BSA, and
then incubated in secondary antibody (goat-antirabbit
10 nm gold conjugate 1:75) in blocking solution for 1 h.
All thin sections were counterstained with 2% uranyl
acetate and Reynolds lead citrate and viewed using a
LEO EM 9 electron microscope. Micrograph negatives
were scanned and digitized and subsequently processed
using Adobe Photoshop software.

All immunochemical protocols had three control
conditions:

1. The primary antibody was omitted from the first
incubation solution;

2. The secondary antibody was omitted from the second
incubation solution;

3. The primary incubation solution was preabsborbed
using 100 um TPep-NLS.

None of the control tissues showed TPep immuno-
reactivity.
Electrophysiological recordings of Pd5
Action potential propagation in Pd5

To determine if action potentials in the PdS neurons
propagate from the brain to the periphery of the animal
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or vice versa, we recorded intracellularly from LPd5 in
the semi-intact preparation (Willows et al. 1973; Wang
et al. 2003) and extracellularly from left pedal nerves 2
and 3 (=4 animals). Extracellular recordings were
made using en passant suction electrodes in differential
recording mode and a differential AC amplifier (A-M
Systems, Carlsborg, Washington, USA). Single units
corresponding to Pd5 were identified in either pedal
nerve 2 or 3 by evoking action potentials in the soma of
Pd5 (current injected through the intracellular electrode)
and observing responses in the two nerves extracellu-
larly. Only units within the nerve that followed the
evoked potentials in the soma one-to-one during maxi-
mal stimulation of Pd5 were analyzed. The identification
of the single unit was confirmed using extracellular spike
sorting software (Spike2, Cambridge Electronics De-
signs, Cambridge, UK).

Magnetic field rotations

Previous studies indicated that the Pd5 neurons re-
spond with enhanced electrical activity to changes in
earth-strength magnetic fields (Lohmann et al. 1991;
Popescu and Willows 1999). However, because previous
work focused on LPdS5, the responses of both LPdS5
and RPdS5 during the same stimulus have not been
investigated. Therefore, in this study, we recorded
simultaneously from both LPd5 and RPd5 so that the
magnetically induced activity patterns of the two
cells to the same stimulus could be compared (n=35
animals).

The magnetic stimuli used in this study closely
resembled those used by Lohmann et al. (1991) and
Wang et al. (2003). The imposed field was generated by a
magnetic coil system (4 square coils, each 1.02 m on a
side) based on the design of Merritt et al. (1983) and
powered by a BK Precision 1760 Triple output DC
power supply (for details, see Wang et al. 2003). The
experimental protocol was similar to that of Wang et al.
(2003). Briefly, the activity of the Pd5 neurons was
monitored until a stable 15-min baseline period had
elapsed during which the cells produced between 1 and
45 action potentials. The magnetic coil system was then
activated via a computer-controlled relay. In some trials
the computer turned on the coil for 30 min, exposing the
animal to the imposed field condition in which magnetic
north was rotated 60° clockwise. In other trials the
computer alternated between the rotated and ambient
field so that the field was in the rotated condition for
1 min and then returned to its initial position for 1 min.
This alternating stimulus was presented 15 times con-
secutively over 30 min. The spike frequency during the
magnetic stimulus was compared to the spike frequency
during the 15-min period that preceded the presentation
of the stimulus and the instantaneous frequencies of the
two cells compared using cross-correlation analysis
(Spike2 Software, Cambridge Electronics Designs,
Cambridge, UK).

Results
Neuroanatomy of Pd5 neurons

Cobalt fills of the Pd5 cells (LPd5 n=4; RPd5 n=26)
revealed that a primary neurite emerges from the soma
and bifurcates within the pedal ganglion (Fig. 1a). The
two major axonal processes then diverge, with one
entering pedal nerve 2 and the other entering pedal nerve
3 (Fig. la). In several preparations additional smaller
neurites were detected within the nerves. These smaller
processes branched directly from the large neurites,
indicating that these were secondary branches of the Pd5
axons rather than neuronal processes of other cells
connected to the Pd5 neurons through electrical syn-
apses.

In addition to these peripheral projections, additional
neurites were visible within the ganglion itself (Fig. 1 a,
b). Several smaller secondary neurites diverged from the
primary neurite and extended into the neuropil at the
center of the pedal ganglion where the neurites branched
extensively (Fig. 1 b, ¢).

Analyses with methylene blue (n=15) indicated that
pedal nerves 2 and 3 (the two nerves containing axons of
the Pd5 cells) projected to the ipsilateral ventral foot and
lateral body wall (Fig. 1d). Both nerves emerged from
the ganglion laterally, passed around the buccal mass
(which lies just ventral to the fused CNS), and then ex-
tended toward the ipsilateral body wall. Pedal nerve 3
continued posteriorly along the body wall with small
branches entering the muscles of the foot and body wall;
the nerve itself terminated near the posterior end of the
animal (Fig. 1d). Unlike pedal nerve 3, pedal nerve 2
bifurcated upon reaching the body wall. One branch
extended laterally and innervated the tissue ventral to the
ipsilateral rhinophore, whereas the other extended pos-
teriorly, branching into the muscle of the foot and body
wall and terminating near the site where pedal nerve 3
began to branch (Fig. 1d). Although the methylene blue
analysis revealed the gross innervation pattern of the
nerves, this technique did not permit us to identify the
cells that were directly innervated by the Pd5 neurons.

Localization of the TPep neuropeptides

Immunolocalization techniques were used to identify
TPep immunoreactive cells and processes in the ventral
foot epithelium and to determine the cellular localization
of these peptides in both the pedal ganglia and the foot.
Central ganglia cells and processes within the foot were
identified using immunofluorescence. The Pd5, Pd6, and
Pd7 neurons in the pedal ganglia, as well as several other
cells, were TPep immunoreactive (Fig. 2a). These results
are consistent with findings by Willows et al. (1997) and
Beck et al. (2000). In 200-um transverse sections of the
posterior foot tissue (an area innervated by Pd5), TPep-
like immunoreactivity was observed both near the foot



Fig. 1 The morphology of the
Pd5 neuron within the central
ganglia. a Cobalt fill of a RPd5
neuron showing the large soma
and primary neurite within the
pedal ganglion (PdG) and the
axons in pedal nerves 2 and 3
(PdN2 and PdN3). Scale

bar =500 pm. b A higher
magnification showing the
extensive branching of the Pd5
neuron within the neuropil
(NP) of the pedal ganglion.
Scale bar=125 um. ¢ Schematic
representation of the
morphology of the left and
right PdS neurons within the
fused central ganglia as viewed
from the dorsal side. d
Schematic diagram of the
innervation pattern of left pedal
nerves 2 and 3. A dorsal view of
the animal with the left side of
the brain and body cavity
exposed. Left pedal nerve 2
(LPdN2) innervates the
ipsilateral foot and body wall
slightly posterior to the
rhinophore. Left pedal nerve 3
(LPdN3) innervates the
ipsilateral foot and body wall
starting just posterior to the
region innervated by LPdN2
and extending to the posterior
end of the animal. BW Body
wall; OV oral veil

epithelium and within the musculature beneath the epi-
thelial layer (Fig. 2b, c). The immunoreactivity near the
epithelium was extensive, with localized labeling near the
ciliated cells (Fig. 2d), whereas labeling observed in the
musculature was confined to small tracts that branched as
they approached the foot epithelium. The TPep labeling
of anterior foot tissue innervated by Pd6 was similar to
that observed in the posterior portion of the foot.
Immuno-electron microscopy was used to determine
the ultrastructural localization of TPeps (n =4 animals).
TPep-like immunoreactivity was detected in both the
pedal ganglia and transverse sections of foot tissue
(Fig. 3). Dense-core vesicles both within the CNS and
the peripheral tissues contained TPeps as revealed by
immunogold staining. In the CNS, dense-cored labeled
vesicles were observed in the cytoplasm of the Pd5 soma
(Fig. 3a). Within the foot, electron-lucent vesicles were
also observed in cell processes that possessed immuno-
reactive dense-cored vesicles (Fig. 3 b—d). No pre- or
post-synaptic structures were observed within the foot
tissue, which is typical of peptidergic synapses in
molluscs (Dorsett 1986). Despite the apparent lack of
synaptic structures, the immunoreactive processes were
located adjacent to the ciliated epithelial cells. Occa-

PdN%
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sionally, the cell membrane of immunoreactive processes
was directly apposed to the basolateral surface of cili-
ated epithelial cells.

In an attempt to visualize and follow the projections
of Pd5 neurites all the way from the soma to the target
structures within the foot, several dyes were injected into
the Pd5 cells, including Biocytin, Rhodamine Dextran
3000 MW, Lucifer Yellow, and Alexaflour hydrazides
(Molecular Probes, Eugene, Oregon). Despite repeated
efforts, however, none of the dyes moved more than a
few millimeters away from the soma and down the
neurites, possibly due to the unusually large size of the
neurons and the resulting large volume of dye needed for
successful visualization.

Electrophysiological recordings from Pd5

Action potential propagation in Pd5

In four preparations, single units representing Pd5 were
identified within both Pd nerve 2 and Pd nerve 3. Once a

single unit was unambiguously identified (by evoking
action potentials in the soma and recording them in the
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Fig. 2 TPep immunofluorescence in the PdS neuron and in the foot
of Tritonia. In all micrographs TPep staining is white. a Confocal
micrograph of the soma, primary neurite (*), and axon of LPd5
labeled for TPep. Scale bar =400 pm. b Low magnification z-series
confocal micrograph of a transverse section of the foot epithelium
labeled for TPep. Staining was very dense directly beneath the
ciliated cells and tracts of staining are apparent in the subepithelial
connective tissue. Scale bar=85 um. ¢ Higher magnification z-

nerves), the neuron was allowed to spike spontaneously
(Fig. 4). In all four animals, spontaneous action poten-
tials were detected in the cell body before they were
detected in the nerves. These results indicate that spon-
taneously occurring action potentials in the Pd5 neurons
propagate from the pedal ganglion to peripheral tissues
of the ipsilateral foot and body wall.

Magnetic field rotations

Responses of the Pd5 cells to magnetic field rotations
closely resembled those reported by Lohmann et al.

ciliated epithelium

series confocal micrograph showing individual axons (arrows)
extending through the muscular body wall and branching at the
epithelium. Again, intense staining was observed directly beneath
the epithelial layer. Scale bar=150 um. d A single optical section
superimposed on a transmitted-light section of the ciliated
epithelium. Discrete staining was present on the basal side of the
epithelial cells. Scale bar=25 pm. CT Connective tissue; CE
ciliated epithelium

(1991) and Popescu and Willows (1999). In all trials,
both the LPd5 and RPdS5 cells (n =15 animals) responded
to the magnetic stimulus with increased spiking. The
increase in spike frequency began 2—10 min after the
onset of the stimulus, a latency similar to that reported
previously (Lohmann et al. 1991; Popescu and Willows
1999). Figure 5a shows traces from one experiment in
which recordings from LPd5 and RPd5 were made
simultaneously during the same magnetic stimulus. Both
cells responded to the stimulus with increased electrical
activity. Differences in the responses were apparent,
however, as the activity pattern in one cell did not match
that of the other on a spike-for-spike basis. Comparison
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Fig. 3 The ultrastructural localization of TPeps in the Pd5 neuron
and the foot epithelium. a Electron micrograph of the Pd5 soma
showing the localization of TPep labeling (5 nm gold) to dense-
cored vesicles within the cytoplasm. The gold appears as small
black dots with the synaptic vesicles. Scale bar =125 nm. b Electron
micrograph of the proximal portion of the ciliated epithelium. A
series of neurites are present between the ciliated cell and the
basement membrane. Dense-cored vesicles are present in the largest
neurite. Scale bar=1.5 pm. ¢ A neurite containing both dense-
cored and clear vesicles situated between a ciliated cell and the

of binned average spike frequencies for the two cells
revealed periods in which the slope of average activity
was inversely correlated (i.e. the activity of one cell was
increasing while that of the other was decreasing)
(Fig. 5a, b).

Discussion

Our results indicate that the Pd5 cells possess dense-
cored vesicles that contain the cilio-stimulatory neuro-
peptides TPeps (Fig. 3a). The axons of each neuron exit
the central ganglia through ipsilateral pedal nerves 2 and
3 and innervate the foot epithelial tissues (Fig. 1). In
addition, neurites within the foot epithelium have dense-
cored vesicles that contain TPeps (Fig. 3b). Thus, the
morphological and ultrastructural evidence obtained in

basement membrane. Scale bar =350 nm. d Electron micrograph of
a region of foot that showed TPep immunoreactivity. A neurite
containing TPep-labeled (5 nm gold), dense-cored vesicles can be
seen protruding from the bottom right corner. Labeled vesicles are
indicated with the arrowheads. The gold appears as small black dots
within the vesicles. The cell process containing labeling was directly
adjacent to the basal surface of a ciliated epithelial cell. The cell
process also contained electron-lucent vesicles that were not TPep
immunoreactive (¥). Scale bar =100 nm. BM Basement membrane;
CC ciliated cell; Nu nucleus; SV synaptic vesicles

this study are consistent with the hypothesis that neu-
rites from the Pd5 cells extend to the pedal epithelium,
where paracrine signaling is used to release TPeps di-
rectly onto the ciliated cells. These findings strengthen
the accumulating evidence that the PdS and Pd6 cells
function as cilio-motor neurons that control or modu-
late the activity of cilia used in crawling (Willows et al.
1997; Popescu and Willows 1999; Wang et al. 2003).

TPeptidergic innervation of locomotory cilia

The Pd5 and Pd6 neurons contain a family of neuroac-
tive peptides known as TPeps (Lloyd et al. 1996) that
have been shown to influence cilia in Tritonia (Willows
et al. 1997; Gaston 1998). For example, direct applica-
tion of TPeps increases the rate of ciliary beating of
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Fig. 4 Action potential propagation from the CNS to the
periphery in the Pd5 neurons. a The two traces show one-for-one
potentials in the intracellular (LPd5) and extracellular (LPdN2)
recordings. During spontaneous activity of the Pd5 neuron, the
start of the potential (marked by vertical line on trace) was detected
in the soma before the start of the potential in the nerve. Scale
bar=25 ms. b The two traces show one-for-one potentials in LPd5
and left pedal nerve 3 (LPdN3) during spontaneous potentials. The
start of the potential (marked by vertical line on trace) was again
detected in the soma before the start of the potential in the nerve.
Scale bar=25 ms

isolated ciliated epithelial cells and the ciliary transport
rate of isolated patches of foot tissue (Willows et al.
1997).

Neuropeptides can arrive at target cells or structures
through two different mechanisms of release (Kandel
et al. 1997). During endocrine release, peptides are car-
ried by the hemolymph to target sites that may be at a
considerable distance from the site of secretion. Peptides
released in this way often interact with multiple types of
effector cells. In contrast, paracrine release involves a
more localized secretion of a peptide onto or near spe-
cific targets. This process often permits finer control over
individual target cells than endocrine signaling (Marder
and Calabrese 1996).

TPep-like immunoreactivity was detected both within
the somata of the Pd5 and Pd6 neurons and in regions of
foot epithelium that are innervated by nerves containing
axons of these cells (Fig. 2a, b; Willows et al. 1997
Wang et al. 2003). In addition, fine-scale analysis of the
foot showed that TPep-labeling is adjacent to ciliated
cells and distributed in discrete bouton-like structures
(Fig. 2c, d). Furthermore, at the ultrastructural level,
TPep immunoreactivity localizes to dense-cored vesicles
both in the cell body of Pd5 and in neurites within the
posterior foot epithelium innervated by Pd5 (Fig. 3¢, d).
These findings are consistent with a paracrine mecha-
nism of release of TPeps on epithelial cells.

Although the processes observed in the electron
micrographs of the foot cannot be unambiguously
identified as neurites of the Pd5 cells, several consider-
ations suggest that some or all of these neurites are

indeed likely to be from the Pd5. First, the projection
patterns of pedal nerves 2 and 3 (Fig. 1d), which contain
axons of the ipsilateral Pd5 cell, imply that the Pd5
innervate targets only in the ciliated foot epithelium and
ipsilateral body wall. Second, the tissues analyzed were
obtained from a part of the foot innervated by pedal
nerve 3, and only a few axons within pedal nerves 2 and
3 were TPep immunoreactive. Third, no cell bodies of
peripheral neurons were TPep immunoreactive, imply-
ing that cells containing TPeps are not numerous or
widespread. Finally, previous studies have demonstrated
that spiking activity in the Pd5 cell increases ciliary
transport across the foot epithelium (Popescu and Wil-
lows 1999), a finding consistent with the idea that the
Pd5 project to ciliated cells. For these reasons, we con-
sider it likely that some or all of the immunoreactive
processes in the foot epithelium are Pd5 neurites.

Although the present study focused on the Pd5 neu-
rons, the Pd5 and Pd6 cells share several similar mor-
phological and electrical properties (Fig. 5; Popescu
and Willows 1999; Wang et al. 2003). We therefore
hypothesize that the Pd6, like the Pd5, exert control over
the ciliated foot cells through paracrine signaling.
Additional studies will be needed to confirm or refute
this hypothesis.

The control of locomotory cilia by Pd5 and Pd6

Crawling powered by ciliary beating of the foot epithe-
lium is the primary mode of locomotion of numerous
gastropod molluscs, including Tritonia (Audesirk et al.
1979; Trueman 1983). In several species, ciliary activity
is thought to be controlled by neurons in the central
nervous system (Murikami 1989; Gainey et al. 1999;
Mackie et al. 1976; Audesirk 1978; Lacalli 1982; Aiello
et al. 1986; Seyd et al. 1988; Deliagina and Orlovsky
1990; McKenzie et al. 1998). Our results provide mor-
phological and immunocytochemical evidence consistent
with this view.

In principle, the Pd5S and Pd6 neurons might function
in crawling, turning, or both. For example, these neu-
rons might facilitate locomotion by causing an increase
in ciliary beating across the entire foot, thereby moving
the animal forward. In addition, because Pd5 and Pd6
neurons on opposite sides of the brain each innervate the
ipsilateral side of the foot (Fig. 1d), differential activity
between LPd5/6 and RPd5/6 might enhance ciliary
beating on one side of the animal, resulting in the animal
turning in the direction of the less active cilia. If this
differential activity of the paired cells were temporarily
superimposed on generally increased spike activity in the
Pd5 and Pd6, then these cells could control turning to
align Tritonia with the magnetic field followed by
crawling along a specific heading.

Whether this occurs is not known, but comparison of
the spike activity in the paired Pd5 neurons during the
same magnetic stimulus indicated that the overall
activity of both cells increased during the experimental
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Fig. 5 Simultaneous recordings of LPd5 and RPdS showing
differences in electrical activity which might reflect differential
control of cilia on opposite sides of the foot. a Recordings during a
trial in which the animal was exposed to a series of 60° field
rotations (see text). The top electrophysiological trace shows the
response of the LPdS neuron to the magnetic stimulus. The lower
of the two electrophysiological traces shows the simultaneous
response of the RPdS neuron in the same animal. The spike
amplitudes in both traces were approximately 105 mV. The graph
at the bottom shows comparisons of the average spike frequency of
LPdS (grey) and RPd5 (black) during field rotations. (bin
size=60 s). The black bars beneath the records indicate the 1-min
intervals when the magnetic coil was on, rotating the ambient field
60° clockwise. The overall heightened activity is shown by the
increase in average frequency during the field rotations. Within this

period (Fig. 5). Superimposed upon this generally
heightened activity, however, are periods when the
change in firing rate is inversely related between the cells
(Fig. 5b). These periods of inversely related spiking

increased activity, however, periods in which the slope of average
activity is inversely correlated (i.e. one slope is rising while the other
is falling) exist. The open arrows indicate two periods during the
response when the firing rates of LPd5 and RPdS simultaneously
diminished. The solid arrows indicate two periods during the
response when the instantaneous firing frequency of RPd5 and
LPd5 did not coincide. b An expanded view of a part of the traces
shown in (a). The section of data from (a) expanded in (b) is
indicated by the gray lines running from the electrophysiological
traces in (a) to the traces in (b). The dark arrows and light stippling
indicate periods in which the slope of average spike frequency was
inversely correlated in the left and right Pd5 neurons. The open
arrows and dark stippling indicate periods in which the slope of
average spike frequency was directly correlated in the left and right
Pd5 neurons

activity might conceivably be involved in turning the
animal in response to a rotated magnetic field by inde-
pendently altering the ciliary activity between the two
sides of the foot.
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The role of Tritonia Pd5 and Pd6 neurons during mag-
netic orientation

Few neurophysiological investigations of the mecha-
nisms underlying magnetic orientation behavior have
been carried out. However, a detailed understanding of
the mechanisms underlying magnetic orientation cannot
be obtained without directly investigating the neural
elements involved in transducing, processing, and
responding to magnetic field information (Lohmann and
Johnsen 2000).

Our results, combined with those of previous studies,
provide evidence that the Pd5 and Pdé6 cells directly
control or modulate the activity of cilia involved in
locomotion. A summary of the growing evidence con-
sistent with this hypothesis now includes the following:
(a) Cilio-excitatory peptides (TPeps) are produced by the
Pd5 and Pd6 cells (Figs. 2a, 3a; Lloyd et al. 1996); (b)
increases in spike activity in the LPd5 neuron are cor-
related with increases in ciliary transport across the foot
of Tritonia (Popescu and Willows 1999); (c) the nerves
containing axons of the Pd5 and Pd6 cells innervate
large areas of the foot and body wall, including regions
of the foot lined with ciliated epithelia (Fig. 1d); (d)
action potentials in both Pd5 and Pd6 propagate from
the pedal ganglia towards targets in the periphery
(Fig. 5; Popescu and Willows 1999; Wang et al. 2003);
(e) TPep-like immunoreactivity has been detected in
synaptic vesicles immediately adjacent to ciliated foot
epithelial cells (Figs. 2c, d and 3d).

By controlling ciliary activity of the foot, the Pd5
neurons probably promote crawling by stimulating
extensive regions of cilia. The non-overlapping fields of
innervation of the paired Pd5 and Pd6 cells further
suggest that these cells may be an important component
of the neural control of alignment with directional cues.
Consistent with this hypothesis, both Pd5 and Pd6 are
thought to also function in the neural pathway con-
trolling orientation to water currents, where they may
serve a similar function (Murray et al. 1992; Murray and
Willows 1996).
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