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Abstract We characterized the behavioral responses of
two leech species, Hirudo verbana and Erpobdella obs-
cura, to mechanical skin stimulation and examined the
interactions between the pressure mechanosensory neurons
(P cells) that innervate the skin. To quantify behavioral
responses, we stimulated both intact leeches and isolated
body wall preparations from the two species. In response to
mechanical stimulation, Hirudo showed local bending
behavior, in which the body wall shortened only on the side
of the stimulation. Erpobdella, in contrast, contracted both
sides of the body in response to touch. To investigate the
neuronal basis for this behavioral difference, we studied the
interactions between P cells. Each midbody ganglion has
four P cells; each cell innervates a different quadrant of the
body wall. Consistent with local bending, activating any
one P cell in Hirudo elicited polysynaptic inhibitory poten-
tials in the other P cells. In contrast, the P cells in Erpobd-
ella had excitatory polysynaptic connections, consistent
with the segment-wide contraction observed in this species.
In addition, activating individual P cells caused asymmetri-
cal body wall contractions in Hirudo and symmetrical body
wall contractions in Erpobdella. These results suggest that
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the different behavioral responses in Erpobdella and Hir-
udo are partly mediated by interactions among mechano-
sensory cells.
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Abbreviations

DP nerve Dorsal posterior nerve

ED Embryonic development

LBI Local bend interneurons

N cell Nociceptive neuron

P cell Pressure mechanosensory neuron
Py Dorsal P cell

Py Ventral P cell

Ppost Postsynaptic P cell

Ppre Presynaptic P cell

T cell Touch mechanosensory neuron
Introduction

Mechanosensory neurons have been studied in a wide range
of animals, including crabs (Beenhakker et al. 2004), grass-
hoppers (Hustert et al. 1999), round worms (Kindt et al.
2007), mice (Suzuki et al. 2003) and humans (Cauna and
Ross 1960). Although the neural circuitry underlying
mechanically elicited behaviors in various species has also
been investigated (Nobili etal. 1998; Hill and Blagburn
1998; Antonsen et al. 2005), we do not understand how these
neural circuits have evolved. For example, studies of central
pattern generators underlying species-specific behaviors have
shown that neural circuits with conserved synaptic connec-
tions can produce different outputs simply by changing neuro-
modulatory input (Fenelon et al. 2004; Newcomb and Katz
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2007). Species-specific behavioral patterns can also occur
due to changing synaptic strengths (Chiang et al. 2006) or
changing the morphology of neurons (Dacks et al. 2006). As
species-specific behaviors evolve, are there rules governing
how mechanosensory input typically changes? Is mechano-
sensory input mediated by changing neuromodulation, lateral
interactions, synaptic strengths, or synaptic connections? In
this study, we examined the interactions between the pres-
sure mechanosensory neurons (P cells) in the leeches Hirudo
verbana and Erpobdella obscura and correlated these inter-
actions with differences in behavioral responses. Our results
suggest that simple changes in the interactions between sen-
sory neurons may be responsible for significant differences in
behavior in these two leech species.

Each segmental ganglion in Hirudo has four P cells that
innervate overlapping quadrants of the body wall (Nicholls
and Baylor 1968; Lewis and Kristan 1998a; Thomson and
Kristan 2006). Each Py, cell innervates roughly half of the
ventral body wall and each P, cell innervates roughly half
of the dorsal body wall. The P cells in Hirudo mediate a
stereotyped behavior called ‘local bending’ (Kristan 1982;
Kristan et al. 1982, 2005; Baca et al. 2008). Local bending
is elicited by stimulation of an individual P cell which
causes a combination of excitation and inhibition in the
local bend interneurons (LBIs) (Lockery and Kristan
1990b; Baca et al. 2008). The LBIs in turn synapse onto a
group of motor neurons. Differing synaptic strengths of the
P cells onto the LBIs, as well as inhibitory interactions
between motor neurons, produce a contraction of longitudi-
nal muscles in the body wall area innervated by the stimu-
lated P cell and a relaxation in the adjacent regions of the
body wall (Lockery and Kristan 1990a, b).

Many novel behaviors have arisen within the leeches,
including predatory behavior in clades with sanguivorous
ancestors, swimming in clades with terrestrial ancestors,
and terrestrial cocoon deposition in clades with fully
aquatic ancestors (Borda and Siddall 2004a, b). Despite
these differences in behaviors, the structure of leech mid-
body ganglia is highly conserved across the entire clade,
thereby simplifying the task of identifying homologous
neurons (Lent and Frazer 1977; Kramer and Goldman
1981; Nusbaum 1986; Nusbaum and Kristan 1986; Nus-
baum et al. 1987; Elsas et al. 1995). Homologous neurons
across species are identified based on cell size, location,
morphology and physiology (Weiss and Kupfermann 1976;
Nusbaum and Kristan 1986; Croll 1987; Watson and Wil-
lows 1992; Breidbach and Kutsch 1995; Wright et al. 1996;
Katz et al. 2001; Newcomb and Katz 2007). P cell homo-
logs have been previously characterized in a basal leech,
Haementeria ghilianii (Kramer and Stent 1985; Kramer
et al. 1985), so they are likely present in all leeches.

The arhynchobdellids are a monophyletic clade of leeches
that is subdivided into two groups: the Erpobdelliformes,
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which include E. obscura, and the Hirudiniformes, which
include H. verbana (Siddall 2002; Borda and Siddall
2004a, b; Phillips and Siddall 2009). Among the Hirudini-
formes, the neural circuitry underlying behavioral patterns
of H. verbana have been studied extensively (Kristan et al.
2005). In selecting an Erpobdelliform species for compari-
son with Hirudo, E. obscura was the obvious choice
because the adults are large (2-3 g) compared to the other
Erpobdelliform leeches and are similar in size to adult
H. verbana (2-7 g) (Peterson 1983; Wilkin and Scofield
1991; Siddall 2002). Due to the phylogenetic distance
between the species, we expected to find behavioral
differences between the animals that would be reflected in
differences in the underlying neural circuitry.

In order to identify different behavioral patterns in
Hirudo and Erpobdella, we first stimulated intact leeches
and isolated body wall preparations. We found that the two
species have different behavioral responses to mechanical
stimulation of the skin. Hirudo contracts only those longi-
tudinal muscles ipsilateral to the site of stimulation,
whereas Erpobdella contracts longitudinal muscles around
the entire stimulated segment. We found that these differ-
ences in behavior are correlated with differences in the syn-
aptic connections between the P cells. In Hirudo, the P cells
are mutually inhibitory, which may aid in localizing the
behavioral response to the stimulus site. In Erpobdella, the
P cells are mutually excitatory and a localized stimulus
results in a segment-wide contraction. This evidence sug-
gests that one mechanism that produces behavioral differ-
ences in Hirudo and Erpobdella is this difference in
interactions among one set of mechanosensory neurons.

Methods
Leech care

We obtained adult H. verbana from Carolina Biological
Supply Co. (Burlington, NC) and Leeches USA (Westbury,
NY); these leeches were previously misidentified as Hirudo
medicinalis (Kutschera 2006; Siddall et al. 2007). We col-
lected E. obscura in ponds near Lake Itasca, MN and
obtained others from Vados Bait Express (Spring Lake
Park, MN). Both species were kept at 15°C on a 12 h light/
dark cycle. Hirudo were maintained in five gallon aquaria
containing Instant Ocean Sea Salt (Aquarium Systems,
Mentor, OH) diluted 1:1,000 with deionized water. We kept
Hirudo for at least 4 weeks without feeding. Hirudo are
sanguivores that take massive blood meals; from experi-
ence, the physiological properties of Hirudo ganglia are
different for 2-3 weeks after feeding. Erpobdella were kept
in five gallon aquaria containing a solution of 90 pM CaCl,,
65 uM  MgCl,, 479 uM  NaCl, 67 uM KCl, 34 uM
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Ca(NO3),, 10 uM MgSO,, and 1 mM Hepes in deionized
water. Erpobdella were fed beef liver every 3—4 days.

Intact leech behavior

We elicited behavioral responses from intact animals by
shocking them between midbody segments 8—12 with a
handheld electrode that activates touch (T cell) and pres-
sure (P cell) mechanoreceptors, thus mimicking mechanical
stimulation (Kristan 1982; Misell et al. 1998). The electrode
terminals were two 0.008 inch diameter silver wires sepa-
rated by about 1 mm. We used a Grass Instruments S88 Dual
Channel Stimulator with a Grass Stimulus Isolation Unit
(Astro-Med Inc., West Warwick, RI) to deliver 8 V, 1 ms
pulses at 10 Hz in trains that lasted approximately 1 s. Each
leech was stimulated five times at intervals of 3 min or longer.

We divided the behavioral responses into six categories:
tensing, local bending, whole-body bending, crawling, swim-
ming, and shortening. Swimming, crawling, shortening, and
local bending are well-characterized behaviors in Hirudo
(Kristan etal. 1974, 1982, 2005; Stern-Tomlinson et al.
1986; Misell et al. 1998; Puhl and Mesce 2008). We catego-
rized the behavioral response as ‘tensing’” when a contraction
occurred symmetrically across several segments, as ‘local
bending” when a lateral contraction occurred ipsilaterally to
the stimulation site and was restricted to a few segments, and
as ‘whole-body bending” when a dorsal or ventral contraction
caused the leech to form a ‘C’ shape.

Because our data did not form a normal distribution, we
transformed them before performing statistical tests. For a
behavioral response that occurred x times in y trials, we
transformed the data using the formula arcsin(/((x + 3/8)/
(v + 3/4))) (Zar 1999). Statistical comparisons between the
categorized behavioral responses were performed in Micro-
soft Office Excel 2003 using a two-sample 7 test assuming
unequal variances.

Body wall contractions

We anesthetized the leeches before and during dissections
using ice-cold leech saline. The normal leech saline solu-
tion had the following composition: 115 mM NaCl, 4 mM
KCl, 1.8 mM CaCl,, 1.5 mM MgCl,, 10 mM Glucose,
10 mM Hepes, pH adjusted to 7.4 with NaOH. Experiments
were performed in leech saline at room temperature (20—
22°C). We isolated segments 8 through 12 of the 21 leech
midbody segments and removed all ganglia except the gan-
glion in segment 10. A blunted Sylgard-coated syringe nee-
dle was inserted through the gut and pinned the body wall
of segments 8 and 12 to the Sylgard-coated syringe needle.
The preparation was suspended in a specially designed dish
so that the entire preparation was submerged in normal
leech saline but the dorsal body wall was not in contact

with the surface of the dish. We mechanically stimulated
the ventral body wall adjacent to midbody ganglion 10,
halfway between the ventral midline and the lateral edge of
the body wall. Because Erpobdella appeared to habituate to
repeated stimulation, we measured the body wall move-
ment from the first stimulation in both species.

The stimulus apparatus and behavioral video recording
design was described previously (Thomson and Kristan
2006; Baca et al. 2008). Briefly, we used a Dual-Mode Lever
Arm System (Aurora Scientific, Ontario, Canada, Model
300B) to deliver a 200 mN tactile stimulus to the body wall
with a 1 mm diameter bead of epoxy on the tip of a needle.
The head stage of the force controller was mounted on a
micromanipulator (Narishige International, East Meadow,
NY). We imaged the body wall preparation using a Wild dis-
section microscope and a C-Mounted Hitachi KP-M1 mono-
chrome CCD camera (Image Labs International, Bozeman,
MT). We captured the images were captured at 5 Hz and dig-
itized them using a Data Translation frame grabber card
(DT3155) controlled with the MATLAB Image Acquisition
Toolbox (The Mathworks, Natick, MA). The video and
stimulus controller were synchronized using Axograph 4.9
software (Axon Instruments, Union City, CA).

Body wall motion was tracked using an optic flow algo-
rithm (Thomson and Kristan 2006; Baca et al. 2008). We
determined body wall movement for 50 frames of each
video segment that spanned the response time and calcu-
lated the movement of the innervated body wall in 3-5 ann-
uli anterior to the stimulus site for 1s after stimulus
application. The body wall was divided into 100 anterior—
posterior lines and calculated the mean movement along
each line. We averaged lines 10-40 to determine the aver-
age movement on the side of the body wall where the
stimulus was applied (‘on-target’) and averaged lines 60-90 to
determine the movement on the non-stimulated side of the
body wall (‘off-target’). To compare movements between
animals of different sizes, we normalized measurements to
the number of annuli. The movement on-target was com-
pared to the movement off-target by performing a paired
two-sample ¢ test for means in Microsoft Excel.

P cell response to mechanical stimulation

We tested the responses of P cells to body wall stimulation
using a semi-intact preparation. Leeches were anesthetized
and treated as described above. We isolated five segments,
cut the body wall along the dorsal midline, and removed all
ganglia except the middle ganglion. We cut a hole in the
ventral body wall above the ganglion and pinned it in a Syl-
gard dish with the skin side facing up. In Erpobdella, we
cut the dorsal posterior (DP) nerves so we could flatten the
body wall in the Sylgard dish. We mechanically stimulated
the body wall using the Dual-Mode Lever Arm System
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described above while recording intracellularly from the
touch (T), pressure (P), and nociceptive (N) cells in Hirudo
and their putative homologs in Erpobdella.

We recorded intracellularly in bridge mode from P cells
with 20-40 MQ sharp glass microelectrodes filled with a
2 M potassium acetate solution containing 20 mM KCl
connected to an Axoclamp 2B amplifier (Axon Instruments,
Union City, CA) and digitized the recordings using a
National Instruments BNC-2090 (National Instruments,
Austin, TX). We acquired the recordings and delivered
stimulus trains using Axograph 4.9 software. We collected
electrophysiology data at 5 kHz.

To inject fluorescent dyes into neurons, the electrode tips
were back-filled with a 2.5% Alexafluor 568 solution then
filled the electrode with 3 M KCI. We injected the dye into
the somata of neurons using pulses of +3 nA at 1 Hz with a
50% duty cycle. We imaged the cells using a Bio-Rad
Radiance confocal microscope and captured using Bio-Rad
LaserSharp2000 software (Bio-Rad Laboratories, Hercules,
CA).

Connections between P cells

To test the connections between P cells, we recorded intra-
cellularly as described above except we acquired the
recordings and delivered stimulus trains using custom soft-
ware written in LabVIEW 5.0 (National Instruments, Aus-
tin, TX). We stimulated one P cell (Ppgg) with bursts of five
pulses at 25 Hz while recording postsynaptic potentials in a
second P cell (Ppogr). Each pulse was 2-3 nA in amplitude
and lasted 20 ms; each pulse produced a single action
potential in Pppp. We chose to deliver a train of action
potentials to examine connectivity for two reasons. First,
previous studies examining connections among mechano-
sensory cells in Hirudo have shown complex synaptic con-
nections between cells (Baylor and Nicholls 1969; Burgin
and Szczupak 2003): a single action potential in the stimu-
lated cell produces an excitatory postsynaptic potential
(EPSP) in the postsynaptic cell; multiple presynaptic action
potentials produces an EPSP in the postsynaptic cell fol-
lowed by an inhibitory postsynaptic potential (IPSP). Sec-
ond, previous studies of local bending have shown that
body wall stimulation produces a train of action potentials
in the stimulated P cell (Kristan 1982; Lewis and Kristan
1998a; Thomson and Kristan 2006). We wanted our
imposed stimulus to resemble a normal response to body
wall stimulation.

The magnitude of the postsynaptic potentials was mea-
sured by calculating the area of the membrane potential
deviation from the baseline membrane potential in Pppgr
during the 500 ms period following the first stimulus pulse
in Pprg. The baseline was measured as the mean membrane
voltage in the 50 ms prior the first stimulus pulse. To obtain

@ Springer

a control “response” for Ppogr, we measured the average
membrane potential in a 50 ms “baseline” period starting
2 s after the last stimulus pulse in a burst. We then mea-
sured the area of deviation from the baseline in the follow-
ing 500 ms “response” period. In Erpobdella, Pppgr
neurons often generated action potentials in response to a
Pprg spike burst. To avoid including the action potentials in
our measurements of synaptic potentials we drew a line
from the initiation point of the action potential to the end of
the afterhyperpolarization and calculated the area of devia-
tion under this line. These procedures were performed for
all P to P connections.

To capture the features of the complex PSPs between
pairs of P cells in Hirudo, we measured membrane poten-
tial changes in the postsynaptic Py, when the other Py, was
stimulated. The membrane potential was measured over
two time periods: (1) the 50 ms immediately following the
first stimulus pulse, and (2) the subsequent 100 ms. The
baseline and control periods were defined as described
above. We performed data analysis using MATLAB 6.1.
Statistical tests were performed in Microsoft Excel.

To block polysynaptic transmission we modified the nor-
mal leech saline to create a solution with 10 mM MgCl, and
10 mM CaCl, (NaCl was adjusted to maintain a constant
osmolarity). For experiments using Erpobdella ganglia, we
used a solution with 20 mM MgCl, and 0 mM CaCl, to
block all chemical synaptic transmission (Baylor and Nicho-
1Is 1969). In the experiments using Hirudo ganglia, we had
difficulty reversing the effects of the 20 mM MgCl, and
0 mM CaCl, solution, so we instead used a solution with
10 mM MgCl, and 1 mM CaCl, to block chemical synaptic
transmission (Burgin and Szczupak 2003).

Body wall contractions caused by P cell stimulation

We made an isolated body wall preparation with a single
exposed ganglion as described above. In Erpobdella, we
cut the DP nerves so we could flatten the body wall in the
Sylgard dish. We imaged body wall movements while
delivering bursts of five pulses into a P cell at 25 Hz. We
determined longitudinal and lateral body wall movement
for 50 frames of each video segment that spanned the
response time. For longitudinal movement, we calculated
body wall movement in the anterior three annuli of the
innervated segment for 1 s after stimulus application. For
lateral movement, we calculated body wall movement in
the middle three annuli of the innervated segment for 1 s
after stimulus application. We divided the body wall into
four regions and calculated the average movement in each
region. The right and left dorsal regions each spanned from
the dorsal midline to the respective lateral edge. The right
and left ventral regions each spanned from the respective
lateral edge to the edge of the hole in the body wall.
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To compare movements between animals of different
sizes, we normalized measurements to the number of ann-
uli. For lateral movement, we defined positive motion as
movement toward the midline: when a Pp, cell was stimu-
lated, movement toward the dorsal midline was positive
motion, and when a Py cell was stimulated, movement
toward the ventral midline was positive motion. The aver-
age movements of the four regions were compared with a
single-factor ANOVA in Microsoft Excel. If the ANOVA
was significant at the 0.05-level, we compared individual
regions by performing paired two-sample 7 tests for means
in Microsoft Excel.

Results
Intact leech behavior

We stimulated intact Hirudo and Erpobdella with localized
electrical pulses on the dorsal and ventral surfaces of mid-
body segments and scored their behavioral responses. We
divided the responses into six categories: tensing, local
bending, whole-body bending, crawling, swimming, and
shortening (see “Methods”). Hirudo (n = 14) showed only
three of the behavioral responses: swimming, whole-body
bending, and local bending, with whole-body bending
being the most common response (Fig. 1). Each of these
behaviors has been previously observed in Hirudo in
response to a light shock applied at the anterior or posterior
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Fig. 1 Behavioral responses to trains of weak electrical shocks that
mimic light-to-moderate levels of touch in Hirudo verbana and
Erpobdella obscura. Hirudo data are in light gray, Erpobdella are in
dark gray. The error bars indicate SEM. The number above each pair
of bars is the P value from the 7 test performed on the transformed data
(see “Methods”). For Hirudo, n = 14; for Erpobdella, n = 15

ends (Kristan et al. 1982; Misell et al. 1998). Erpobdella
(n = 15) showed all six behavioral responses.

To test the null hypotheses that there was no difference
in the responses observed in the two species, we performed
a two-sample ¢ test assuming unequal variances for the fre-
quency of each behavioral response. We rejected the
hypothesis for similarity for both tensing [(mean & SEM)
Hirudo = 0 & 0% Erpobdella = 25 &+ 5%; P = 0.0001] and
local bending (Hirudo =34 £ 8%; Erpobdella =4 + 2%;
P =0.002), but cannot reject the null hypothesis for whole-
body bending (P =0.35), swimming (P =0.21), crawling
(P =0.15), or shortening (P = 0.31). Hence, the two species
differ in their probability of responding by tensing and local
bending, but are similar in their probability of producing
the four other behaviors.

Body wall movement

To measure local bending and tensing more accurately, we
used a body wall preparation consisting of five body seg-
ments, with only the middle segment innervated by its
ganglion (Fig. 2a). When touched on the right side of the
ventral body wall, Hirudo contracted asymmetrically: the
right side shortened more strongly than the left side
(Fig. 2b). Because of the large variability between prepara-
tions, we normalized the data for each preparation to its
maximum contraction strength. In Hirudo, the stimulated
side shortened significantly more than did the opposite side
[stimulated (mean & SEM) = 63.0 £+ 6.8%; contralateral =
34.1 £ 8.7%; P =0.04; n =5)]. This difference constitutes
the local bending response (Lewis and Kristan 1998a; Baca
et al. 2005, 2008). In contrast, Erpobdella showed a nearly
equal contraction on the ipsilateral and contralateral sides
(stimulated = 64.9 + 6.5%; contralateral = 54.4 + 7.7%;
P=0.36; n=>5); this similarity constitutes the ‘tensing’
response.

Identification of P cells

To begin a comparative study of the neuronal basis for local
bending and tensing, we recorded from the pressure
mechanosensory neurons (P cells). The P cells are responsi-
ble for producing local bending in Hirudo (Kristan 1982;
Lockery and Kristan 1990a; Lewis and Kristan 1998a). The
P cells of Hirudo have been well-studied and are easily
identifiable based on their size, location, and electrical
properties (Nicholls and Baylor 1968). To determine
whether the P cells in Erpobdella were similar to those in
Hirudo, we performed similar electrophysiological and
anatomical studies on ganglia from each species.

In Hirudo, the P cells that innervate the ventral body
wall (Py, cells) are located between the roots of the lateral
nerves and their somata are about 50 pum in diameter; a
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Fig. 2 Responses to skin stimulation in Hirudo and Erpobdella. We
pinned five segments of body wall onto a Sylgard-coated syringe in a
saline-filled chamber, ventral side up, with only the middle segment
innervated by a ganglion. The circumferential lines mark annuli; a seg-
ment consists of five annuli. Scale bars 1 mm. a Top panels are video
frames of Hirudo (left) and Erpobdella (right) before stimulation. The
red asterisks mark the stimulus probe. The yellow box over the picture
of the leech outlines the area of the body wall that was analyzed for mo-
tion. Bottom panels are motion analysis of the body wall after stimula-
tion. The expanded colored rectangle indicates movements of
the region between 0 and 1 s; cool colors (blue) indicate movement

similar neuron was found in Erpobdella (Fig. 3a). The Py,
cells in Hirudo and their putative homologs in Erpobdella
all sent neurites through both of the ipsilateral nerve roots
as well as into both the anterior and posterior connectives.
In Hirudo, the P cells that innervate the dorsal body wall
(Pp cells) are located in the posterior, medial packet of
cells. Each P, cell sent a neurite out the posterior nerve
root, and sent neurites into both the anterior and posterior
connectives; similar neurons were found in Erpobdella
(Fig. 3b). The only consistent difference in the two species
was that Hirudo P cells typically had 1-3 secondary pro-
cesses that extend contralaterally, whereas the putative P
cells in Erpobdella had no such contralateral processes.
After the initial electrode penetration, the P cells did not
show spontaneous activity in either species. Injecting a
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upward and warm colors (yellow—red) indicate movements downward.
The black boxes on the expanded rectangle outline the contralateral
and ipsilateral areas used to measure body wall movements. b Average
magnitude of body wall movements of the black boxed area in Hirudo
(left; n = 5) and Erpobdella (right; n = 5). The area analyzed was di-
vided into 100 vertical columns. The black line is the smoothed mean
percentage of maximum displacement for each of the 100 columns.
The gray rectangles are the mean percentage of maximum displace-
ment over the areas contained in the black boxes in a. The error bars
indicate SEM

small depolarizing current generated a single action poten-
tial in both species (Fig. 3c). Injecting a hyperpolarizing
current showed a “sag” response in P cells in both species
(Fig. 3d), which was often followed by an action potential
upon release of the hyperpolarizing current.

In addition to P cells, Hirudo has touch (T) and nocicep-
tive (N) mechanosensory neurons that could possibly be
mistaken for P cells. We therefore recorded intracellularly
from T, P, and N cells in Hirudo as well as from their puta-
tive homologs in Erpobdella while stimulating the body
wall with 100 mN/mm? of force. T cells in both species
showed a rapid burst of action potentials when the stimulus
was applied and a few action potentials when the stimulus
was removed (Fig. 4a), similar to the responses described
previously in Hirudo (Lewis and Kristan 1998b; Nicholls
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Fig. 3 Comparison of P cells in

Hirudo to the putative P cell (a)
homologs in Erpobdella. a Dye

fills of a Py, cell in Hirudo (left)

and a putative Py, homolog in E7-

pobdella (right). Scale bars rep-

resent 100 pm. These are typical
morphologies of two Py, cells in

Hirudo and five putative Py,

homologs in Erpobdella. b Dye

fills of a Py, cell in Hirudo (left)

and a putative P, homolog in Er-

pobdella (right). These are typi-

cal morphologies of two P, cells

in Hirudo and three putative Py,

homologs in Erpobdella. Scale (b)
bars represent 100 um. a, b

Brightness and contrast were ad-

justed in Adobe Photoshop.

¢ Representative traces showing

the responses of a Hirudo P cell

(left) and a putative Erpobdella

P cell homolog (right) to a depo-

larizing current. Top traces are

current clamp recordings from

the P cells and the bottom traces

show the magnitude and timing

of depolarizing current. d Repre- ( C)
sentative traces showing a sag
current in a Hirudo P cell (left)
and a putative Erpobdella P cell
homolog (right) triggered by a
prolonged hyperpolarization.
Top traces are current clamp
recordings from the P cells and
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and Baylor 1968). During the first 100 ms of stimulus
application, Hirudo T cells fired an average of 6.3 + 0.8
(mean £ SEM; n = 4) action potentials while the putative
Erpobdella T cells fired 5.8 £ 0.8 action potentials
(n=4).

The P cells in Hirudo and the putative P cells in Erpobd-
ella showed a tonic response to body wall stimulation
(Fig. 4b), qualitatively similar to the responses observed
previously in Hirudo (Lewis and Kristan 1998b; Thomson
and Kristan 2006). During the 500 ms of stimulation, the P
cell in Erpobdella fired a significantly greater number of
action potentials than did the P cell in Hirudo
[Erpobdella =9.3 + 1.4 (n=28), Hirudo=5.5+0.6
(n=10); t test: P =0.034].

2nA L

100 msec

The N cells in both species showed a tonic response to
body wall stimulation (Fig. 4c), qualitatively similar to the
responses observed previously in Hirudo (Nicholls and
Baylor 1968; Johansen and Kleinhaus 1986). During the
500 ms of stimulation, the N cell in Hirudo fired an average
of 2.2+ 0.6 (n=4) action potentials while the N cell in
Erpobdella fired an average of 3.5 + 0.9 action potentials
(n=4).

We also occasionally recorded from a cell near the puta-
tive Py-homolog in Erpobdella that was similar in size,
location and physiological properties to the Leydig cells in
Hirudo (Keyser et al. 1982). Moreover, the only other large
neurons near the putative Pp-homolog in Erpobdella were
similar in location and physiology to the AE and 251 neu-
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Fig. 4 Responses of T, P and N
cells to mechanical stimulation
of the body wall in Hirudo and
Erpobdella. a Representative
traces showing the response of a
T cell in Hirudo (left) and Er-
pobdella (right) to a 500 ms

(a) T cells

stimulation of the body wall with 250 msec
a force of 100 mN/mm?. The
black bar represents when the (b) P cells
mechanical stimulus was ap-
plied. b Representative traces
showing the response of a P cell
in Hirudo (left) and Erpobdella |
(right) to a stimulation of the 50 mV
body wall with a force of 250 Msec
100 mN/mm?. ¢ Representative
traces showing the response of (c) N cells
an N cell in Hirudo (left) and E7-
pobdella (right) to a stimulation
of the body wall with a force of
100 mN/mm?

50 mV |

250 msec

rons in Hirudo (Rodriguez et al. 2004). Therefore, based on
the similarity in location, morphology, physiology, and
response to mechanical stimulation, we conclude that the
putative T, P, and N cells in Erpobdella are homologs of
the T, P and N cells in Hirudo.

Connections between P cells

We first investigated the connections between the Py, cells
in the segmental ganglia in Hirudo and Erpobdella. In Hir-
udo, when one Py, was stimulated to produce five action
potentials, the postsynaptic response contained a mixture of
excitation and inhibition (Fig. 5a). When one Py, was stimu-
lated, the other Py, was depolarized during the first 50 ms
by a mean 4+ SEM of 0.09£0.04 mV (control =
—0.02 £ 0.03 mV; n = 13; paired ¢ test: P =0.02) and was
hyperpolarized over the next 100 ms by a mean of
—0.54 £ 0.12mV (control = —0.01 £ 0.03 mV; n=13;
paired ¢ test: P =0.0005) (Fig. 5b). In Erpobdella, the five
action potentials in one Py, produced a strong depolarization
in the other Py (mean area of deviation & SEM =
802.2 £ 249.5 mV ms) that was significantly different from
control values (control=—19.8 +28.0mVms; n=7;
paired ¢ test: P =0.02) (Fig. 5a, c). In three of the seven
preparations, the stimulus caused the contralateral Py, to fire
at least one action potential.

We tested all other combinations of connections between
P cells in both Hirudo and Erpobdella and found similar
results (Fig. 6). In Hirudo, five action potentials in one P
cell caused a net hyperpolarization in the other P cells; in
Erpobdella, five action potentials in one P cell caused a
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strong depolarization in the other P cells. For Hirudo, the
mean deviation from baseline for none of the pairs tested
were significantly different from any of the other pairs
(ANOVA: Fs3,=0.398, P=0.847). The mean deviation
from baseline for all pairs of P cells was —61.1 £
8.2 mV ms (£ SEM; control = —4.8 &= 11.9 mV ms; n = 6;
paired ¢ test: P =0.006). For Erpobdella, too, none of the
pairs tested were statistically different from any of the other
pairs (ANOVA: Fj 59 = 0.345, P = 0.881). The mean devia-
tion for all pairs of P cells was 906.0 & 74.0 mV ms
(control =4.2 + 10.2 mV ms; n=06; paired ¢ test: P=
0.0001). Each pair of P cells tested in Hirudo was signifi-
cantly different from its complimentary pair in Erpobdella
(t test: Py to Py: P =0.015; Py, to iPp: P = 0.050; Py, to cPpy:
P =0.030; P to iPy: P = 0.048; Py to cPy: P =0.032; P, to
Pp: P =0.008). The mean deviation for all pairs of P cells
in Hirudo was also significantly different from the mean
deviation for all pairs of P cells in Erpobdella (P < 0.0001).
In 25 of the 35 Erpobdella preparations, the stimulation of
one P cell caused the other P cell to fire at least one action
potential.

Next we determined whether the connection between P
cells in Hirudo was monosynaptic, polysynaptic or electri-
cal. When we bathed a ganglion in a high Mg?*/high Ca**
solution, the IPSPs between P cells were eliminated and a
small depolarization was observed (mean £ SEM =
1.8 £ 0.3 mV; n = 3), indicating that the inhibition was due
to a polysynaptic chemical connection between P cells
(Fig. 7a). When bathed in a high Mg**/low Ca’* solution,
the depolarization still persisted (0.8 0.2 mV; n =3),
indicating that part of the depolarization resulted from an
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Fig. 5 Py to Py connections in Hirudo and Erpobdella. a Representa-
tive response of a ventral P cell (Py) to stimulation of the other Py, in a
Hirudo (left) and Erpobdella (right) midbody ganglion. The bottom
trace shows the stimulus protocol, the middle trace shows the action
potentials produced in the stimulated Py, (stim Py) by the depolarizing
pulses, and the top trace shows the response of the contralateral, non-
stimulated Py, (cPy). In this trace, as well as in all other panels, black
dots show the times of the peaks of the action potentials in the stimu-
lated P cell. In Erpobdella, the tops of the action potentials were
cropped in the fop trace. The inset shows the complete response of the
non-stimulated Py, cell at a reduced amplification and a compressed
time scale. Capacitance artifacts in the middle trace of Hirudo were
partially deleted using Adobe Illustrator. b Average change in mem-
brane potential relative to baseline in the non-stimulated Py, in Hirudo.
The trace is the same as the top trace in a. The solid black line indicates
the mean baseline membrane potential. The light gray box is the first
50 ms of stimulation. The dark gray box is the next 100 ms. The bar

Erpobdella obscura

e o o o o 25mV|
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cPy

5mV|
stim Py e o o o o

50 mV
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graph shows the mean change in membrane potential from baseline
over the first 50 ms after stimulation and over the subsequent 100 ms.
The control bars are the mean change in membrane potential in the
non-stimulated Py, over 50 ms and the next 100 ms beginning 2 s after
the end of the stimulus bursts. The error bars indicate SEM; n = 13. ¢
Quantification of the depolarization observed in the non-stimulated Py,
in Erpobdella. The trace is the same as the top trace in a. The mean pre-
stimulus membrane potential is represented by the black line. The area
of the deviation from the baseline membrane potential is shaded in
gray. The bar graph shows the mean shaded area in the non-stimulated
Py, in the 500 ms following the first current pulse in the stimulated cell.
The action potentials were not included in our calculation of deviation
from baseline (see “Methods”). The control bar is the mean shaded
area in the non-stimulated Py, over 500 ms beginning 2 s after the end
of the stimulus bursts. The error bars indicate SEM; n = 7. Py, ventral
P cell, stim stimulated, ¢ contralateral
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Fig. 6 P to P connections in (a)

Hirudo and Erpobdella midbody

ganglia. a Representative traces Py to iPp
of the response of a postsynaptic e o o o o
P cell to the stimulation of an- >mv
other P cell in Hirudo (left) and
Erpobdella (right). Black dots in
both a and b represent the peak
of the action potentials in the
stimulated P cell. The label sub-
scripts (D dorsal, V ventral) indi- o o o o o
cate which kind of P cell was
stimulated and recorded. The
small letters before the recipient
P cell indicate whether that P
cell was ipsilateral (i) or contra-
lateral (¢) to the stimulated P o o o o o
cell. Taken together with the Py,
to Py recordings shown in Fig. 4,
these recordings represent all
possible combinations of the
four P cells taken two at a time.
b Deviation from baseline of the
postsynaptic P cell for all P cell
pairs in Hirudo (left) and Er-
pobdella (right). ‘All’ is the
mean area of deviation from
baseline for all six pairs of P to P
interactions. ‘Control’ is the
mean area of deviation from L
baseline for the control periods
for all six pairs of P to P interac-
tions. The error bars indicate
SEM. Within a species, none of
the means for the P to P interac-
tions are significantly different
from one another (Hirudo:

P =0.847; Erpobdella:

P =0.881). Each mean for the P
to P interactions in Erpobdella is
significantly different from its
complementary mean in Hirudo
(see “Results”). i ipsilateral, ¢
contralateral, Py, ventral P cell,
Pp, dorsal P cell

_
O
e

-100

Total area of deviation
from baseline (mV*msec)

electrical connection. Passing moderate hyperpolarizing
currents (1-3 nA) into one P cell never elicited a hyperpo-
larization in the other P cell (n = 6). These results suggest
that the connections among P cells in Hirudo include poly-
synaptic chemical inhibition, monosynaptic chemical exci-
tation, and an electrical connection.

We performed similar tests on Erpobdella P cells. When
we bathed Erpobdella ganglia in a high Mg**/high Ca>*
solution, the EPSPs were greatly reduced, but not elimi-
nated (mean £ SEM =0.8 = 0.2 mV; n=3), indicating
that a major part of the excitation was due to polysynaptic
chemical connections (Fig. 7b). When the ganglia were
exposed to a high Mg?*/0 Ca®* solution, a small depolariz-
ing response remained (0.7 £0.2 mV; n=3). When we
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passed hyperpolarizing currents (1-3 nA) into one P cell,
the other P cell did not show a hyperpolarization (n =4).
These results suggest that the connections among P cells in
Erpobdella include a polysynaptic chemical excitation and
an electrical connection.

Body wall contractions caused by P cell stimulation

To test whether the stimulation of an individual P cell could
account for the behavioral differences in Hirudo and
Erpobdella, we used a body wall preparation consisting of
five body segments cut along the dorsal midline. We
removed all ganglia except the one in the middle segment.
We cut a hole in the dorsal body wall so we could stimulate
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Fig. 7 Synaptic connectivity between P cells in Hirudo and Erpobd-
ella. a Recordings of a Py in Hirudo while stimulating the ipsilateral
Pp. The top trace is in normal leech saline. The next trace is in a
10 mM Mg?*/10 mM Ca** saline. The third trace is in a 10 mM Mg?*/
1 mM Ca?* saline. The bottom trace is a washout in normal saline.
Black dots in both a and b represent the peak of the action potentials in
the stimulated P cell. b Recordings of a Py, in Erpobdella while stimu-

individual P cells while measuring body wall contractions
(Fig. 8a). We divided the body wall into four regions: (1)
‘On’ was the body wall region corresponding to the stimu-
lated P cell; (2) ‘1Adj’ was the body wall region ipsilateral
and adjacent to the ‘On’ site; (3) ‘cAdj’ was contralateral
and adjacent to the ‘On’ site; and (4) ‘Off” was the region of
the body wall that was not adjacent to the ‘On’ site.
Because of the large variability between preparations,
we normalized the data for each preparation to its maxi-
mum contraction strength. When we stimulated a P cell in
Hirudo with five action potentials delivered at 25 Hz, the
body wall contracted asymmetrically: the ‘On’ region of
the body wall had the largest vertical movement (Fig. 8b;
Table 1). All regions were significantly different from all
other regions. The ipsilateral adjacent (1Adj) region had the

(b) Erpobdelia obscura
Normal saline
o 6 06 0 o
5mV

Hi Mg2*/Hi Ca2*

Hi Mg?*/0 Ca?*

1mV

Normal saline

100 msec

lating the contralateral Py,. The top trace is in normal leech saline. The
next trace is in a 10 mM Mg?*/10 mM Ca’* saline. The third trace is
in a 20 mM Mg?*/0 mM Ca®* saline. The bottom trace is a washout in
normal saline. For the bottom three traces, five sweeps of raw data
were overlapped (gray lines) along with their average (black line). Py,
ventral P cell, P, dorsal P cell

largest lateral movement and was significantly different
from all other regions (Fig. 8c). In contrast, Erpobdella did
not have significantly different longitudinal or lateral con-
traction between any regions (Table 1).

Because the DP nerve in Erpobdella was cut, the con-
traction of the dorsal body wall may have been affected.
When we stimulated a Py, cell, the average movement of the
ipsilateral ventral body wall was 0.004 4 0.002 annuli
(mean = SEM; n = 6). When we stimulated a Py, cell, the
average movement of the ipsilateral dorsal body wall was
0.013 £ 0.016 annuli (n =4). The movement of the body
wall was not significantly different (z test: P = 0.60). These
results indicate that there was longitudinal muscle contrac-
tion of the dorsal body wall even though the DP nerve was
cut.
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Fig. 8 Body wall movement due to intracellular stimulation of a P cell.
a Top panels are video frames of Hirudo (left) and Erpobdella (right)
before stimulation. The yellow box over the picture of the leech outlines
the area of the body wall that was analyzed for motion. The red aster-
isks mark the middle of the receptive field of the stimulated P cell. The
expanded colored rectangle indicates longitudinal movements of the
region between 0 and 1 s; cool colors (blue) indicate movement upward
and warm colors (yellow-red) indicate movements downward. The
black boxes on the expanded rectangle outline the regions used to com-
pare body wall movements. ‘On’ is the body wall region corresponding
to the receptive field of the stimulated P cell. ‘iAdj’, ‘cAdj’, and ‘Off’
are, respectively, the ipsilateral adjacent, contralateral adjacent, and
contralateral non-adjacent body wall regions relative to the stimulated
P cell. In these examples, the right Py in Hirudo and the left Py, in
Erpobdella were stimulated. The images for Erpobdella were reflected
along the vertical axis to aid in comparing the two species. Scale bars
1 mm. b Average magnitude of longitudinal body wall movement in
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Hirudo (left; n = 11) and Erpobdella (right; n = 10). The gray bars are
the mean percentage of maximum displacement over the areas con-
tained in the black boxes in a. The letter above each bar indicates sig-
nificant differences between regions. The error bars indicate SEM. ¢
The colored rectangle indicates lateral movements of the body wall be-
tween 0 and 1 s; cool colors (blue) indicate movement toward the ven-
tral midline and warm colors (yellow—-red) indicate movements toward
the dorsal midline. The black boxes on the expanded rectangle outline
the regions used to compare body wall movements. The bottom panels
are the average magnitude of lateral body wall movement in Hirudo
(left;n = 11) and Erpobdella (right; n = 10). The gray bars are the mean
percentage of maximum displacement over the areas contained in the
black boxes in the top panel. The letter above each bar indicates signifi-
cant differences between regions. The error bars indicate SEM. On
receptive field of the stimulated P cell, iAdj receptive field of the ipsi-
lateral and adjacent P cell, cAdj receptive field of the contralateral and
adjacent P cell, Off receptive field of the non-adjacent P cell
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Table 1 Summary of standard-

ized body wall movement and Longitudinal Lateral
statistical analysis when a P cell Hirudo Erpobdella Hirudo Erpobdella
is stimulated
Body wall movement [% max (mean = SEM)]
iAdj 0.72 + 0.06 0.68 £ 0.13 0.91 £ 0.06 0.29 £0.12
On 0.96 + 0.03 0.13+0.23 0.04 +0.15 0.13+0.18
cAdj 0.30 +0.09 0.25 +0.14 0.31 £0.15 0.17 £0.16
Off 0.02 + 0.04 0.20 £ 0.18 0.05 +£0.13 0.50+£0.16
n 11 10 11 10
Statistical analysis (P values)
On Body wall region corre- ANOVA <0.0001 0.12 <0.0001 0.35
sponding to the sensory field of t test (paired)
thenstiml}lat?d ﬂ Ce“’liAdJ'hbody iAdj vs. On 0.002 0.06 <0.0001 041
o lefjfff djtfetgizn iAdj vs. cAdj 0.004 0.05 0.001 0.53
contralateral and adjacent to the iAdj vs. Off <0.0001 0.12 0.0003 0.30
stimulated P cell, Off non-adja- On vs. cAdj 0.0002 0.70 0.28 0.80
cent region relative to the stimu- On vs. Off <0.0001 0.80 0.97 0.14
lated P cell
cAdj vs. Off 0.004 0.77 0.07 0.12

P <0.05 in bold

Even though the data suggest that the dorsal body wall
movement was not affected by cutting the DP nerve, we
nonetheless compared only the ‘On’ region to the ‘cAdj’
region in preparations where a Py was stimulated. In Hir-
udo, the longitudinal movement in the two regions was sig-
nificantly different [On (mean £ SEM) = 0.99 + 0.01; cAdj =
0.33 £ 0.05; ¢ test: P <0.00005; n = 6], while the lateral
movement was not statistically different (On = 0.12 £ 0.14;
cAdj =0.50 £ 0.14; ¢ test: P = 0.17); in Erpobdella, nei-
ther the longitudinal (On=0.24 + 0.16; cAdj=0.08 &+
0.18; ¢ test: P =0.85; n = 6) nor lateral (On =0.17 4 0.06;
cAdj =0.20 £ 0.13; ¢ test: P = 0.86) movement was signifi-
cantly different between regions. These results are consis-
tent with the results when all body regions are considered.

Discussion

Hirudo and Erpobdella have different responses to tactile
stimulation (Figs. 1, 2). The behavioral responses of intact
Hirudo and of isolated body wall from Hirudo have been
well-studied (Kristan et al. 1982; Lockery and Kristan 1990a,
b; Misell et al. 1998; Kristan et al. 2005). The local bending
behavior we observed in both intact Hirudo (Fig. 1) and in
isolated body wall preparations (Fig. 2) were consistent with
previous reports of local bending (Baca et al. 2005, 2008;
Thomson and Kristan 2006). In contrast, in response to tac-
tile stimulation, Erpobdella responds with an even contrac-
tion across the segment, rather than an asymmetric
contraction centered at the location of the stimulus (Fig. 2).
Sensory stimuli that elicit local bending in Hirudo
activate one or more of the four mechanosensory P cells

(Kristan 1982; Lockery and Kristan 1990a; Lewis and Kris-
tan 1998a; Thomson and Kristan 2006; Baca et al. 2008).
The P cells are easily identifiable based on their size, loca-
tion, morphology and physiological properties. We identi-
fied neurons in E. obscura that are in the same location,
have a similar size, and a similar morphology (Fig. 3).
Additionally, we recorded the responses of putative T, P,
and N cells to body wall stimulation (Fig. 4). The physio-
logical properties of these cells were similar to the T, P, and
N cells in Hirudo and in other leech species (Nicholls and
Baylor 1968; Johansen and Kleinhaus 1986; Lockery and
Kristan 1990a; Lewis and Kristan 1998b; Burgin and
Szczupak 2003). Therefore, we conclude that the putative
T, P, and N cells in Erpobdella are homologous to the T, P
and N cells in Hirudo.

The P cells in Hirudo have been studied extensively
(Nicholls and Baylor 1968; Lewis and Kristan 1998a; Bur-
gin and Szczupak 2003; Thomson and Kristan 2006), but
the interactions between the P cells have not been thor-
oughly investigated. We found that a train of action poten-
tials in one P cell caused a hyperpolarization in the other P
cells (Figs. 5, 6). There was often a weak depolarization
observed before the hyperpolarization (Fig. 5), similar to
the connection between the P cells and the touch (T) mech-
anoreceptor cells in Hirudo (Burgin and Szczupak 2003).

Based on our results from experiments with a high diva-
lent cation saline solution, we conclude that the P cells in
Hirudo have an inhibitory polysynaptic chemical connec-
tion (Fig. 7). When we bathed the ganglion in a high Mg**/
low Ca®* saline solution, the small depolarization still
existed, indicating that it resulted from an electrical connec-
tion. It is possible that the high Mg**/low Ca** saline did
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not completely block the chemical synapse and the depolar-
ization was due to a monosynaptic connection and not to an
electrical connection. However, the high Mg**/low Ca>*
saline that we used has been used before to block chemical
synapses in the sensory cells of Hirudo (Burgin and
Szczupak 2003). Additionally, a previous study (Baylor
and Nicholls 1969) reported that there are weak electrical
connections between P cells, although data were not shown.

The net effect of the complex connections between P
cells in Hirudo is that when one P cell is excited by a
mechanical stimulus, it inhibits the other P cells. This lat-
eral inhibition is consistent with the local bending behavior
seen in Hirudo (Baca et al. 2005, 2008; Thomson and Kris-
tan 2006). It is also similar to the inhibitory interactions
among adjacent sensory neurons seen in variety of sensory
systems, including vision in vertebrates (Fahey and Burk-
hardt 2003), hair cells in the mammalian inner ear (Nobili
et al. 1998), lateral line organs in fish (Miiller 1996), stat-
ocysts in crayfish (Nakagawa and Hisada 1990), and
mechanosensory sensilla in cockroaches (Hill and Blagburn
1998). It is worth noting that the inhibition between the P
cells may be used for localization of the behavioral
response, while inhibition among the interneurons that
mediate local bending is used for gain control (Baca et al.
2008). Therefore, inhibition onto different functional
groups of neurons may serve different functions.

In contrast to Hirudo, the P cells in Erpobdella are mutu-
ally excitatory (Figs. 5, 6). When we bathed Erpobdella
ganglia in a high Mg?*/high Ca”* solution, the EPSPs were
greatly reduced. Additionally, when we exposed Erpobd-
ella ganglia in a high Mg?*/0 Ca®* solution, the EPSPs were
again reduced but not eliminated. This indicates that the
excitation was due to polysynaptic chemical connections
and electrical connections between the P cells (Fig. 7).
There are many possible mechanisms that could account for
the observed change from excitation to inhibition. For
instance, the P cells could be exciting a different subset of
interneurons in each species. Alternatively, the P cells
could excite the same interneurons, but the interneurons
could release different neurotransmitters in the two species,
or the receptors on the P cells in Hirudo may differ from
those in Erpobdella. Lastly, it is possible that both species
have polysynaptic excitation and inhibition, but that the
ratio of excitation to inhibition is different in the two spe-
cies.

There is also a morphological difference between the P
cells in Hirudo and the P cells in Erpobdella. The Py, cells
(Fig. 3) and the Pp, cells (Marin-Burgin et al. 2005) in
Hirudo have 1-3 neurites that cross the midline of the
ganglion. We did not find neurites that cross the midline from
either Py, or Py cells in Erpobdella. 1t is possible that this
difference in cell morphology is related to the inhibitory
polysynaptic connections between the P cells in Hirudo.
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However, stimulating a P cell in Hirudo causes changes in
the membrane potentials of 50-80 neurons within the same
ganglion (Baca etal. 2008), so there are many possible
interneurons that could mediate the inhibitory connection
between the P cells. Additionally, just because these neu-
rites have not been seen in Erpobdella does not mean they
do not exist; they might be smaller or have other impedi-
ments to dye passage.

When we stimulated P cells with an intracellular elec-
trode, we observed body wall contractions consistent with
the behavior produced by a localized mechanical stimulus
(Fig. 8). In Hirudo, stimulating a P cell results in strong
ipsilateral longitudinal muscle contractions and weak con-
tralateral contractions; in Erpobdella, the ipsilateral and
contralateral longitudinal muscle contractions were not sig-
nificantly different. The circular muscle contractions in Hir-
udo were also asymmetrical, with the strongest contractions
occurring in the body wall region ipsilateral and adjacent to
the site of stimulation. In Erpobdella, the circular muscle
contractions were symmetrical: the ipsilateral and contra-
lateral contractions not significantly different.

The segment-wide contraction in Erpobdella is similar
to the circumferential indentation behavior seen during the
embryonic development (ED) of Hirudo (Reynolds et al.
1998; Marin-Burgin etal. 2005). At about 55% ED,
mechanical stimulation causes Hirudo to generate circum-
ferential indentation, a longitudinal contraction around the
entire circumference of the stimulated segment. By 60%
ED, the Hirudo embryo shows local bending behavior, with
a longitudinal contraction on the side of the stimulation and
relaxation on the opposite side. The behavioral change from
circumferential indentation to local bending occurs when
the electrical connections between motor neurons is
replaced by inhibitory chemical synapses (Marin-Burgin
et al. 2005). However, it is also possible that the inhibition
between the P cells develops at the same time and contributes
to the behavioral transition from circumferential indentation
to local bending.

Although the tensing behavior in Erpobdella is consis-
tent with the mutual excitability of the P cells, the observed
behavioral differences between Hirudo and Erpobdella
could result from at least three other differences: (1) the P
cells might have larger receptive fields in Erpobdella so
that a stimulus that recruits only one P cell in Hirudo may
recruit several P cells in Erpobdella; (2) the N cells in
Erpobdella might have a lower activation threshold than
the N cells in Hirudo and may contribute to the observed
behavioral responses; and (3) the connections between P
cells and T cells may be excitatory in Erpobdella rather
than inhibitory, as in Hirudo. Each of these alternative
hypotheses is testable.

Because we only have data from two species, we cannot
speculate as to whether the mutual inhibition between P
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cells in Hirudo or the mutual excitation between P cells in
Erpobdella is the derived condition. Similarly, with only
two species to compare it is difficult to attribute the evolu-
tionary change in neural circuitry to a specific environmen-
tal factor. However, Hirudo and Erpobdella have two
distinctly different life history features that could impact the
role of mechanosensory information. While both species
are freshwater leeches, Hirudo deposits its cocoons on land
while Erpobdella deposits its cocoons in water (Borda and
Siddall 20044, b). During this brief terrestrial stage, Hirudo
would experience different mechanosensory stimulation
than it would experience in an aquatic environment. Addi-
tionally, while Hirudo typically feeds on mammalian and
amphibian blood, Erpobdella preys on a variety of aquatic
invertebrates (Mann 1955; Davies et al. 1978). These differ-
ent life history strategies could put different selective pres-
sures on the mechanosensory input of Erpobdella and
Hirudo (Gaudry et al. 2010). A more extensive survey of
the interactions between the mechanosensory cells in
leeches is necessary before we can begin to understand the
ecological factors that shape mechanosensory processing in
these animals.

Regardless of the types of selective pressure that shape
mechanosensory processing in Hirudo and Erpobdella, the
differences between the species indicate that the neural cir-
cuitry is evolutionarily labile. Previous studies have found
that the function of neural circuits can evolve by changing
neuromodulators (Fenelon et al. 2004), changing neuron
physiological properties (Newcomb and Katz 2007), adding
neurons (Page 2002; Baltzley and Lohmann 2008), losing
neurons (Espinoza et al. 2006), changing neuron structures
(Dacks etal. 2006), and changing synaptic strengths
(Chiang et al. 2006). Therefore, it is not surprising that neu-
ral circuits could also evolve by changing from an excit-
atory chemical connection to an inhibitory one. This
phenomenon may in fact be a common strategy in the evo-
lution of nervous systems, but it has not been previously
demonstrated in identified neurons.

The mechanosensory neurons in leeches may be an ideal
system to study the evolution of neural circuits for several
reasons. First, the phylogeny of leeches is well-studied
(Siddall et al. 2001, 2005; Siddall 2002; Borda and Siddall
2004b), so there is already a solid framework on which to
map changes in neural circuits. Secondly, the nervous sys-
tem is highly conserved across the leeches, so homologs to
the mechanosensory neurons of Hirudo are easily identifi-
able in many other leeches (Kramer and Goldman 1981;
Kramer and Stent 1985; Nusbaum 1986; Elsas et al. 1995).
Third, because the mechanosensory cells have already been
well-characterized in Hirudo (Lewis and Kristan 1998a;
Thomson and Kristan 2006; Baca et al. 2008), there are
numerous properties of the sensory system—the sensitivity
and receptive fields of the sensory neurons, their connections

to one another, to interneurons and to motor neurons—that
can be compared across species.
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