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Dopamine Activates the Motor Pattern for Crawling in the
Medicinal Leech

Joshua G. Puhl and Karen A. Mesce
Graduate Program in Neuroscience, and Departments of Entomology and Neuroscience, University of Minnesota, Saint Paul, Minnesota 55108

Locomotion in segmented animals is thought to be based on the coupling of “unit burst generators,” but the biological nature of the unit
burst generator has been revealed in only a few animal systems. We determined that dopamine (DA), a universal modulator of motor
activity, is sufficient to activate fictive crawling in the medicinal leech, and can exert its actions within the smallest division of the animal’s
CNS, the segmental ganglion. In the entire isolated nerve cord or in the single ganglion, DA induced slow antiphasic bursting (�15 s
period) of motoneurons known to participate in the two-step elongation– contraction cycle underlying crawling behavior. During each
cycle, the dorsal (DE-3) and ventral (VE-4) longitudinal excitor motoneurons fired �180° out of phase from the ventrolateral circular
excitor motoneuron (CV), which marks the elongation phase. In many isolated whole nerve cords, DE-3 bursting progressed in an
anterior to posterior direction with intersegmental phase delays appropriate for crawling. In the single ganglion, the dorsal (DI-1) and
ventral (VI-2) inhibitory longitudinal motoneurons fired out of phase with each DE-3 burst, further confirming that the crawl unit burst
generator exists in the single ganglion. All isolated ganglia of the CNS were competent to produce DA-induced robust fictive crawling,
which typically lasted uninterrupted for 5–15 min. A quantitative analysis indicated that DA-induced crawling was not significantly
different from electrically evoked or spontaneous crawling. We conclude that DA is sufficient to activate the full crawl motor program and
that the kernel for crawling resides within each segmental ganglion.
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Introduction
A major challenge in the field of locomotion is to understand the
timing and coordination of body movements that enable an an-
imal to traverse smoothly through its environment. Although
sensory feedback is undoubtedly important (Pearson, 2000), the
neural basis of locomotion is typically founded on the operation
of a central pattern generator (CPG), whereby the CNS generates
the timing elements and phase relationships of the movements
expressed. Much is known about the neural underpinnings of
CPGs in general (Marder and Calabrese, 1996), but far less is
understood about pattern generators or the putative “unit burst
generators” (Grillner, 1981) that control locomotion in seg-
mented animals. Studies of the rodent spinal cord, lamprey, and
additional lower vertebrates (e.g., zebrafish and tadpoles), have
contributed significantly to the elucidation of circuitry underly-
ing locomotor control (Grillner, 2006). Invertebrate systems
have also been immensely instructive. Examples include swim-
meret beating in the crayfish (Mulloney and Hall, 2007), insect
flight (Robertson and Pearson, 1985) and swimming in the leech

(Brodfuehrer et al., 1995a). Aside from swimmeret beating
(Murchison et al., 1993), the kernel for rhythmic movements is
often distributed across segmental units (e.g., flight circuit)
(Robertson and Pearson, 1983) or is difficult to elicit and sustain
in a single segmental unit. In the leech CNS, for example, seroto-
nin can promote the semblance of the swim motor pattern in a
single isolated ganglion, but it is weak and not sustained over time
(Hocker et al., 2000). This response contrasts sharply with the
robust swimming achieved when a chain of ganglia is stimulated
(chemically or electrically) or when intersegmental swim-gating
neurons are present (Weeks, 1981).

Ideally, an animal preparation that is competent to produce a
reliable, robust, and sustained locomotor rhythm in a single seg-
mental unit would greatly simplify the elucidation of its rhyth-
mogenesis, and serve as a model to understand why some kernels
are distributed and some are not. It also could provide a unique
system to study intersegmental coordination, as each segmental
oscillator would have the capacity for complete independence.

Here, we asked whether the kernel for vermiform crawling was
confined to a single segmental division of the CNS. Crawling is a
prominent form of locomotion in the leech and consists of the ani-
mal releasing its anterior sucker, elongating its body while staying
close to the substrate, attaching its anterior sucker, releasing its pos-
terior sucker, and then contracting its entire body with reattachment
of the posterior sucker (Gray et al., 1938; Stern-Tomlinson et al.,
1986). This cycle is repeated and acts to propel the leech forward. In
addition, fictive crawling has been defined in detail (Eisenhart et al.,
2000), and key motoneurons have been identified (Baader, 1997).
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In this report, we established how best to activate the crawl
CPG in its entirety. We tested whether dopamine (DA), an im-
portant neuromodulator of movement, was sufficient to activate
crawling. In response to DA application, we describe patterned
neural activity obtained from identified motoneurons in prepa-
rations that had the entire CNS intact, but isolated from the body.
We also examined whether DA could induce fictive crawling in as
little as a single isolated ganglion.

Materials and Methods
Animals. Adult medicinal leeches (species Hirudo medicinalis and H.
verbana) were obtained from Leeches USA (Westbury, NY) and main-
tained at room temperature in either Buhl (Buhl, MN) spring water or
distilled water containing Hirudo-salt (0.5 g L �1; Leeches USA). Leeches
used ranged in size between 2.0 and 3.5 g. Leeches were anesthetized on
ice or in ice-chilled saline for a minimum of 15 min before dissection.

Terminology. The leech nervous system consists of a compound ce-
phalic ganglion (i.e., “head brain” that comprises the supraesophageal
and subesophageal ganglia), the 21 unfused segmental ganglia (desig-
nated M1–M21), and a compound terminal ganglion (see Fig. 1 A, dia-
gram). In this study, the term “whole nerve cord” refers to a complete
CNS preparation dissected from its body.

Each segmental ganglion has a dorsal and ventral layer of neuronal
somata, and uniquely identified cells often have a functional as well as
numerical designator (see Fig. 2 B, C). For example, cell 3 and cell 4 are
known, respectively, as the dorsal and ventral longitudinal excitor mo-
toneurons (DE-3 and VE-4, respectively). Cells 1 and 2 are also referred
to as the dorsal and ventral longitudinal inhibitor motoneurons (DI-1
and VI-2, respectively). DE-3, which was used as a crawl-burst monitor
cell, extends its axon through the dorsal posterior (DP) nerve root.

CNS preparations. After exposing the intact nerve cord, the surround-
ing sinus was cut dorsally along its entire length and removed from the
connectives and ganglia before intracellular recording. The glial sheath
was left intact on all preparations recorded. Typically, four DP nerves
were left attached to the middle body ganglia (M7–M15) and excess
tissue around the nerve root was removed. The CNS was placed into
chilled normal saline during dissection and before application of dopa-
mine. Normal saline contained (in mM) 116.0 NaCl, 4.0 KCl, 1.8 CaCl2,
1.5 MgCl2, 10.0 dextrose, 10.0 Trizma preset crystals, pH 7.4 (Sigma-
Aldrich, St. Louis, MO) (adapted from Nicholls and Baylor, 1968). Single
ganglia were removed from adjacent anterior and posterior ganglia by
transecting all connectives; one or both of the DP nerves were left
attached.

Electrophysiological recordings and cell identification. To monitor fictive
locomotor behaviors, we recorded extracellular unit activity from a given
DP nerve using a suction electrode. The signal was amplified using a
Grass P15 AC preamplifier (Grass Technologies, West Warwick, RI) and
recordings were digitized using a MacLab/4s data acquisition system
(ADInstruments, Bella Vista, New South Wales, Australia) attached to a
Macintosh personal computer (Apple, Cupertino, CA). Fictive crawling
was identified by monitoring the activity of DE-3, which was the largest
spike in the DP recording (Kristan et al., 1974). Fictive crawling was
defined as three or more consecutive bursts of DE-3 with a period rang-
ing between 5 and 25 s (Eisenhart et al., 2000). For the calculation of
intersegmental burst delays, two extracellular DP-recording electrodes
were interposed by one to five ganglia. In some preparations, for exam-
ple, DP nerves from M9 and M14 or M13 and M16 were recorded,
whereas in other preparations, more anterior ganglia (M7 and M9) were
recorded. These various recording sites ensured that the intersegmental
delays calculated represent a reliable measure of delay constancy.

The intracellular activity of identified neurons was recorded using a
Dagan (Minneapolis, MN) IX2-700 amplifier and was digitized as de-
scribed above. Intracellular electrodes had resistances of 40 – 65 M� and
were filled with a solution of 2 M potassium acetate and 20 mM potassium
chloride. Intracellular electrode tips were typically back filled with 5%
(w/v) Neurobiotin (Vector Laboratories, Burlingame, CA) dissolved in a
2 M potassium acetate solution for cell labeling.

All neurons were identified by the stereotypical position and size of

their somata, and their electrophysiological signature. Cell identities
were further confirmed by iontophoretically injecting 5% Neurobiotin
(�0.5–1 nA) into a given cell for at least 10 min. Tissue was subsequently
fixed, processed, treated with Cy3-conjugated streptavidin (1:50 dilution
in PBS for 18 –24 h at 4°C; Jackson ImmunoResearch, West Grove, PA),
and prepared for viewing according to the methods of Gilchrist et al.
(1995).

Dopamine superfusion. Dopamine-containing saline was typically de-
livered into the recording chamber by gravity with a flow rate of 1–2 ml
min �1. Outflow was maintained by passive siphon to preserve fluid lev-
els at 2–3 ml. For some experiments, electric peristalsis pumps were used
to introduce and remove the DA solutions. A 1 mM DA-containing saline
solution was made fresh daily, stored in the dark at 4°C and used within
4 h. Immediately before use, a portion of the DA concentrate was diluted
in normal saline. DA-containing saline was passively warmed to room
temperature before superfusion.

Determining effective DA concentrations. To determine which concen-
trations of DA were most effective for inducing fictive crawling, DA of
varying concentrations was superfused onto intact CNS and isolated
ganglion preparations. We used DA concentrations of 10, 50, 75, 100,
200, and 500 �M. The delivery rate of DA was held at 1–2 ml min �1 for a
minimum of 30 min. If we did not observe crawling, as strictly defined
above, we considered a given concentration to be ineffective. The degree
of effectiveness was determined by the percentage of preparations that
exhibited fictive crawling during DA superfusion.

Data analysis and statistical methods. The period of each crawl cycle
was determined by calculating the time between midpoints of consecu-
tive DE-3 bursts. The burst midpoint was calculated by adding the burst
onset and 0.5 times the burst duration. The mean crawl period for all
DA-induced fictive crawling was calculated by analyzing 10 consecutive
crawl cycles. Mean crawl periods for spontaneous or electrically induced
fictive crawling were calculated by analyzing 4 –10 crawl cycles. This
mean comprised a single sample point in the statistical analyses (i.e., a
sample size of n � 10, representing 100 DE-3 bursts). Calculations of
crawl periods extracted from published recordings and from spontane-
ous fictive crawling consisted of three to six periods per sample point.
The duty cycle was calculated by dividing the DE-3 burst duration by the
coinciding crawl period for that burst.

Parameters of the crawl rhythm described above were compared
across three fictive crawl groups. The groups consisted of intact CNS
preparations in which crawling was (1) spontaneous or electrically in-
duced or (2) DA induced. The third group consisted of crawling in a
single, isolated ganglion induced by DA. We calculated the elongation
duration, contraction duration, and period for overt crawling in intact
leeches. Crawling leeches were video recorded using a Sony (New York,
NY) DCR-TRV840 camcorder. The video was digitized onto a personal
computer using Microsoft (Redmond, WA) Moviemaker. The video was
analyzed frame by frame to determine the parameters of crawling. Re-
lease and reattachment of the head sucker denoted the onset and end of
elongation. Release and reattachment of the posterior sucker denoted the
onset and the end of contraction. The period of overt crawling was cal-
culated by determining the duration between the onset of elongation and
the end of contraction.

All means presented are �SEM. Two-tailed, one-way ANOVA tests,
Student’s t tests, and linear regressions were performed using the soft-
ware package R (R Development Core Team, 2007) (http://www.R-
project.org.). The confidence level used was 0.95 (� � 0.05). Linear
regressions were performed using the least-squared method.

Results
Dopamine is sufficient to activate fictive crawling in isolated,
intact CNS preparations
A crawling-like motor rhythm was observed in the DP nerves of
19 of 21 intact CNS preparations that were superfused with 75–
100 �M DA (Fig. 1C). Other concentrations of DA were tested,
but we found 75 �M to be optimal for inducing this crawl-like
rhythm. In 12 of these 19 preparations (63%), the crawl-like burst
activity propagated through the nerve cord in an anterior-to-
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posterior direction, similar to fictive
crawling reported previously (Eisenhart et
al., 2000) (Fig. 1C). In the remaining 7 of
19 nerve cords, the DA-induced crawl-like
bursts appeared uncoordinated among
segments. Of the 12 preparations showing
intersegmental burst coordination, five
exhibited the anterior-to-posterior propa-
gation during the period of DA applica-
tion, whereas the other seven showed this
propagation only after DA had begun to be
washed out of the CNS. Two preparations
expressed appropriate propagation during
DA application, which eventually sub-
sided, but later resumed during DA
washout.

As shown in Figure 1B, DP nerve re-
cordings were quiescent before the appli-
cation of DA, and the annulus erector (AE)
motoneuron (n � 4) fired tonically. After
�3 min, crawl-like episodes emerged as
indicated by bursting of the largest unit
recorded in the DP nerve, the dorsal lon-
gitudinal excitor motoneuron (DE-3).
Several minutes later, these crawl-like
bursts propagated in an anterior-to-
posterior direction along the nerve cord
(Fig. 1C). The intersegmental delay (ISD)
between the onset of crawl-like bursts in-
duced during DA superfusion was 0.64 �
0.09 s per segment (n � 5). In nerve cords
that exhibited anterior-to-posterior prop-
agation only during DA washout (n � 7),
and during periods of DA application and
washout (n � 2), the ISD was 0.44 � 0.08 s
per segment (n � 9). Both ISDs were within the range (0.35–1.15
s/segment) we calculated using data of spontaneous crawling ob-
tained from studies by Eisenhart et al. (2000) and Briggman and
Kristan (2006).

To determine whether the DA-induced pattern of activity we
obtained indeed met the established criteria for fictive crawling
(Eisenhart et al., 2000), we recorded from motoneurons known
to participate in crawling movements (Baader, 1997). A sche-

matic of the experimental preparation, placement of electrodes,
and location of somata studied are depicted in Figure 2A–C.
Using intracellular methods, we recorded from longitudinal and
circular motoneurons during DA-induced crawl-like activity.
These cells were reported previously to oscillate in phase with
either the elongation or contraction steps of fictive crawling
(Baader, 1997; Eisenhart et al., 2000). Intracellular recordings
indicated that the activity of the ventrolateral circular excitor
motoneuron (CV), activated during the elongation step, oscil-

Figure 1. Dopamine-induced fictive crawling in a whole (intact) but isolated CNS. A, Schematic of the leech CNS showing the whole nerve cord and placement of intracellular (small icon) and
extracellular (large icon) recording electrodes. Diagonal hatch marks indicate where some of the 21 iterated segmental ganglia are not shown, so as to limit the overall size of the diagram. B,
Intracellular recording (top) of the AE motoneuron before treatment with DA. Bottom traces are extracellular DP nerve root recordings from ganglia M7 and M9. C, Intracellular recording (top) of the
AE motoneuron after superfusion of 75 �M DA. Bottom traces are extracellular DP nerve root recordings from ganglia M7 and M9. Calibration in C applies to B. Numbers in parentheses denote the
segment number.

Figure 2. Activities of select motoneurons during dopamine-induced fictive crawling in a whole but isolated CNS. A, Schematic
of the CNS of a leech for reference and placement of intracellular (small icon) and extracellular (large icon) recording electrodes. B,
Schematic of the ventral surface of a typical midbody ganglion, showing placement of the AE motoneurons and the CV motoneu-
rons (CV filled in with gray). T, P, N, and R (Retzius) somata are common landmarks. C, Dorsal surface of a typical midbody ganglion,
showing the location of the excitatory and inhibitory motoneurons recorded. D, E, Fictive crawling behavior during 75 �M DA
superfusion. Top traces are intracellular recordings of the CV (D) and VE-4 (E). Bottom traces are extracellular DP nerve root
recordings from the same ganglion in which the intracellular recordings were obtained. The largest unit in the DP nerve recordings
belong to motoneuron DE-3.
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lated �180° out of phase with DE-3 (recorded in the DP nerve),
which was active during the contraction step (n � 5). CV was
hyperpolarized �2– 4 mV and its action potentials were largely
suppressed during DE-3 bursting (Fig. 2D). Because the dorsal
and ventral longitudinal muscles are coactivated during each
contraction step, in contrast to swimming when they are in an-
tiphase, we wanted to establish that the ventral longitudinal ex-
citor motoneurons (e.g., VE-4) fired in phase with DE-3. During
DE-3 bursts, VE-4 was depolarized and fired bursts of action
potentials that were in phase with DE-3 (n � 4) (Fig. 2E). There
was a 93.97 � 4.95% overlap between DE-3 bursts and maximal
depolarization of VE-4. The out-of-phase activity patterns of the
circular and longitudinal motoneurons (CV and DE-3), coupled
with the in-phase activity patterns of the longitudinal excitor
motoneurons (DE-3 and VE-4) is consistent with previous data
that were used to define the crawling motor pattern (Eisenhart et
al., 2000).

The fact that DA (in the absence of additional modulators)
can activate a fictive locomotor behavior in the dissected CNS is
significant, yet it begs the question of where the DA-sensitive
pattern generating circuitry resides. Does the pattern-generating
kernel reside in a single segmental unit or is it distributed among
more than one segmental division? To investigate this question,
we conducted experiments using the smallest division of the
CNS, the segmental ganglion.

Dopamine activates the crawling motor pattern in an isolated,
single ganglion
We observed fictive crawling-like behavior in the isolated, single
ganglion after administration of DA (Figs. 3, 4). This rhythm was
observed in 95 of 122 (78%) preparations that were superfused
with 75–100 �M DA. Ganglia from the middle body segments
(M7–M15; n � 112), and from anterior (M2–M4; n � 6) and
posterior (M16 –M21; n � 7) body regions (see below) were all
capable of reliably producing fictive crawl-like behavior. The
quantitative analysis of this locomotor pattern, however, was pri-
marily conducted on ganglia in the middle body segments
M7–M15.

To determine whether the DA-induced pattern of activity in
the single ganglion met the established criteria for fictive crawling
(aside from intersegmental coordination), we recorded from an
ensemble of motoneurons known to define fictive crawling
(Baader, 1997; Eisenhart et al., 2000). We analyzed the rhythm of
the excitatory longitudinal motoneurons DE-3 and VE-4, the
circular motoneuron CV, and the inhibitory longitudinal mo-
toneurons DI-1 and VI-2. In particular, we established that the
timing and phase relationships among these motoneurons were
indistinguishable from fictive crawling that occurred spontane-
ously or was electrically induced.

Figure 3A shows an intracellular and extracellular recording of
DE-3 during superfusion of 75 �M DA (n � 5). DE-3 exhibited a
12–16 mV depolarization with 1–3 mV spikes at the peak of each
slow wave. When DE-3 spiking subsided, the membrane poten-
tial repolarized to baseline levels that were consistent over time.
Individual DE-3 spikes observed in the intracellular recording
were correlated with the largest spike in the DP nerve (Fig. 3A,
shaded areas). This one-to-one relationship reconfirmed that the
largest spikes observed in the DP nerve recordings were those of
DE-3 and, furthermore, that DE-3 was correctly identified. As
presented previously in the intact CNS (see above), VE-4 was
active in phase with DE-3 (n � 6). In the single ganglion, this cell
exhibited a slow depolarization of 10 –12 mV with 1–3 mV spikes
at the peak of each slow wave (Fig. 3B). At peak depolarization,

VE-4 was clearly in phase with each burst of DE-3 (Fig. 3B). In
contrast, CV excitation, which gives rise to elongation, fired
rhythmically out of phase with both DE-3 and VE-4 (n � 6) (Fig.
3C). CV peak hyperpolarizations of 2–3 mV were always in phase
with the midpoints of the DE-3 bursts. Spikes in CV of 4 – 6 mV
were routinely observed during periods of DE-3 quiescence.

Based on the circular and longitudinal motoneurons being out of
phase and the dorsal and ventral excitatory longitudinal motoneu-
rons firing in phase, we suspected that DA was, indeed, activating
fictive crawling in the single ganglion. To strengthen our support for
such a conclusion, we investigated yet another class of motoneurons,
the inhibitory longitudinal motoneurons. These motoneurons are
activated to prevent the cocontraction of the CV antagonist muscle
groups, i.e., longitudinal muscles (excited by DE-3 and VE-4) (Stu-
art, 1970). Figure 4, A and B, depicts the activities of the inhibitory
longitudinal motoneurons DI-1 and VI-2, which fired rhythmically
and were phase-locked with step-cycles of the crawl rhythm. Peak

Figure 3. Activities of key excitatory motoneurons during DA-induced fictive crawling in
single, isolated ganglia. A–C, Top traces are intracellular recordings from motoneurons, and
bottom traces are extracellular recordings of the DP nerve, which contains the axon of DE-3, the
largest spike in the DP nerve. Numbers in parentheses denote the segment number. A, Intra-
cellular and extracellular recording of DE-3, a crawl monitor cell. The two bottom traces (shaded
in gray) show an expanded time scale and a 1:1 correlation of spikes. DA concentration was 75
�M. B, VE-4 DA concentration was 75 �M. C, CV DA concentration was 100 �M.
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excitation of DI-1 correlated with the termination of DE-3 bursts
(n � 4). This activity is consistent with DI-1 inhibiting the dorsal
longitudinal muscle, i.e., the muscle target of DE-3, thus preventing
contraction of the body (Fig. 4A). The motoneuron VI-2, which
inhibits the ventral longitudinal muscle target of VE-4, was also
rhythmically active and phase-locked with the crawl rhythm (n � 4).
VI-2 fired action potentials that were out of phase with VE-4 and its
maximum hyperpolarization occurred during each DE-3 burst (Fig.
4B).

Last, to document that the far anterior and posterior ganglia
were also capable of producing DA-induced crawling, we re-
corded from DP nerves of single isolated ganglia taken from these
body regions. For example, M2 (Fig. 5A) and M19 (Fig. 5B) ex-
hibited DA-induced (100 �M) crawling similar to that obtained
for the middle body ganglia.

Analysis of specific features of dopamine-induced fictive
crawling in the single isolated ganglion
In addition to analyzing the DA-induced rhythm, we measured
the effect of varying DA concentrations, the latency to the onset
of fictive crawling and the duration of single bouts of uninter-
rupted fictive crawling. Figure 6A shows the percentage of prep-
arations that produced fictive crawling at 0, 10, 50, 75, 100, 200
and 500 �M DA. From this, we determined that DA concentra-
tions of 75–100 �M were optimal, activating the rhythm in 78% of
preparations (n � 122). Slightly lower and higher DA concentra-
tions were able to activate fictive crawling, but were clearly less
effective. In particular, preparations exposed to higher DA con-
centrations showed an initial increase in the tonic firing of DE-3
(monitored in the DP nerve) for 2–5 min, followed by a pro-
longed quiescence of DE-3 activity and that of all other units in
the DP nerve.

Figure 6B shows the latency to onset for DA-induced fictive
crawling from 19 randomly selected experiments that were
treated with 75–100 �M DA. Whereas the majority of single gan-
glia exhibited fictive crawling in �6 min, some preparations re-
quired �9 min. The average latency to onset was 6.0 � 2.3 min,

which ranged from 0.7 to 18.3 min (n � 19). The majority of DP
nerves in DA-treated preparations exhibited a period of quies-
cence lasting �30 – 60 s before the onset of rhythmic activity. As
rhythmic activity emerged, DE-3 bursting, in some preparations,
exhibited irregular periods and duty cycles that eventually stabi-
lized, typically within 0.5–1 min.

In addition to the latency to onset of fictive crawling, we cal-
culated the duration of uninterrupted bouts of DA-induced (75–
100 �M) fictive crawling in single isolated ganglia (n � 20) (Fig.
6C). The average duration of a single episode was 12.7 � 2.6 min,
with two crawl episodes lasting �20 min. Application of higher
DA concentrations (200 –500 �M) resulted in relatively short (�3
min) latencies to crawl onset, and the duration of uninterrupted
crawl bouts was significantly shorter (3.5 � 1.8 min, n � 3 of 8
ganglia that crawled; Student’s t test, p � 0.012). There were,
however, no obvious differences in the period and duty cycle of
the ensuing crawl rhythms induced at higher concentrations.

The dopamine-induced fictive crawl rhythm is statistically
indistinguishable from spontaneous or electrically induced
fictive crawling
To establish whether the DA-induced fictive crawling that we
obtained was indistinguishable from fictive crawling that was
spontaneous or electrically induced, we measured the period,
DE-3 burst duration and duty cycle of the rhythm, and compared
these data to published results and data from our experiments. A
prominent feature that differentiates the crawl rhythm from
other locomotor rhythms, such as swimming, is the period of the
DE-3 bursts (Kristan et al., 2005). For the majority of our analy-
ses, we measured the period by calculating the time between burst
midpoints (see Materials and Methods). The burst midpoint was
used (in contrast to burst onset) to help reduce bias or error when
calculating the beginning and ending of DE-3 bursts, although
they were usually obvious. Three fictive crawling groups were
analyzed and compared: spontaneous or electrically induced fic-
tive crawling (non-DA whole cord), DA-induced fictive crawling
in intact CNS preparations (DA whole cord) and DA-induced
fictive crawling in single, isolated ganglia (DA single ganglion).
Figure 7A shows the mean period for each fictive crawling group
and for overt crawling in intact leeches. The average period for
the non-DA whole cord group was 19.3 � 1.8 s. The average
periods for the DA whole cord and the DA single ganglion groups
were 14.3 � 1.7 s and 15.5 � 1.9 s, respectively. There were no
significant differences between the three groups (one-way
ANOVA, p � 0.14). The period of overt crawling in intact leeches
was 3.3 � 0.2 s. This was significantly different (Student’s t test,
p � 0.001) from the fictive crawling groups and coincides with
published results (Eisenhart et al., 2000).

In addition to the period, we compared the duration of DE-3
bursts and the duty cycle across the three experimental groups (de-
scribed above). The average DE-3 burst durations for the non-DA
whole cord, DA whole cord, and DA single ganglion groups were
5.5 � 0.9 s, 5.1 � 0.6 s, and 5.4 � 0.6 s, respectively (Fig. 7B). There
were no significant differences between the three groups (one-way
ANOVA, p � 0.5). We also calculated the DE-3 duty cycle (ratio of
DE-3 burst duration to the coinciding period), because it preserves
the relationship of an individual DE-3 burst with its period and not
the mean period. The duty cycles for the non-DA whole cord, DA
whole cord, and DA single ganglion groups were 0.39 � 0.04, 0.39 �
0.03, and 0.34 � 0.02 s, respectively (Fig. 7C). No significant differ-
ences existed between these groups (one-way ANOVA, p�0.45). To
compare the duty cycle of fictive crawling to overt crawling, we cal-
culated the ratio of contraction time to the period of overt crawling

Figure 4. Activities of inhibitory longitudinal motoneurons during DA-induced fictive crawl-
ing in single, isolated ganglia. A, B, Top traces are intracellular recordings from motoneurons,
and bottom traces are extracellular recordings from the DP nerve. Numbers in parentheses
denote the segment number. A, DI-1. B, VI-2. For A and B, the DA concentration was 75 �M.
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in intact crawling leeches. We named this ratio the “contraction duty
cycle” because DE-3 equates with the contraction step-cycle. The
contraction duty cycle for overt crawling was 0.30 � 0.01 (Fig. 7C).
No significant differences were found between the duty cycles for the
four groups (ANOVA, p � 0.1).

Although the average duty cycles for the three fictive and the
overt crawling groups were not significantly different, the ques-
tion remained whether the duty cycle was maintained through-
out the range of crawl periods for the DA-induced fictive crawling
groups. To investigate this, we performed a linear regression
analysis to determine whether the period of a given DA-induced
crawl cycle could predict the duration of the coinciding DE-3
burst. Figure 8A–C shows scatter plots of the mean crawl period
versus DE-3 burst duration for each fictive crawl group, with
resulting linear regression lines. For comparison, Figure 8D
shows the same information for overt crawling. Data from the
regression analysis determined that throughout the range of pe-
riods for fictive crawling (5–25 s) (Eisenhart et al., 2000), a linear
relationship exists between the crawl period and the DE-3 burst
duration (or contraction duration) for DA-induced fictive crawl-
ing and for overt crawling. This relationship, however, was stron-
gest for the DA single ganglion and overt crawl groups (Fig.
8C,D).

Discussion
In this study, we determined that DA activates the motor pro-
gram for crawling in as little as a single isolated ganglion of the
medicinal leech. This is the first report of a singular biogenic
amine being sufficient to activate a robust, reliable, and sustained
locomotor rhythm in one division of a segmented animal. DA
was also found to activate fictive crawling in the isolated whole
nerve cord, where appropriate intersegmental coordination be-
tween segments could be observed. Based on data obtained in the
single ganglion, we can conclude that the rhythm-generating cir-
cuitry for crawling exists within the smallest segmental division of
the leech CNS, thus empirically defining the unit burst generator
for crawling. In addition, because each body segment contains
one unique pair of DA-containing neurons, which richly inner-
vates each segmental ganglion or neuromere (Crisp et al., 2002;

Crisp and Mesce, 2004), the release of DA
via these neurons probably provides the
natural route for the putative actions of
DA on the crawl CPG.

Previous studies determined that there
was not a significant correlation between
the duration of DE-3 bursts and the period
for fictive crawling in isolated CNS prepa-
rations (Eisenhart et al., 2000). Our study
provides evidence that a linear relation-
ship exists between the duration of DE-3
bursts and the period for fictive crawling
induced by DA in the isolated single gan-
glion (Fig. 8C). A similar correlation also
exists for overt crawling, although the pe-
riods were shorter (Fig. 8D). These results
suggest that the CPG for crawling pos-
sesses intrinsic timing parameters that
produce a basic crawling rhythm when un-
perturbed by outside factors, such as sen-
sory inputs or information from adjacent
segments.

Comparisons between crawling and
swimming in the leech

Crawling and swimming are the two most prominent forms of
locomotion in the leech, but the mechanisms underlying swim-
ming have received comparatively more attention. Swimming
has been thoroughly described at the level of its pattern-
generating neural networks (Brodfuehrer and Thorogood, 2001;
Brodfuehrer et al., 1995a), gating cells (Kristan and Weeks, 1983),
descending command-like cells (Brodfuehrer and Friesen, 1986;
Brodfuehrer et al., 1995b; O’Gara and Friesen, 1995; Esch et al.,
2002), and modulation by serotonin (Nusbaum and Kristan,
1986; Crisp and Mesce, 2006). Insights into the neuronal bases of
both these locomotor patterns can now be advanced by compar-
ing their organization and regulation.

A study by Crisp and Mesce (2004) reported that DA inhibits
fictive swimming but not crawling behavior, first suggesting that
DA may promote crawling. Because swimming and crawling ap-
pear to share rhythm-generating neurons (Esch et al., 2002; Brig-
gman and Kristan, 2006), it may be necessary for DA to suppress
components of the swim circuit so that crawling can emerge. Our
study indicates that the crawl CPGs, which are the targets of DA
modulation, are present in ganglia located in the anterior, mid-
dle, and posterior segments of the leech. These results contrast
with the segmental nature of the swim CPGs, which appear to be
distributed in a more heterogeneous manner. For example,
Hocker et al. (2000) reported that short episodes of fictive swim-
ming could be obtained in a fully isolated ganglion taken from
middle-body regions, but not so easily from a ganglion residing
in anterior body regions. A ganglion from posterior body seg-
ments was incompetent to produce any fictive swimming in
isolation.

In addition to differences in the competency of anterior versus
posterior isolated ganglia to exhibit swim activity, adjacent gan-
glia and intersegmental neurons are necessary for sustained and
robust swimming, in contrast to crawling. Weeks (1981) deter-
mined that robust fictive swimming could be induced in nearly
isolated ganglia when the two (lateral) connectives were severed,
leaving only the small (medial) Faivre’s nerve (FN) between ad-
jacent ganglia. The FN contains the axons of the swim gating
neurons, cells 204/205, that when depolarized, provide excitatory

Figure 5. A, B, Crawl-like bursting activity of motoneuron DE-3 recorded in the DP nerve of a single isolated ganglion obtained
from either an anterior (A) or posterior (B) body region. Each ganglion was superfused with 100 �M DA. A, Extracellular recording
of the DP nerve root from ganglion M2. B, Extracellular recording of a DP nerve root from ganglion M19. Numbers in parentheses
denote the segment number.
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drive to the swim oscillators (Weeks, 1982a,b), activate all other
swim-gating neurons, and activate fictive swimming in all FN-
connected ganglia for a given length of CNS (Weeks and Kristan,
1978). These data show that although certain ganglia possess a
complete oscillator for swimming, these oscillators must rely on
excitatory drive from local and adjacent segments for their acti-
vation, even in the presence of serotonin. Our study demon-
strates that the unit oscillators for crawling are competent to
generate crawling in anterior through posterior segmental divi-
sions of the CNS and, after treatment with DA, CPG activation
can be sustained without the need for intersegmental drive.

Such organizational differences between swimming and crawling
mirror the contrasting nature of these two behaviors. Swimming is a

much faster locomotor behavior (0.5–2 Hz), and consists of antipha-
sic dorsal–ventral undulations that propagate along the flattened
body with an anterior-to-posterior phase progression, essentially
forming a sinusoidal wave that propels the animal forward through
its fluid environment. Importantly, the entire length of body must be
tightly coordinated throughout each swim cycle to maintain a
3-phase sinusoidal-like progression of 0, 120, and 240° (Brodfuehrer
et al., 1995a; Zheng et al., 2007). In contrast, during crawling, pauses
are commonly observed, especially during the elongation step (Cac-
ciatore et al., 2000; Eisenhart et al., 2000). These pauses are routinely
overlaid by other behaviors such as searching movements with the
head and whole-body bending (Cacciatore et al., 2000; Mesce et al.,
2008) (our unpublished observations). At the conclusion of these
subroutines, crawling is often reinitiated during the same step of the
crawl cycle before the pause. In order for the leech to suspend and

Figure 6. Features of DA-induced fictive crawling in the single, isolated ganglia. A, Percent-
age of single, isolated ganglia that produced fictive crawling in response to varying DA concen-
trations (log scale). DA concentrations of 75–100 �M were determined to be optimal. B, La-
tency to onset of DA-induced fictive crawling in single, isolated ganglia (n � 20) superfused
with 75–100 �M DA. C, Duration of uninterrupted bouts of DA-induced fictive crawling in
single, isolated ganglia (n � 20) superfused with 75–100 �M DA.

Figure 7. Comparisons of parameters of the crawl rhythm in untreated whole nerve cords
(solid black bars), whole nerve cords treated with DA (striped bars), a DA-treated single gan-
glion (cross-hatch bars), and intact animals (solid gray bars). The sample size for all groups was
10 animals. A, Comparison of crawl periods. No statistically significant differences were found
between fictive crawl groups (left 3 bars; p � 0.14). A significant difference was found between
overt crawling (right bar) and fictive crawling periods (***p � 0.001). B, Comparison of DE-3
burst durations; no significant differences among the groups were found ( p � 0.5). C, Com-
parison of DE-3 (contraction) duty cycles. No significant differences among the groups were
found ( p � 0.1).
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reinitiate crawling, the crawl unit oscillators and the coordination
among them must be organized differently from those of swimming.
This difference likely accommodates segmental independence and
flexibility, which probably accounts for our experimental results.
The inherent flexibility of crawling behavior, and its two-step
(contraction-elongation) locomotor cycle, may thus provide a use-
ful cellular model for understanding adaptive and more complex
forms of locomotion in vertebrates (Pearson, 2000; Grillner, 2006).

Comparisons with lower vertebrate locomotion
Locomotion in many segmented animals share several key fea-
tures. Typically, locomotor behaviors can be divided into two
phases, the power and return strokes (Büschges, 2005). These two
phases, generated by the antiphasic activation of opposing, or
antagonist, motor pools within the same segment comprise a
“unit burst generator” (UBG) (Grillner, 1981). These UBGs are
iterated to control each segment of the body or locomotor organ
and are coordinated by intersegmental connections (Sigvardt and
Miller, 1998; MacKay-Lyons, 2002; Hill et al., 2003). These basic
features, which are generated centrally, are found in walking an-
imals such as the stick insect (Büschges, 2005), and in swimming
animals such as the Xenopus tadpole and lamprey (Grillner,
2006).

Based on our data, each segmental ganglion of the leech pos-
sesses a complete UBG for crawling that includes both excitatory

(Fig. 3) and inhibitory (Fig. 4) motor out-
puts. The two phases of the UBG produce
the elongation (power stroke) and con-
traction (return stroke) steps of the crawl
cycle. How these UBGs are coordinated
across segments is not yet understood, but
our preliminary data indicate that DA-
treated nerve cords will not display appro-
priate intersegmental coordination if the
compound cephalic ganglion is removed
(our unpublished observations). Further-
more, the cephalic nervous system appears
to be susceptible to declining fluctuations
in DA concentrations, explaining why 7 of
12 whole nerve cords expressed coordi-
nated (intersegmental) crawling only dur-
ing the period of DA washout. These re-
sults mirror those of another study, which
showed that sustained and robust fictive
swimming was activated when serotonin
was washed from the compound cephalic
ganglion after it had been focally applied
(Crisp and Mesce, 2003).

Dopamine is involved in controlling
locomotion across animal systems
The ability of DA to activate locomotion in
the leech and other animals supports the
idea that DA is part of a conserved and
natural route for the activation and regu-
lation of locomotion. In the planarian flat
worm, for example, DA is critical for the
proper expression of locomotion (Nish-
imura et al., 2007). In fruit flies that lack
the ability to synthesize DA, locomotion is
reduced or abolished (Pendleton et al.,
2002). In cases where DA release has been
induced, for example, in the newt (Matsu-

naga et al., 2004) and lamprey (Svensson et al., 2003), locomotion
is altered. In the larval zebrafish, the blockade of DA receptors
(using clozapine) reduces overall locomotion (Boehmler et al.,
2007).

In mammals, DA can induce slow locomotor-like rhythms,
for example, as in the lumbar regions of isolated neonatal rat
spinal cords (Barriere et al., 2004). This property of DA that
induces slow and rhythmic locomotor-related bursting parallels
our observations in the leech. To achieve a behaviorally relevant
locomotor pattern in rodents, however, a mixture of neuroactive
substances often needs to be administered (Whelan et al., 2000).

The notion that amines can affect CPGs directly is supported
by studies in the lamprey where serotonin acts directly on inter-
neurons of the swimming CPG during glutamate-induced rhyth-
mogenesis (Wallen et al., 1989). Although a number of studies
support the idea that DA significantly contributes to locomotor
control (Svensson et al., 2003), it has been unclear, to date, if DA
activates a locomotor CPG directly. Our current study provides
supporting evidence that DA can, indeed, activate the CPG for
crawling in the smallest segmental unit possible, i.e., the single
ganglion housing the unit burst generator for crawling. Because
locomotion in the leech possesses many of the basic features of
vertebrate locomotion, it provides a viable and accessible system
to understand conserved mechanisms for locomotor pattern gen-
eration, intersegmental coordination and modulation by DA.

Figure 8. Period dependence of DE-3 burst duration and overt crawl contraction duration. Data points are averaged values
from a single animal. Linear regressions were performed using the least squared method (R 2 values are shown in the top left
corner of each panel), and the resulting regression lines are shown in each panel. A–C, DE-3 burst duration versus the period for the
three fictive crawling groups. A, Spontaneous or electrically induced fictive crawling in the whole CNS (n � 10). The slope of the
regression line was 0.24, and the y-intercept was 0.90. B, DA-induced fictive crawling in the whole CNS (n � 10). The slope of
the regression line was 0.19, and the y-intercept was 2.48. There was a weak relationship between the DE-3 burst duration and the
period for fictive crawling in B. C, DA-induced fictive crawling in the single, isolated ganglion (n � 10). The slope of the regression
line was 0.45, and the y-intercept was �1.30. D, Contraction duration versus period for overt crawling in intact leeches (n � 10).
The slope of the regression line was 0.28, and the y-intercept was 0.04. In C and D, a stronger linear relationship existed between
the period and the DE-3 burst duration (DA-treated single ganglion) and the contraction duration (intact animal).

Puhl and Mesce • Dopamine Activates Crawling in the Leech J. Neurosci., April 16, 2008 • 28(16):4192– 4200 • 4199



References
Baader AP (1997) Interneuronal and motor patterns during crawling be-

havior of semi-intact leeches. J Exp Biol 200:1369 –1381.
Barriere G, Mellen N, Cazalets JR (2004) Neuromodulation of the locomo-

tor network by dopamine in the isolated spinal cord of newborn rat. Eur
J Neurosci 19:1325–1335.

Boehmler W, Carr T, Thisse C, Thisse B, Canfield VA, Levenson R (2007)
D4 dopamine receptor genes of zebrafish and effects of the antipsychotic
clozapine on larval swimming behaviour. Genes Brain Behav 6:155–166.

Briggman KL, Kristan Jr WB (2006) Imaging dedicated and multifunctional
neural circuits generating distinct behaviors. J Neurosci 26:10925–10933.

Brodfuehrer PD, Friesen WO (1986) Initiation of swimming activity by trig-
ger neurons in the leech subesophageal ganglion. I. Output connections of
Tr1 and Tr2. J Comp Physiol A Neuroethol Sens Neural Behav Physiol
159:489 –502.

Brodfuehrer PD, Thorogood MS (2001) Identified neurons and leech swim-
ming behavior. Prog Neurobiol 63:371–381.

Brodfuehrer PD, Debski EA, O’Gara BA, Friesen WO (1995a) Neuronal
control of leech swimming. J Neurobiol 27:403– 418.

Brodfuehrer PD, Parker HJ, Burns A, Berg M (1995b) Regulation of the
segmental swim-generating system by a pair of identified interneurons in
the leech head ganglion. J Neurophysiol 73:983–992.
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