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Functional Recovery after Lesion of a Central Pattern
Generator

Akira Sakurai and Paul S. Katz

Neuroscience Institute, Georgia State University, Atlanta, Georgia 30302

In cases of neuronal injury when regeneration is restricted, functional recovery can occur through reorganization of the remaining neural
circuitry. We found an example of such recovery in the central pattern generator (CPG) for the escape swim of the mollusc Tritonia
diomedea. The CPG neurons are bilaterally represented and each neuron projects an axon through one of two pedal commissures. Cutting
the posterior pedal commissure [pedal nerve 6 (PdN6)] in the animal or in the isolated brain caused a deficit in the swim behavior and in
the fictive motor pattern, respectively, each of which recovered over the course of 20 h. Locally blocking spiking activity in PAN6 with
sodium-free saline and/or tetrodotoxin disrupted the motor pattern in a reversible manner. Maintained blockade of PdNG6 led to a
functional recovery of the swim motor pattern similar to that observed in response to cutting the commissure. Among the CPG neurons,
cerebral neuron 2 (C2) makes functional connection onto the ventral swim interneuron-B (VSI) in both pedal ganglia. Cutting or blocking
PdNG6 eliminated C2-evoked excitation of VSI in the pedal ganglion distal to the lesion. Associated with the recovery of the swim motor
pattern, the synaptic action of C2 onto VSI in the proximal pedal ganglion changed from being predominantly inhibitory to being
predominantly excitatory. These results show that the Tritonia swim CPG undergoes adaptive plasticity in response to the loss of critical

synaptic connections; reversal of synaptic action in the CPG may be at least partially responsible for this functional recovery.

Introduction

Neuronal injury can result in partial or total loss of function
because of the interruption of axonal conduction and consequent
loss of synaptic communication. Such loss of function can be
compensated by adaptive plasticity of the nervous system; how-
ever, little is known about the mechanisms of reorganization at a
cellular level and their relationships to functional recovery. Here,
we document an example of natural recovery of function that
does not involve regeneration after a lesion.

Spinal or cortical injury can cause irreversible loss of move-
ment control (Rossignol, 2000; Fouad and Pearson, 2004; Nudo,
2006). In some cases, recovery of function occurs because of re-
generation of severed axons across the lesion or reinnervation by
collateral axons (Cohen et al., 1986; Commissiong et al., 1991;
Ide, 1996; Wieloch and Nikolich, 2006; Navarro et al., 2007). If
such reconnection or reinnervation is physically impossible be-
cause of a large gap or other barriers, then the loss of function can
be compensated by reorganization of the remaining neural cir-
cuitry (Barbeau etal., 1999; Antri et al., 2002; Navarro et al., 2007;
Cramer, 2008). Several studies have shown that the plasticity of
dendrites is enhanced near the damaged region and also in distant
regions after cortical or spinal injury (Cai et al., 2006; Nudo,
2006; Rossignol, 2006). However, the cellular mechanisms un-
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derlying recovery of function in mammalian nervous systems are
still speculative.

To understand the mechanisms underlying the functional re-
covery of a neuronal circuit, it is useful to examine a system in
which the neurons in the circuit are easily identified and accessi-
ble before, during, and after a lesion. The nervous systems of
gastropod molluscs fulfill these criteria; they have large identifi-
able neurons grouped into ganglia that are interconnected by
commissural and connective nerves. In the present study, we
examined the effect of a disruptive lesion of a well characterized
central pattern generator (CPG) for the escape swim of a nudi-
branch, Tritonia diomedea.

The escape swim behavior of Tritonia consists of a series of
whole-body flexions in response to a particular sensory stimulus
(Getting, 1989; Katz, 2009). This fictive motor pattern can be
elicited in isolated brain preparations by electrically stimulating a
body wall nerve. The swim CPG consists of three uniquely
identifiable neuronal types, each of which is bilaterally repre-
sented (Fig. 1 A, B): ventral swim interneuron-B (VSI-B) (http://
neuronbank.org/Tri0002436), cerebral neuron 2 (C2) (http://
neuronbank.org/Tri0002380), and three serotonergic dorsal
swim interneurons (DSIs) (http://neuronbank.org/Tri0001043)
(Getting et al., 1980; Getting, 1981, 1983, 1989). Their large so-
mata (50—-80 wm) permit stable intracellular microelectrode re-
cordings to be maintained for several hours. This allows us to
record the synaptic strength of identified synapses within a de-
fined neural circuit and observe changes over time during the
recovery from a lesion.

Here, we found that severing a set of connections between
some CPG neurons impaired motor pattern production but that
the system spontaneously recovered over the course of a few
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hours to a day. Furthermore, we ob- A
served corresponding changes in synap-
tic strength that can account for the
functional recovery.

Materials and Methods

Animal surgery. Specimens of the nudibranch,
Tritonia diomedea, were obtained from Living
Elements Ltd. and Friday Harbor Laboratories.
For behavioral tests of lesions, animals were
placed for 1 h in ice-chilled artificial sea water
(Instant Ocean Sea Salt) containing 0.1%
1-phynoxy-2-propanol (Redondo and Mur-
ray, 2005; Wyeth et al., 2009). Then, a 2 cm
incision was made in the skin between the rhi-
nophores to expose the brain (see Fig. 4A). In
the experimental animals, both pedal-pedal
commissures, which are also known as pedal
nerve 5 and 6 (PAN5, PAN6) (Willows et al.,
1973), were cut near the right pedal ganglion
with fine scissors, whereas in the sham con-
trols, the commissures were exposed but not
cut. The incision was stitched with silk thread
and sealed with cyanoacrylate glue (ethyl cya-
noacrylate; WPI).

Animals with lesions were paired with sham-
operated animals for the behavioral assay. The
observer was blind to the condition of each an-
imal in a trial. The swim was induced by apply-
ing 5 M NaCl solution (0.5 ml) to the dorsal
body surface, and the response was recorded
with a video camera. The number of complete
ventrally directed body flexions was counted
as the number of swim cycles. A retraction of
the body without a body flexion in response
to the stimulus was considered as a swim fail-
ure. The swim tests were performed three times
before the surgery (20, 2.5, and 1 h before the
surgery). After the surgery, the swim tests were
performed three times on the same day (2, 3.5,
and 5 h after the surgery) and once the next day
(20 h after the surgery).

Isolated brain preparations. The brain, consisting of the fused cerebro-
pleural and pedal ganglia, was removed from the animal and immedi-
ately pinned to the bottom of a Sylgard-lined chamber (1 ml) in which it
was superfused with saline at 4°C. Physiological saline composition was
as follows (in mm): 420 NaCl, 10 KCI, 10 CaCl,, 50 MgCl,, 10 p-glucose,
and 10 HEPES, pH 7.4. The cell bodies of the neurons were exposed by
removing the connective tissue sheath from the surface of the ganglia
(Willows et al., 1973). Suction electrodes made from polyethylene tubing
were placed on both left and right pedal nerves 3 (PdAN3). A suction
electrode made from a borosilicate glass tube (inner diameter, 0.75 mm;
outer diameter, 1.50 mm) was placed in the en passant configuration on
PdNG6. In this study, the other pedal-pedal commissure, pedal nerve 5
(PAN5) (Willows et al., 1973), was cut in all isolated brain preparations
during dissection as indicated by the dotted lines in Figure 1 B; cutting it
after the dissection had no apparent effect on the swim motor pattern
(N = 6). The preparation was left >3 h superfused in saline at 8—10°C to
recover from possible damage during the dissection.

Neurons were identified by soma location, axonal projection (Fig.
1B), coloration, synaptic connectivity, and activity pattern at rest and
during the swim motor program as previously described (Getting, 1981,
1983). There are three types of CPG neurons: DSIs, C2, and VSI-B. For
simplicity, we will refer to VSI-B as VSI for the remainder of this paper.
C2 and DSI have cell bodies in the cerebral ganglion and project the
axons toward the contralateral pedal ganglion, whereas VSI has its cell
body in the pleural ganglion and projects its axon toward the ipsilateral
pedal ganglion. The axons of C2, DSI, and VSI then exit the pedal gan-
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The Tritonia swim network and swim motor program. 4, A schematic diagram of the neural circuit underlying the
swim motor pattern. All neurons have a contralateral counterpart that is not represented. The shaded circle indicates the neurons
that comprise the swim CPG. The filled triangles represent excitatory synapses, and the filled circles represent inhibitory synapses.
Combinations of triangle and circle are multicomponent synapses. The dotted lines indicate that the connection is either polysyn-
aptic or not determined. (2, Cerebral cell 2; DFN-A,B, dorsal flexion neurons; DRI, dorsal ramp interneuron; DS, dorsal swim
interneuron; Tr1, trigger neuron 1; VEN, ventral flexion neuron; VS, ventral swim interneuron [based on Getting et al. (1980),
Getting (1981), Hume and Getting (1982), Frost and Katz (1996), and Frost et al. (2001)]. B, Schematic drawing of a dorsal view of
the Tritonia brain, showing the location of the swim CPG neurons and their axonal projections. DSl and C2 are located on the dorsal
surface of the cerebral ganglion. VSl is located on the ventral side of the pleural ganglion. C2 and VSI project their axons through
PdN6, whereas DSI projects through PdN5. The dotted lines indicate PAN5 was removed on isolation of the brain. €, An example of
the swim motor pattern. Simultaneous intracellular recordings from three CPG neurons, (2, DSI, and VSI, and extracellular record-
ing from PdN6 are shown. The bursting pattern was elicited by stimulation of the left pedal nerve 3 by applying voltages pulses (8
V, Tms) at 5 Hz for 3 s (starting at arrow).

glion through one of two commissural nerves (PAN5 and PdN6) and
reach the other pedal ganglion (Newcomb et al., 2006; Hill and Katz,
2007). To identify neurons, the swim motor program was evoked by
stimulating body wall nerve PAN3 with a train of voltage pulses (5-15 V,
1 ms) at 5 Hz for 3 s via a suction electrode. Unilateral electrical stimu-
lation of PANS3 is sufficient to elicit the motor pattern (Fig. 1C). Even
after cutting two commissural nerves (PAN5 and PAN6), each bilateral
pair of CPG neurons always burst synchronously presumably because of
electrical coupling among C2s and DSIs through the cerebral commis-
sure (Getting et al., 1980) and because of the bilateral projections of the
gating interneuron, dorsal ramp interneuron (DRI) (Frost and Katz,
1996). Swim stimuli were given at intervals of >10 min.

In some experiments, the bathing medium was switched to saline con-
taining a high concentration of divalent cations (Hi-Di saline), which
raises the threshold for spiking and reduces spontaneous neural firing.
The composition of the Hi-Di saline was as follows (in mm): 285 NaCl, 10
KCl, 25 CaCl,, 125 MgCl,, 10 p-glucose, and 10 HEPES, pH 7.4 (Sakurai
and Katz, 2003). For all experiments conducted in the Hi-Di saline, the
ganglia were superfused at 2 ml/min at 10°C.

Electrophysiological recordings and stimulations. Neurons were impaled
with glass microelectrodes filled with 3 m KCl (resistance, 8—15 M(2).
Axoclamp-2B amplifiers (Molecular Devices) were used for all electro-
physiological experiments. Recordings were digitized at 3-20 kHz with a
1401plus A/D converter from Cambridge Electronic Design (CED). Data
acquisition and analysis were performed with Spike2 software (CED) and
SigmaPlot (SPSS Inc.). Statistical comparisons were made using Stu-
dent’s t test, paired f test, or a one-way or two-way repeated-measures
ANOVA with post hoc pairwise multiple comparison by Fisher’s least
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significant difference (LSD) method. In all cases, p < 0.05 was considered
significant. Results are expressed as the mean = SEM.

Tracer injection. To determine its axonal projection pattern, VSI was
filled with Neurobiotin tracer [N-(2-amino-ethyl)biotinamide hydro-
chloride; Vector Laboratories]. A microelectrode filled with 4% Neuro-
biotin solution (in 0.75 M KCI, 0.05 m HEPES, pH 7.4) was inserted into
the cell body, and electrical current pulses (positive square pulses of 1-10
nA at 50% duty cycle) were applied at 1 Hz for >30 min. The preparation
was then incubated in running physiological saline for 6 h at §—-10°C.
After incubation, the brain was fixed in 4% paraformaldehyde and 0.1%
glutaraldehyde in 0.1 M PBS, pH 7.4, for 5 h at 4°C. After rinsing with PBS
several times, the brain treated with 4.0% Triton X-100 in PBS overnight,
and then incubated with streptavidin, Alexa Fluor 594 conjugate (In-
vitrogen) diluted to 1:200 by PBS containing 0.5% Triton X-100 for 5 d at
4°C. The brain was rinsed in distilled water, dehydrated in a graded
ethanol series, and mounted on a slide glass with Cytoseal 60 (Electron
Microscopy Sciences) for confocal laser-scanning microscopy (LSM 510
mounted on an Axiovert 100 M; Carl Zeiss).

Results

Functional CPG connections are mediated by axons in the
pedal-pedal connective

Anatomical and electrophysiological evidence suggests that the
axons traveling through PAN6 mediate functional connections
between CPG neurons. Dye fills of VSI (N = 6) revealed extensive
arborizations in the pleural ganglion and pedal ganglion ipsilat-
eral to its soma. The axon of VSI extended through PdN6 and
some branches were observed in the contralateral pedal ganglion
(Fig. 24).

The left and right VSIs were electrically coupled. Injection of
hyperpolarizing current pulses into one VSI produced a small
hyperpolarization in its contralateral counterpart (data not
shown). The ratio of the membrane potential changes (i.e., the
coupling coefficient) was 0.038 = 0.005 (N = 7). Cutting PAN6
eliminated the electrical coupling between VSIs in all prepara-
tions tested (N = 8), suggesting that the commissure is necessary
for this coupling. The importance of this connection for motor
pattern generation is not known because injecting depolarizing
current into a VSI to evoke an intense burst of action potentials
never evoked firing in the contralateral VSI (data not shown).
However, electrical coupling between the two VSIs may still con-
tribute to their synchrony during the swim motor pattern by
conducting slower membrane potential changes.

VSI makes excitatory synapses onto the efferent flexion neu-
rons (FNs) in both pedal ganglia (Fig. 2 Bi). In all preparations,
the extracellular recording from PdNG6 revealed impulses that
were time-locked one-for-one to the action potentials recorded
from VSI soma (N > 100). Spikes elicited in a VSI through intra-
cellular current injection evoked one-for-one, constant-latency
EPSPs in both ipsilateral and contralateral FNs. The axonal im-
pulse recorded on PAN6 appeared after the EPSP in the ipsilateral
FN but before the EPSP in the contralateral FN. Similar results
were obtained in 14 preparations. Thus, PAN6 allows VSI to
make synaptic connections in the pedal ganglion contralateral
to its soma.

Interneuron C2 also makes synaptic connections in both
pedal ganglia that are mediated via PAN6 (Fig. 2 Bii). Units on
PdNG6 that were time-locked to C2 soma spikes were recorded in
>50 preparations. The EPSPs evoked by C2 action potentials
were initially smaller than the VSI-evoked EPSPs but, as previ-
ously reported, increased in amplitude during a train because of
facilitation and summation (cf. Katz and Frost, 1995). As with
VSI, constant-latency EPSPs could be recorded in an ipsilateral
FN and a contralateral FN that corresponded with time-locked
spikes on PANG6.
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Figure2.  VSland (2 made synaptic connections in both pedal ganglia. 4, A drawing made from
confocal images of VSI (red) labeled by Neurobiotin tracer (Vector Laboratories). Locations of (2
(green) and the follower neurons (FNs) (orange and blue) in the pedal ganglia are also shown. The VS|
axon projects ipsilaterally through the posterior portion of the cerebral—pedal connective and then
continues through the pedal—pedal connective (PdN6). The axon of (2 projects contralaterally toward
the pedal ganglion as previously published (Getting et al., 1980). Bi, The VSl action potentials were
recorded in PdN6 and evoked one-for-one EPSPs in FNs in the right and left pedal ganglia. Simulta-
neous intracellular recordings from right VS|, right VFN, and left VFN and extracellular recording from
PdN6 are shown. Each sweep was triggered by a VS| action potential; three sweeps were superim-
posed. Bii, 2 spikes were recorded in PdN6 and (2 evoked summated EPSPs in FNs of both pedal
ganglia. Overlaid traces were triggered by the first stimulus current pulse (7 nA, 20 ms) injected into (2
to evoke a train of action potentials (10 Hz). The EPSPs facilitated greatly and had a slow time course,
making it difficult to distinguish individual EPSPs. Gi, (2 caused delayed excitation of VSI. Simulta-
neous intracellular recordings from left C2 and right VSI and extracellular en passant recording from
PdN6 are shown. (2 was stimulated by injecting repetitive square current pulses (7 nA, 20 ms) at 10 Hz
for 4 s, which induced a burst of action potentials in VSI. Gii, The (2-evoked action potentials in V/SI
were antidromic. Overlaid traces of VS| action potentials and corresponding PdN6 impulses evoked by
(2 are shown. The traces were triggered by the peak of VS| action potentials. The nerve impulse
preceded the somatic action potential in each trace, suggesting that these action potentials propa-
gated antidromically from the distal pedal ganglion.
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VS| action potentials initiated in either pedal ganglion during a swim motor pattern. 4, A schematic diagram showing the recording and stimulus configuration. Intracellular

microelectrodes were placed in the soma of the right VSI, and extracellular recordings were made by en passant suction electrodes placed onto PdN6 at two loci (proximal and distal). The nerve
stimulation was given to the left PdN3 via a suction electrode. B, Intracellular activity recorded from VSI and extracellular impulses recorded from two loci of PAN6 when VSI was depolarized by
current injection (left) and during the swim motor program (right). Upward and downward arrows under the left VS| soma trace indicate the duration of current injection controlled by hand (0~2
nA). The upward arrow under the right traces indicates the start time of PdN3 stimulation (8 V, 1 ms pulses at 5 Hz for 3 s). i, ii, and iiif indicate bursts used for overlaid spike-triggered traces shown
in Ci-iii. €, Overlaid spike-triggered traces show that the location of the spike initiation zone switched during the swim motor pattern of the time periods in B. Schematic drawings under the traces
show the presumptive spike initiation zones and the direction of action potential conduction in VSI. Note that there was a slight change in the latency from the somatic action potential with respect
to the extracellular spikes. This indicates that the proximal spike initiation zone is closer to the PdN6 recording site during the swim motor pattern (Cif) than when spikes are initiated by current

injection into the soma (Ci).

C2 stimulation excited VSI in the pedal ganglion most distant
from its soma. Figure 2Ci shows that a train of C2 action poten-
tials evoked by intracellular current pulses induced VSI to fire a
burst of action potentials. The VSI firing response originated in
the pedal ganglion contralateral to its soma and propagated in
the antidromic direction; extracellular recordings from PdN6
showed that the axonal impulses preceded the soma action po-
tentials (Fig. 2Cii). This C2-evoked excitation of VSI was elimi-
nated when PAN6 was cut (compare Fig. 7Bi). These results
suggest that VSI has spike initiation zones in both pedal ganglia
and that the C2-evoked VSI action potentials are initiated in the
more distant pedal ganglion.

Both VSI spike initiation zones are functional during a swim
motor pattern. This was shown by recording VSI action poten-
tials at three loci: the soma and two points along PAN6 (Fig. 3A).
When VSI was made to fire action potentials by injecting depo-
larizing current into the soma (Fig. 3Bi), time-locked axonal im-
pulses were observed in PAN6 propagating away from the soma
(Fig. 3Ci). During a swim motor pattern, spikes could be ob-

burst (Fig. 3Bii), most of the VSI actlon potentlals tended to
propagate in the orthodromic direction, from the proximal pedal
ganglion to the distal one (Fig. 3Cii). However, in the fifth burst
of the swim motor pattern (Fig. 3Biii), the action potentials
tended to propagate antidromically, from the distal pedal gan-
glion back to the soma (Fig. 3Ciii). Having action potentials ini-
tiate at two sites during a swim motor pattern suggests that
synaptic inputs to VSI in both pedal ganglia have functional
significance.

Cutting the pedal-pedal commissure temporarily impaired
the swimming behavior

To test whether the impulse propagation through PAN6 has a
functional significance for the swimming behavior, we com-
pared the behavior of animals with the commissure surgically
transected to those with sham surgery (Fig. 4A). Before surgery,
all animals responded to the salt stimulus with a swim (Fig. 4 B).
The mean number of flexion cycles per swim before the surgery
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Figure4.

indicate significant difference (see Results).

was not significantly different between the two groups (Fig. 4C)
(sham, 6.1 = 0.46 cycles; transected, 6.0 = 0.42 cycles; p = 0.84 by
Student’s t test; N = 6). After the surgery, the number of flexion
cycles was significantly reduced in both groups (nerve cut, F, 54, =
9.8, p <0.001; sham, F, 5, = 10.1, p < 0.001 by one-way repeated-
measures ANOVA with Fisher’s LSD method; N = 6). Two hours
after the surgery, all animals in the sham group swam with two to
five flexion cycles (3.0 = 0.52 cycles; N = 6), whereas 50% (three
of six animals) in the transected group failed to swim. The re-
mainder of the transected group showed a swim with two to three
flexion cycles (N = 3) (Fig. 4B). At 3.5 h, 33% still failed to swim
and the rest showed a swim with two to four flexion cycles (2.8 =
0.58 cycles; N = 4), whereas all animals in the sham group
showed a swim with four to five cycles (4.33 = 0.21 cycles; N = 6).
A two-way repeated-measures ANOVA with all pairwise multiple
comparison (Fisher’s LSD method) showed a significant differ-
ence between the nerve-cut group and the sham group at 2 and
3.5 h after the surgery in the number of cycles [at 2 h, 3.0 == 0.52
cycles (sham) and 1.33 * 0.61 cycles (transected), p < 0.05; at
3.5h,4.33 = 0.21 (sham) and 2.0 = 0.58 (transected), p < 0.01].
Even if the failed-swim animals were excluded, the nerve-cut
animals still showed significantly fewer cycles at 3.5 h after the
surgery [4.33 £ 0.21 (sham) and 2.8 = 0.58 (transected), p <
0.05]. The swim response mostly recovered 5 h after surgery;
there was no significant difference between the transected and the
sham groups. By 15 h, all of the animals again swam to the stim-
ulus and the mean number of cycles was nearly identical. Thus,
cutting the pedal commissure initially impaired the swimming
response, but it recovered spontaneously over the course of sev-
eral hours. The recovery could not have involved regeneration
across the cut because the two ends of the transected nerve were
physically separated. Thus, functional recovery must involve a
mechanism that does not require axonal regeneration.

Time (hour)

Cutting PdN6 in the animal disrupted swimming. 4, The animal was anesthetized and the body wall above the buccal
mass was cut open. PdN6 was transected near the right pedal ganglion with scissors. Nerve-transected animals were paired with
sham-operated animals. B, Fifty percent of nerve-transected animals often failed to swim after the surgery (black triangles). In
contrast, all sham-operated animals swim (white circles). €, Cutting PdN6 reduced the number of body flexions during the swim
behavior. Graph showing the average number of body flexions during the escape swim behavior for animals with PdN6 transected (black
triangles) and sham-operated controls (white circles). Data for B and € were obtained from six animals. Error bars indicate SEM. Asterisks

B The isolated brain recovered from
Cut PdNG nerve transection
e The motor pattern for the Tritonia escape
o 100 16 *—4 O—0—0 —4 swim behavior can be reproduced by elec-
E 80 trically stimulating a body wall nerve even
£ 60 when the brain is isolated in a dish. There-
'U§) 40 4—+ ————1——— T fore, we examined the effect of cutting
20-18 21012 3 4 5 161820 PdN6 in an isolated brain preparation
(Fig. 5). On cutting PAN6 while intracel-
C lularly recording from C2 and VSI, there
2 71 ; was an immediate, but brief barrage of ac-
T 6. tion potentials in VSI, presumably caused
2y 5 § * by the injury (Fig. 5B). There was no long-
© 4 * - I term effect on the resting membrane po-
5] 3 tential or spontaneous spiking activity in
'g - either C2 or VSI. The responses varied
2 14 among preparations; however, the injury
—r T T T T T T T T T firing never exceeded >90 s.

2018 2-10 1 2 3 4 5 161820 Cutting PAN6 impaired the fictive mo-

tor pattern in a manner similar to the ef-
fect on the swimming behavior. We ran
two sets of isolated brain preparations,
one set in which we cut PAN6 (N = 23)
and the other in which the nerve was left
intact (N = 15). Before cutting PdN6,
nerve stimulation evoked a typical swim
motor pattern in all 38 preparations tested
(Fig. 5Ci). When tested within 2 h of cut-
ting PANG6, 21.7% of the test preparations
produced a single burst in response to the
nerve stimulation (Fig. 5Cii,Da). This is presumably equivalent
to a nonswimming, withdrawal response seen in vivo, although it
is possible that a single VSI burst would also produce sufficient
excitation of flexion neurons to produce a single body flexion
(one cycle swim). However, the number of cycles was reduced in
87% of test preparations (20 of 23 preparations recorded). The
mean number of cycles differed significantly from control
preparations [2.7 £ 0.27 cycles (cut) and 4.9 = 0.26 cycles
(control); p < 0.05] (Fig. 5Db). The intraburst spike frequency
recorded in VSI also significantly decreased 2 h after cutting
PdNG6 [4.8 = 0.55 Hz (cut) and 11.5 * 0.81 Hz (control)] (Fig.
5Dc). Thus, cutting PAN6 impaired the production of the fictive
swim motor pattern in the isolated brain preparation by reducing
both the cycle number and the VSI intraburst spike frequency.

We tested a variety of parameters to determine whether the
impairment of the fictive swim motor response was caused by an
increase in the threshold for eliciting the response. In all prepa-
rations tested, doubling the intensity of the electrical stimulus to
PdN3 from 8 to 16 V failed to restore the reduced cycle number
(N = 18). Also, the response did not depend on whether the left
or right PAN3 was stimulated to elicit the swim; within 2 h of
cutting PAN6, when the stimulation was applied to the nerve
ipsilateral to the VSI there was a 45.5 £ 12.5% decrease in the
number of cycles (from 4.8 = 0.33 with PAN6 intact to 2.4 = 0.53
with PAN6 cut; p < 0.01 by paired ¢ test; N = 11) and a 42.2 =
8.5% decrease with contralateral nerve stimulation (from 4.7 =
0.26 with PANG6 intact to 2.7 * 0.37 with PANG6 cut; p < 0.01 by
paired t test; N = 15). Thus, there was no significant difference in
the response produced by the stimulating either the left or right
body wall nerves ( p = 0.83 by Student’s ¢ test).

As we observed in vivo, the number of cycles in the swim
motor pattern recovered the day after cutting PdN6 (Fig.
5Ciii,D). The cycle number showed a significant recovery from
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the impairment (4.0 * 0.22 cycles; p <
0.05 by Student’s ¢ test; N = 21), and there
was no significant difference in the num-
ber of cycles compared with the control
group at this time point (Fig. 5Db) (p =
0.11). In contrast, the intraburst spike fre-
quency of VSI remained depressed at
4.4 = 0.49 Hz (N = 19), which is signifi-
cantly lower than control (p < 0.001 by
Student’s t test) (Fig. 5Dc). Thus, the CPG
was compromised by the cut yet was
able to make a functional recovery in the
number of burst cycles. This indicates
that the recovery of the swim behavior
from injury is caused by a process that is
within the CNS.

Reversibly blocking activity on PAN6
mimicked the effect of cutting the nerve
To test whether the impairment of the
swim motor pattern was caused by injury
to the neurons when their axons were sev-
ered, we used a reversible block of action
potential propagation on PAN6 by locally
applying low Na™ saline and/or TTX
(10 ~* M) to the extracellular recording pi-
pette (Fig. 6, inset). Application of either
solution successfully blocked action po-
tential propagation and disconnected the
membrane potential activity of the VSI
soma from its distal spike initiation zone
without causing any injury firing. Action
potentials initiated by current injection in
the soma failed to elicit EPSPs in follower
neurons distal to block site (N = 6).

In the experiment shown in Figure 6 A,
blockade of axonal impulses was con-
firmed by examining the change in the
impulse waveform. In normal saline, the
impulse was triphasic with an apparent
positive deflection. In contrast, when the
action potential was blocked inside the pi-
pette, the impulses became monophasic,
spike-like, downward deflections (Fig.
64, insets), suggesting that the impulses
came into the pipette and were blocked
inside it. This was accompanied with the
disappearance of the VSI-evoked EPSPs in
the contralateral pedal ganglion (data not
shown). Under intact conditions, anti-
dromic action potentials were dominant
(Fig. 6Ai,iii,v, insets). Blocking action
potential propagation on PAN6 caused
VSI to produce only orthodromic action
potentials (Fig. 6 Aii,iv). On washout, the
antidromic impulses again became domi-
nant in VSIL.
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Figure 5.  Cutting PdN6 in an isolated brain disrupted the swim motor pattern, which eventually recovered. 4, A schematic
drawing of the Tritonia brain, showing two VSIs, the location of the extracellular stimulation on the left PdN3, and en passant
recording from PdN6. After recording the swim motor pattern, PAN6 was cut as indicated by scissors. B, Cutting PdN6 caused a brief
firing of the CPG neurons. An example showing the responses of left (2 and right VSl to cutting PdN6. Inmediately after the cut, 2
showed only a single action potential, whereas VS| showed tonic firing lasting for ~10ss. Injury discharges from unknown axons in
PdN6 were observed for ~1 min after the cut. (, Simultaneous intracellular recording from both VSIs and extracellular recording
from PdN6 were made 5 min before cutting PdN6 (Ci), 5 min after cutting PdNG6 (Cii), and 18 h after the cut (Ciii). The arrows
indicate the time of the nerve stimulation. D, The effect of cutting PdN6 on the following: the percentage of preparations showing
more than one burst (a), the number of burst cycles (b), and the intraburst spike frequency (). In b and ¢, the averaged number of
the burst cycles (b) and the spike frequency in the second burst in the swim motor pattern (c) were plotted in bar graphs with error
bars (mean == SEM). The black bars are from experimental preparations, and the white bars show time-matched controls without
the lesion. The data were obtained within 1 h before the cut (intact), within 2 h of the cut (<<2 h), and the day after the cut (15-20h).
In each test, the averaged value of up to three swim responses evoked at the intervals of >10 min was measured. The label
(i—iif) in each bar corresponds to the example traces shown in Gi-Ciii. The number in each bar shows the number of preparations
tested. Each bracket with an asterisk indicates significant difference (Student’s  test, p << 0.05; N = 18-23).

from10.4 £0.61to4.1 = 0.71 Hz ( p <0.001 by paired t test; N =

Blocking action potential propagation on PAN6 consistently
impaired the swim motor pattern (Fig. 6A) (N = 22). In 14% of
the preparations, VSI failed to fire repeated bursts shortly after
the nerve cut (Fig. 6 Ba). The number of burst cycles decreased on
average from 4.4 = 0.20 to 2.5 = 0.24 ( p < 0.001 by paired ¢ test;
N = 22) (Fig. 6 Bb). The intraburst spike frequency decreased

22) (Fig. 6 Bc).

When the low Na */TTX block was removed by washing the
inside of the pipette with saline, the motor pattern immediately
returned to control levels (4.1 = 0.29 cycles per swim and 10.6 =
2.2 Hz intraburst spike frequency) (Fig. 6 Aiii,Bb). Thus, the de-
crease in the number of cycles and the intraburst spike frequency
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Figure6.

Reversibly blocking PdN6 impaired the swim motor pattern and induced recovery. Action potential conduction on PdN6 was blocked by locally applying 0.1 mm TTXin reduced

Na * saline to a pipette into which the commissure had been drawn (inset llustration). 4, Simultaneous intracellular recordings from both VSIs and extracellular recording from PdN6 are
shown. Recordings show 5 min before blocking PdN6 (i), 5 min after initiating the block (if), and a quick recovery by flushing the pipette with the normal saline (iii). The TTX saline was
reapplied and left overnight. Recordings were made the next day with the TTX still in place (iv) and with the TTX flushed from the pipette (v). The arrows indicate the time of PdN3
stimulation. In each box are shown overlaid traces of the action potentials recorded from the right VSI and the axonal impulses in PdN6, both triggered by the somatic action potential.
Calibration: 50 mV, 20 ms. B, Group data showing responses with saline in the pipette (white bars) and with the TTX block in place (black bars). a, The percentage of preparations showing
more than one burst cycle. b, The mean number of burst cycles. ¢, The mean intraburst spike frequency from the second burst. The data were obtained within 1 h before the cut (intact)
(i), within 2 h of blocking PdN6 with TTX (ii), and then after removal of the nerve block by flushing TTX (iii), and 15-20 h with TTXin place (iv), and then with the pipette flushed with
normal saline (v). The labels (i-v) in each bar correspond to the example traces shown in Ai-Av. In each test, the averaged value of up to three swim responses evoked at the intervals
of =10 min were measured. The plotted data were mean = SEM over multiple preparations. The number in each bar shows the number of preparations tested. The bracket with an

asterisk indicates significant difference (Student’s t test, p < 0.01; N = 8-22).

can be attributed to loss of action potential conduction and not to
damage of the neurons.

When the nerve block was maintained overnight, the number
of cycles returned to control levels in all preparations (Fig.
6Aiv,Bb). VSI continued to produce orthodromic impulses in
PdNG, indicating that the bursts were generated in the proximal
pedal ganglion (Fig. 6 Aiv). Despite the functional recovery of the
swim, as was observed when PAN6 was transected, the intraburst
spike frequency did not fully recover (Fig. 6 Bc). These results
indicate that the impairment and the recovery do not involve
physical injury, but can be induced while simply blocking action
potential propagation along the commissure.

Removing the conduction block after the recovery of the swim
motor pattern did not further increase the number of cycles, but
it did restore the intraburst spike frequency of VSI back to the

original level (Fig. 6 Av,Bc). In addition, the VSI spikes during the
swim bursts once again originated in the distal pedal ganglion.
These results suggest that the compensation for the loss of the
distal spike initiation zone is an increase in the excitation of VSI
in its proximal spike initiation zone.

Synaptic changes can account for the recovery

We examined the synaptic connections among the CPG neurons to
see whether there were changes that correspond to the recovery of
bursting activity. The Tritonia swim CPG is a network oscillator;
none of the CPG neurons exhibits endogenous bursting properties.
Rather, rhythmic bursting is an emergent property of the network
(Getting, 1989). A modeling study pinpointed the excitation of VSI
by C2 as one of the key synapses that is necessary for the CPG to
produce rhythmic bursting (Calin-Jageman et al., 2007). As noted



13122 - J. Neurosci., October 21,2009 - 29(42):13115-13125 Sakurai and Katz * Functional Recovery after Lesion of a (PG

Normal Saline

A Control

i
VSI

High Divalent
Cation Saline

C210 Hz

B Qut
i

VSi

W

C2 10 Hz

C210Hz

C210Hz

C 15 hrs after cut

I T S @e

Vsl VSl s 2 sec vs|
\
N N \
C2 10 Hz C210 Hz /'
4_ -
D E )
o VL\
E 8 4 < 34
~ c 2
8 €71 1 o 17
= 2 0+
2 & 4
o S
o 2 - c
2, 1" 5] =2
>0 4
Before <2 15-20 Before <2 15-22
cut hrs hrs cut hrs hrs

Figure7. The change in the synapticaction of (2 onto VSl after cutting PdN6. In A—C, the membrane potential response of VSl toa (2 burstin normal saline (4) or in Hi-Di saline (ii). The locations
and the strength of the (2 action onto VSI and the direction of action potential propagation in the VSI axon are shown schematically in iii. A, With PdN6 intact, (2 excited VSl in the distal pedal
ganglion. (2 stimulation (10 Hz, 2 s) induced a delayed burstin VSI (i). Action potentials are truncated to show underlying potential. Inset, Overlaid traces of VS| spike and the nerve impulses recorded
from PdN6, showing that the (2-evoked VS| action potentials were antidromic (i, dotted arrow) (compare Fig. 2). When the action potential firing threshold was raised by Hi-Di saline (if), (2
stimulation produced a biphasicmembrane potential change in VSl with initial depolarization and subsequent hyperpolarization. B, Inmediately after the cut, the effect of C2 was similar to A in Hi-Di
saline (if), but it did not evoke VSl firing in normal saline (). The inhibitory action was dominant in the synaptic action of (2 onto VSI on the proximal side of the cut. C, The (2-evoked excitation
recovered after 15 h (f). The action potentials were orthodromic (inset). In Hi-Di saline, the depolarizing component became larger in the (2-evoked response in VSI (ii). D, A bar graph showing the
VS| spike frequency evoked by (2 stimulation (10 Hz for 2 s) before the nerve cut (N = 16), within 2 h after the cut, and the next day (15-20 h) after the cut (N = 5). VSI did not fire any action
potentials in response to (2 stimulation within 1 h of cutting PdN6 in any of the preparations examined (N = 16). E, Increase of depolarizing component in the C2-evoked synaptic potential in VSI.
Abar graph shows the amplitudes of the depolarizing and hyperpolarizing responses evoked by (2 stimulation (10 Hz for 2— 4 s) in Hi-Di saline. The peak and trough values were measured before
the nerve cut (N = 12), <2 h after the nerve cut (V = 8), and from 15 to 22 h after the nerve cut (N = 10). The mean value of the depolarizing responses recorded next day (15-22 h) was
significantly larger than the previous two responses as indicated by asterisks ( p << 0.05, by Student’s t test). In contrast, there was no significant difference in the hyperpolarizing responses among
the three ( p > 0.1, by Student's ¢ test). Error bars indicate SEM.

before, in all preparations examined, C2 excited VSI in the distal pedal
ganglion producinga burst of 2-26 action potentials with spike frequen-
ciesfrom 1to 11 Hz (N = 16) (Figs. 2Ci, 7Ai). This excitation was lost in
all preparations when PdN6 was blocked by TTX (N = 4) or cut (N =
12) (Fig. 7Bi,D). Thus, during the time when the swim motor pattern is
impaired, a key source of synaptic excitation to VSI is lost.

To better examine the C2-to-VSI synapse, we bathed the
preparation in high divalent cation saline, which elevates the
threshold for action potential firing. This had two relevant con-
sequences: it decreased the contribution of polysynaptic compo-

nents to the synaptic potential and it prevented the C2 and VSI
spikes from traversing the intact PAN6. Under these conditions,
with PANG6 intact, the C2-to-VSI synapse was found to be primar-
ily inhibitory (Fig. 7Aii). We often observed two synaptic com-
ponents: an initial small depolarization followed by a larger,
more prolonged hyperpolarization.

After cutting PANG, the effect of C2 on VSI in high divalent
cation saline was relatively unchanged (Fig. 7Bii). The shape of
the synaptic potential was very similar to what was observed in
normal saline after cutting PAN6 (Fig. 7Bi). Thus, the synaptic
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connection from C2 to VSl is primarily inhibitory before cutting
PAN6 and this does not change immediately on cutting the
commissure.

When the C2-to-VSI synapse was tested the day after the tran-
section of PAN6, C2 once again depolarized VSI. In 5 of 15 prep-
arations, C2 stimulation (10 Hz, 2 s) evoked VSI firing but its
frequency is significantly lower than the average of control re-
sponses (p < 0.01 by Student’s t test) (Fig. 7Ci,D). Unlike the
intact condition, the VSI spike arose in the proximal ganglion
(Fig. 7Ci, inset). In high divalent cation saline, the C2-evoked
synaptic potential switched to a predominantly slow excitatory
potential (Fig. 7Cii). The peak amplitude of this depolarizing
potential recorded the day after the transection was significantly
larger than that evoked before or immediately after the cut (Fig.
7E, brackets). Thus, the functional connection from C2 to VSI in
the proximal pedal ganglion switched from being predominantly
inhibitory to predominantly excitatory during the recovery pe-
riod after disconnection of the distal pedal ganglion. This change
in the sign of the synapse could be responsible for the recovery of
the swim motor pattern.

The excitation of VSI by C2 in the proximal pedal ganglion
was not as strong as the original excitation in the distal pedal
ganglion. The spike frequency evoked by a C2 spike train (10 Hz,
2 s) was significantly lower after recovery from disconnection
(p < 0.05 by Student’s ¢ test) (Fig. 7D). This decrease in the
frequency of the C2-evoked VSI firing appeared to reflect the
decrease in VSI spike frequency during the recovered swim motor
pattern (Figs. 5, 6).

Discussion

In this study, we severed connections within the CPG circuit for
the escape swim behavior of Tritonia by cutting one of the pedal—
pedal commissures and found that it impaired the ability of the
animal to exhibit the swimming behavior. Cutting this commis-
sure or blocking action potential propagation along it also pre-
vented the production of the fictive motor pattern in isolated
brain preparations. This functional impairment is at least partly
attributable to the loss of excitation from C2 to VSI in the pedal
ganglion distal to the lesion; modeling studies showed that this
C2-evoked VSI excitation is critical for the motor pattern gener-
ation (Calin-Jageman et al., 2007). Both the behavior and the
fictive motor pattern recovered within 20 h of creating the lesion.
This recovery occurred without reconnection of the transected
commissure but was associated with a change in the sign of the
C2-to-VSI synaptic potential; going from inhibitory to excitatory
in the ganglion proximal to the lesion. The present results suggest
that synaptic plasticity within the Tritonia swim CPG may under-
lie the behavioral recovery after the lesion of the CPG.

There have been many studies describing recovery of behav-
ioral function after injury in both peripheral and central nervous
systems. In peripheral nerves, axonal regrowth through the in-
jured area is critical for the recovery of peripheral function (Ide,
1996; Johnson et al., 1999). In the CNS, however, regeneration
and regrowth generally do not occur. It has been suggested that,
in mammalian cortex, the entire cortical network participates in
the recovery process rather than depending on the axonal re-
growth in the damaged area (Nudo, 2006; Cramer, 2008). In the
transected spinal cord, the neural circuitry below the lesion can
generally reproduce hindlimb locomotion after training (Bar-
beau and Rossignol, 1987; Rossignol et al., 2009). It has been
suggested that biochemical changes at the cellular level underlie
some degree of recovery (Edgerton et al., 2004). More recently,
Barriere et al. (2008) showed that, after partial spinal cord lesion,
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the spinal CPG below the lesion also participates in the recovery
of locomotion since, after an additional complete section, cats
can reexpress locomotion within 24 h. Thus, the removal of cer-
tain pathways produces specific motor deficits, but the CPG and
other intact pathways are still able to optimize remnant motor
functions (Rossignol et al., 2009).

Our results indicate that functional recovery in the Tritonia
swim CPG appears to involve network reorganization; there is a
change in the synaptic action between the interneurons in the
circuit and no regeneration across the lesion site. The time course
of recovery (several hours) is much faster than reported in verte-
brate systems, which recover over the course of days to weeks.
Although significant axonal growth is unlikely in this system,
there could be sprouting of fine processes during this time, which
may underlie the synaptic changes we observed.

Role of multiple spike initiation zones in functional recovery
In this study, we found that VSI has at least two spike initiation
zones, which can independently integrate synaptic input. During
the course of a swim motor pattern, we observed action potentials
originating in either zone. There have been many examples of
neurons with multiple spike initiation zones in invertebrate ner-
vous systems (Calabrese and Kennedy, 1974; Meyrand et al.,
1992; Zecevi¢, 1996; Baccus et al., 2001; Masino and Calabrese,
2002) and also in mammals (Kolta et al., 1995; Beloozerova and
Rossignol, 1999; Lazarewicz et al., 2002).

We propose that recovery of function in Tritonia involves a
change in functional connectivity such that the proximal synaptic
integration site becomes more excitatory when the distal site is
lost. The presence of multiple spike initiation zones makes the
circuit more flexible by providing a locus of plasticity that can
compensate the loss of synaptic connections. It is possible that
neurons with multiple spike initiation zones in other systems
may also be able to switch sites of excitation and that this might
play a key role in the recovery of neural circuit functions after a
loss of synaptic connections by injury.

Resolution of a discrepancy

In previous studies of the Tritonia swim CPG, little attention was
paid to the multiple spike initiation zones or to the role of the
pedal-pedal commissures, PAN5 or PAN6. In fact, in most exper-
iments conducted before 1993, the commissures were not rou-
tinely preserved during the dissection (A. O. D. Willows and
W. N. Frost, personal communication). However, all of the CPG
neurons have axons that project through one of these two com-
missures (Newcomb et al., 2006; Hill and Katz, 2007). We have
shown in this study that C2 and VSI not only make synaptic
connections in both pedal ganglia through PdN6 but that VSI
receives important excitatory input in the distal ganglion.

This may help resolve discrepancies in the literature regarding
the nature of the synapse from C2 to VSI. When this synapse was
first described, it was said to be purely excitatory, producing de-
layed excitation (Getting, 1983). However, when this synapse was
remeasured in another study, it was found to be primarily inhib-
itory, with an initial excitatory component, similar to what we
observed with the commissure intact in this study (Calin-
Jageman et al., 2007). A parameter space analysis revealed that
this synapse must be excitatory in order for the CPG to produce
rhythmic activity. The resolution to the discrepancy is that the
previous experiments by Getting (1983) were probably per-
formed in preparations that had already recovered from cutting
the commissure; the purely excitatory synaptic potentials [Get-
ting (1983), their Fig. 6] look very similar to those that we ob-
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served 15 h after cutting PAN6 (Fig. 7C). In contrast, the synaptic
potentials reported in the later experiments by Calin-Jageman et
al. (2007) were made with the commissure intact. Thus, the re-
searchers may have been examining different states of the same
circuit.

Potential mechanisms underlying the recovery

There is a growing realization that neural circuits maintain their
activity patterns through homeostatic plasticity (Turrigiano,
1999; Davis, 2006; Marder and Goaillard, 2006). In the crusta-
cean stomatogastric ganglion, it has been shown that decentrali-
zation caused by removing the extrinsic neuromodulatory inputs
impairs the production of rhythmic activity, but a stable new
activity pattern spontaneously recovers within hours to days
(Thoby-Brisson and Simmers, 1998, 2002; Luther et al., 2003).
Moreover, the long-term action of neuromodulatory inputs and
the regulations of Ca™ and K™ conductances were suggested to
underlie the spontaneous homeostatic recovery of oscillatory ac-
tivity (Haedo and Golowasch, 2006; Zhang et al., 2009). In the
case of Tritonia, it is not clear what homeostatic signal could
convey the need to reorganize the CPG because the swim CPG is
not persistently active. We do not know whether the disruption of
ongoing nonrhythmic activity plays a role in triggering the recov-
ery process or whether the absence of the swim motor pattern on
nerve stimulation initiates the recovery. It is clear that injury itself
is not a cue for the recovery because simply blocking action po-
tential propagation through the commissure is sufficient to pre-
vent the swim and initiate the recovery.

We showed in this study that the functional recovery of the
swim CPG is much more rapid than the recovery from injury in
other systems. Yet, several studies have reported similar quick
switching of the synaptic input from inhibitory to excitatory or
vice versa. For example, the synaptic terminals of sympathetic
neurons in mammalian heart switch from excitatory to inhibi-
tory by changing the dominant neurotransmitter from norepi-
nephrine to acetylcholine in response to a neurotrophine action
(Yang et al., 2002; Slonimsky et al., 2003). In immature mouse
hippocampus, synaptic inputs onto pyramidal cells and interneu-
rons exhibit a shift from phasic inhibitory synaptic input to a
dominant phasic excitation before the epileptic seizure in a few
seconds (Derchansky et al., 2008). Another potential mechanism
for the synaptic reversal may be a change in the reversal potential
for the ionic conductance. Inhibitory synapses can become exci-
tatory if the reversal potential for Cl ™ is shifted to a more positive
potential. This can occur by downregulation of Cl ~ transporters,
as was observed in response to spinal cord injury (Lamsa and
Taira, 2003; Payne et al., 2003; Lu et al., 2008; Vinay and Jean-
Xavier, 2008). This could be a component of the recovery re-
sponse because it recapitulates an earlier developmental state
(Jean-Xavier et al., 2006, 2007). Additional studies are needed to
test the cellular mechanisms of synaptic reorganization in the
Tritonia swim CPG.

In conclusion, our results show that the Tritonia swim CPG
undergoes adaptive plasticity in response to loss of important
synaptic connections. Thus, the nature of the network properties
of this CPG may be more plastic and less hardwired than previ-
ously realized. In this study, we examined only a specific synaptic
interaction and suggested that the reversal in the polarity of its
action may partly underlie this functional recovery by compen-
sating the loss of synaptic excitation by the lesion. Similar changes
may occur at other loci in the circuit in addition to the C2-to-VSI
synapse. Understanding the mechanisms for recovery of behav-
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ioral function will provide insight into mechanisms underlying
spontaneous recovery in more complicated nervous systems.
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