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ASTING CHANGES IN A NETWORK OF INTERNEURONS
FTER SYNAPSE REGENERATION AND DELAYED RECOVERY
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bstract—Regeneration of neuronal circuits cannot be suc-
essful without restoration of full function, including recov-
ry of behavioral plasticity, which we have found is delayed
fter regeneration of specific synapses. Experiments were
esigned to measure neuronal changes that may underlie
ecovery of function. Sensitization of the leech withdrawal
eflex is a non-associative form of learning that depends on
he S-interneuron. Cutting an S-cell axon in Faivre’s nerve
isrupted the capacity for sensitization. The S-cell axon re-
enerated its electrical synapse with its homologous cell
fter 3–4 weeks, but the capacity for sensitization was de-
ayed for an additional 2–3 weeks. In the present experiments
nother form of non-associative conditioning, dishabituation,
as also eliminated by S-cell axotomy; it returned following

egeneration. Semi-intact preparations were made for behav-
oral studies, and chains of ganglia with some skin were used
or intracellular recording and skin stimulation. In both prep-
rations there was a similar time-course, during 6 weeks, of a
esion-induced decrease and delayed restoration of both S-
ell action potential threshold to depolarizing pulses and
-cell firing in response to test stimuli. However, the ability of
ensitizing stimuli to decrease S-cell threshold and enhance
-cell activity in response to test stimuli did not fully return
fter regeneration, indicating that there were lasting changes
n the circuit extending beyond the period necessary for full
ecovery of behavior. Intracellular recordings from the axo-
omized S-cell revealed a shift in the usual balance of exci-
atory and inhibitory input, with inhibition enhanced. These
esults indicate that loss of behavioral plasticity of reflexive
hortening following axotomy in the S-cell chain may be
elated to reduced S-cell activity, and that additional pro-
esses underlie full recovery of sensitization of the whole
ody shortening reflex. © 2007 IBRO. Published by Elsevier
td. All rights reserved.

ey words: leech, learning, plasticity, reflex, axotomy, repair.
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or full recovery from damage to the nervous system it has
een thought since the time of Cajal that severed axons
nd disrupted synapses must regenerate (Ramón y Cajal,
928), but reliably achieving this continues to be a major
roblem (Houle and Tessler, 2003; Dobkin, 2007). Al-
hough accurate repair is challenging in the mammalian
NS, it is strikingly successful in the CNS of the leech

Nicholls, 1987). Yet even in the leech it has been found
hat recovery of a simple form of learning, sensitization of
eflexive shortening, is delayed for weeks after precise
egeneration of a single key axon and its synapse (Burrell
t al., 2003). The delay is presumably because during the
eriod of denervation, changes in neurons and their con-
ections occur that must be reset once regeneration is
omplete, but this hypothesis has not been tested.

In diverse species axotomy can produce a cascade of
hanges both within the injured neuron and trans-synapti-
ally in other neurons in central pathways. Axotomized
otoneurons, for example, undergo a characteristic se-
uence of electrophysiological and structural changes al-
ering their synaptic input and may not recover until after
ach severed axon regenerates its synaptic connections
ith denervated muscle (Blinzinger and Kreutzberg, 1968;
uno and Llinás, 1970a,b). Interestingly, those changes
ay be quite different for adults and neonates (Mentis et
l., 2007). In addition to retrograde changes affecting the
xotomized neuron’s dendritic inputs, there may be a cas-
ade of orthograde changes within central circuits, includ-

ng degenerative changes (Cowan, 1970), which have also
een identified in the leech (Jansen et al., 1974). Func-
ional changes may be a consequence of alterations in
euronal structure (Dickson et al., 2007) and connectivity
Koerber et al., 2006), and they may involve alterations in
olecular properties including of transmitter receptors

Eleore et al., 2005).
Because of the complex nature of recovery of behavior

nd particularly plastic behavior in mammals following
NS injury (Dobkin, 2007), it has been useful to study the

ink between regeneration of specific synapses and the
ecovery of simple learning in the leech. The system of
-interneurons in the leech, which receives sensory input
nd excites motoneurons involved in reflexive shortening,

s crucial for sensitization of reflexive shortening, but it is
vidently not required for shortening itself. Sensitization, or
nhancement, of reflexive shortening in response to a
eak test stimulus arises following a stronger, sensitizing
timulus which would be considered noxious. The re-
ponses to test stimuli themselves habituate, or decline,

ither without the sensitizing stimulus or if just one S-cell

ved.
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as been killed or had its axon cut (Sahley et al., 1994;
odney et al., 1997). Habituation reverses after a stimulus

ike that used to produce sensitization, a process called
ishabituation. Dishabituation is reportedly only partially
educed by killing the S-cell in the same segment as the
est stimulus (Sahley et al., 1994), but the effect on disha-
ituation of S-cell axotomy at a distance from the test
timulus has not been examined. Although the capacity for
ensitization is restored after regeneration of the axon
Modney et al., 1997), it was found that the behavioral
ecovery is delayed by weeks following the return of high-
requency conduction of action potentials along the S-cell
hain (Burrell et al., 2003). Experiments in the present
aper were designed to reproduce these findings with a
ew preparation more suitable for electrophysiological re-
ording and to determine whether changes in electrophys-
ological properties of the S-cells and their network could
ccount for the delay in recovery. It was hypothesized that
he system would reset to the original cellular and synaptic
roperties to restore full function.

EXPERIMENTAL PROCEDURES

nimals, surgery and recording

dult Hirudo leeches, 3 g in body weight, were purchased from a
ommercial supplier (Leeches USA, Westbury, NY, USA) and
aintained together in artificial pond water, pH 7.4, at 20 °C. For
xperiments, animals were dissected on ice for anesthesia, and
he U.S. Public Health Service (PHS) Policy on Humane Care and
se of Laboratory Animals for invertebrates was followed. For
urgery to axotomize the S-cell, animals were anesthetized in 8%
thanol in pond water, the ventral sinus was opened and the small
undle of �100 axons containing the S-interneuron axon (Faivre’s
erve) was cut using the tip of a 26 gauge hypodermic needle as
escribed (Modney et al., 1997), except that for greater separation
f stimulation sites the lesion was anterior to ganglion 9 (S9)
ather than ganglion 7. An initial series of experiments in which
ucifer Yellow dye (5% in 0.1 M LiCl) was injected into the le-
ioned S-cell body or its axon, to label the cell and show the extent
f its processes and electrical connections, confirmed earlier work
howing that the surgical procedure cut the S-cell axon. Leeches
ere then randomly divided into groups and allowed to recover for
arying time periods from 1 to 6 weeks.

In preparation for dissection and experiments, animals were
nesthetized at 4 °C in ice-cold pond water, and the U.S. Public
ealth Service (PHS) Policy on Humane Care and Use of Labo-

atory Animals for invertebrates was followed. The number of
nimals used and their suffering were therefore minimized. A
chematic representation of the experimental preparation is pre-
ented in Fig. 1. For behavioral experiments, the preparation
ncluded the head and initial 11 segments intact to measure
eflexive shortening via a tension transducer; ganglia 12–13 with
ssociated segmental nerves (roots) were exposed. The prepa-
ation was pinned to a layer of cured Sylgard 184 silicone rubber
n a dish filled with leech physiological saline (in mM: NaCl, 110;
Cl, 4; CaCl2, 1.8; Hepes, 10; pH 7.4). A monofilament nylon
uture thread (Ethilon, Ethicon Inc., Somerville, NJ, USA) con-
ected the anterior sucker to a force transducer (Astromed/Grass

nstruments, West Warwick, RI, USA) to measure the magnitude
f the reflexive whole-body shortening response. Action potentials
ere recorded with a suction electrode attached to the connec-

ives posterior to ganglion 13. Test and sensitizing stimuli were

elivered through fine Teflon-coated silver wires (Medwire, Mount b
ernon, NY, USA) attached to the skin in segments 4–5 and 10,
espectively, and bared at the skin surface (Fig. 1A).

Behavioral training (sensitization of the shortening reflex) was
one by the procedures described previously (Sahley et al., 1994;
urrell et al., 2003). In brief, the test stimulus was a 3 ms square
ulse at 1 V above the threshold level for inducing whole body
hortening, while the sensitizing stimulus (two trains of 10 pulses
er train) was 3 V above the same threshold value. At the con-
lusion of behavioral experiments and during electrophysiological
xperiments, the propagation of action potentials along S-cell
hain was measured with intracellular recording in combination
ith extracellular recording and stimulation to determine whether

he severed axon had regenerated its connection with the adja-
ent S-cell from ganglion 8 (Fig. 2).

For microelectrode recordings, a ventral nerve cord from seg-
ents 3 through 12 was isolated, the blood sinus was removed
nd suction electrodes were applied to both ends of the nerve
ord. A pair of silver wires was attached to the skin of segment 4
o deliver test stimuli and another pair attached to deliver sensi-
izing stimuli to segment 11 (Fig. 1B). Microelectrode recordings
ere made variously from the S-interneuron in ganglion 9 (S9),

rom the S-cell in ganglion 4 (S4), and in some experiments from
he touch (T) and pressure (P) sensory neurons in ganglion 4. For
ntracellular recording from S4, the skin remained attached to one
ide, to which the test stimulation was given. Standard thin-walled
lass microelectrodes (30-30-0, Frederick-Haer, Bowdoinham,
E, USA) with tip resistance of 15–25 M� when filled with 3 M
otassium acetate and high-impedance negative-capacitance
mplifiers were used for registering both membrane potentials and
urrent injections. Excitability of the S-interneuron was measured

ig. 1. Schematic diagrams of the preparations. (A) Preparation used
or behavioral experiments consisted of the head and initial 11 seg-
ents. These were intact and, in response to a test stimulus applied
nteriorly, exhibited reflexive shorting as measured with a tension

ransducer. The stronger, sensitizing stimuli were delivered to silver
ires tied to the body wall of segment 10. Activity of the S-cell was
onitored with a suction electrode applied to the connectives posterior

o ganglion 13. (B) Ganglion 12 was exposed and a suction electrode
ttached to the posterior connectives for recording S-cell activity. For

ntracellular recording from the S-cell and from sensory neurons in
anglion 4, the skin remained attached to one side, to which the test
timulation was delivered.
y determining the current that elicited a single action potential.
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ntracellular signals were filtered with a low-pass 4302 Dual 24
B/octave filter (Ithaco, Ithaca, NY, USA) and amplified using an
xoClamp 2B amplifier (Axon Instruments, Union City, CA, USA).
xtracellularly recorded signals were amplified with a P5 AC-coupled
reamplifier (Grass-Telefactor, West Warwick, RI, USA). To inject
urrent, we used a 20 ms current pulse at the amplitude that elicited
single action potential within the first 10–15 ms of the pulse. This

mplitude of a 20 ms pulse was considered as threshold amplitude
nd used as a measure of each cell’s excitability. Another mea-
ure of cell excitability was the number of action potentials gen-
rated by a 200 ms depolarizing pulse (averaged over three
onsecutive pulses) at the same amplitude as a threshold for a 20
s pulse (Burrell et al., 2001). A 200 ms hyperpolarizing pulse
as used to monitor the S-cell input resistance. A dual-output S88
timulator (Grass-Telefactor) with SIU5 stimulus isolation units
Grass-Telefactor) were used for intra- and extracellular stimula-
ions.

Data were digitized using a Digidata 1322A interface and
ollected with Axoscope9 (Axon Instruments). All chemicals were
urchased from Sigma-Aldrich (St. Louis, MO, USA).

tatistics

epeated-measures analysis of variance (ANOVA) (behavioral
ata, thresholds; number of action potentials generated during
00 ms depolarizing pulses) or repeated-measures Poisson re-
ression (number of action potentials (Littell et al., 1996)) was
sed for the analysis of differences between independent and
ependent variables and a least squares test was used for post
oc analyses of significant main effects and interactions (SAS
.1.3, SAS Institute, Cary, NC, USA). Paired t-test was used to
ompare the effect of noxious stimulation on habituating animals
nd chi-square test for independence was used to determine an
ssociation between the variables in experimental groups and
ither time after axotomy or incidence of subthreshold synaptic
esponses to the posterior connective stimulation (InStat, Graph-
ad Software, San Diego, CA, USA). The differences were con-
idered significant if P�0.05. Data are expressed as mean�S.E.M.
he mean number�S.E.M. of S-cell action potentials was deter-
ined as an exponential (ex) of the least squares mean

x)�S.E.M. calculated during a Poisson regression analysis of

ig. 2. Intracellular recording to measure conduction along the S-ce
anglion 9 and stimulating through suction electrode one on anterior
esponse to anterior connective stimulation in Sham-operated anim
ropagated along the chain and into the soma of S9. (B) In axotomized
electrode 1) propagated into S4 (data not shown) but not through th
ossible to elicit action potentials. (C) In 1 of 13 animals in the Early Re
t higher threshold, EPSPs activated action potentials, but with a gre
ction potentials in S4 (not shown), confirming regeneration of the S9 a
ere �42–44 mV in A, C, and D and �54 mV in B. Different artifact
xperimental data. a
RESULTS

-cell axotomy disrupts capacity for sensitization,
hich is delayed after regeneration

s a first step toward determining possible mechanisms
nderlying delayed recovery of the capacity for sensitiza-
ion following regeneration of the S-cell axon, measure-
ents were made to determine whether the phenomenon
f recovery with a delay was replicable following the sur-
ical axotomy used in initial studies of S-interneuron re-
eneration (Modney et al., 1997). Sensitization training
aused an increase of touch-elicited whole body shorten-

ng in sham-operated animals (Fig. 3A, filled circles). In
ontrast, leeches in the habituation control group, which
id not experience the sensitizing stimulation, showed a
ecrease in responding to the repeated touch stimulus,
hus they habituated (open circles; group effect, F(1,4)�
.03, P�0.05). Strong stimulation like the sensitizing stim-
lus but delivered following the repeated test stimuli reversed

he effect of habituation (dishabituation) on the whole body
hortening reflex (paired t-test, P�0.05), as previously re-
orted (Sahley et al., 1994; Burrell et al., 2001).

The process of habituation to repetitive stimulation of
kin is a common occurrence even for animals that have
xperienced sensitizing training (Burrell et al., 2001). For
hat reason, a decrease in response to the test stimulation
ue to habituation may be accounted for when assessing
he behavioral responses in experimental groups (sensi-
izing training). The correction for the decline due to habit-
ation results in the mean normalized sensitization (MNS),
hich is the difference between the experimental response
mplitude and that of habituation control leeches, each
veraged for the corresponding block and calculated as a
ercentage of baseline. The MNS showed the net aug-
entation resulting from sensitization in sham-operated

onfiguration as in Fig. 1B, with intracellular recording from S-cell in
es at the time indicated by the artifact at the start of each trace. (A)
ich threshold for the S-cell axon was low and the impulse rapidly
animals, action potentials generated by the anterior suction electrode
so that only with stronger stimulation producing EPSPs in S9 was it
n group, from 4 to 5 weeks, there was intermittent through-conduction;
. Conversely, posterior connective stimulation could directly activate

Preparation in which the S9 axon had regenerated. Resting potentials
es do not indicate different stimulus strengths.
ll chain. C
connectiv
al, in wh
(Lesion)

e lesion,
generatio
ater delay
xon. (D)
nimals (Fig. 3A, filled squares).
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In contrast, severing the S-cell axon by cutting Faivre’s
erve eliminated the ability of leeches to show sensitiza-

ion of the reflex, as previously reported (Modney et al.,
997). Similar experimental protocols and MNS calculations
ere made for the leeches 2 weeks (Fig. 3B), 3 weeks (data
ot shown), and 6 weeks (Fig. 3C) following axotomy. The
NS for each of these experimental groups is shown in D.
his normalization reveals that 2- and 3-week axotomized
nimals completely lost their capacity for sensitization, which
ully recovered 6 weeks after the axotomy.

As shown in Fig. 3A–C, a similar sequence involving
oss and restoration of dishabituation occurred. Although
ome loss of the capacity for dishabituation had been
reviously reported following injury, the loss was incom-
lete (Sahley et al., 1994); in those studies the sensitizing
nd dishabituating stimuli were more anterior, in the same

ig. 3. The amplitudes of shortening responses to test stimuli as a pe
ndividual responses were averaged in four blocks of five consecutive
xperienced the sensitizing stimulus immediately following the tests o
ontrol group did not receive this sensitizing stimulus, but received an
he group receiving sensitizing training (filled circles) and the control
arious symbols in D, as indicated in the inset.
egment as the test stimulus. h
An alternative way to analyze the sensitization data
as to compare the behavior of those animals during the

ecovery period according to whether conduction of im-
ulses along the S-interneuron chain had been restored
nd whether the capacity for sensitization of reflexive
hortening had returned. Fig. 4 shows, as in Fig. 3, the
esponses of animals in the Sham-operated group. In
ddition, animals tested during the period of recovery,
– 42 days after axotomy, were divided into three
roups: the Lesion group, in which no physiological
onnection between the S-cells on either side of the

esion had occurred, the Intermediate group, in which a
hysiological connection with impulse conduction be-

ween S-cells was re-established, but the capacity for
ensitization had not returned, and the Recovery group,

n which both conduction and capacity for sensitization

of baseline contraction (indicated by a broken line at 100%) �S.E.M.
s (abscissa, blocks 1 through 4). Leeches in each experimental group
e responding (indicated by the downward arrows). Leeches in each
timulus after block 4 (upward arrows). In A–C, data are presented for

pen circles). The MNS is presented as filled squares in A–C and as
rcentage
response
f baselin

identical s
ad returned.
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The repeated-measures ANOVA revealed a significant
ffect of treatment group (F(3,185)�21.85; P�0.001), but
o significant effect of trial block (F(4,185)�0.41; P�0.80).
owever, the analysis did reveal a significant group�trial

nteraction (F(12,185)�1.88; P�0.05). A least squares
eans post hoc analysis of the group�trial interaction
emonstrated that as a result of sensitization training, only

ig. 5. Regeneration of the S-cell axon preceded recovery of capacity
or sensitization. Animals in each weekly timeframe (1–6 weeks fol-
owing axotomy) were divided according to their behavioral and phys-
ological characteristics—whether conduction was interrupted (LESION)
r restored without recovery of sensitization (Intermediate, INTER), or
as restored with recovery of capacity for sensitization (Recovery,
ECOV). The number of animals in each category (above each bar)
as plotted across time from axotomy (1, 2–3, 4–5, or 6 weeks).
hi-square test for independence revealed that the variables in the

ig. 4. The amplitudes of reflexive shortening, as a percentage of
aseline contraction (indicated by broken line at 100%)�S.E.M, pre-
ented according to condition and time relative to axotomy. Thus
hams were without axotomy, Lesions were those without S-cell axon

egeneration, Intermediate were those with functional S-cell axon re-
eneration but without capacity for sensitization of the whole-body
hortening reflex, and Recovery were those with both functional S-cell
xon regeneration and capacity for sensitization. The individual short-
nings following sensitizing stimulation (delivered after baseline stim-
lation, as indicated by arrow) were grouped in four blocks of five
onsecutive responses (abscissa, blocks 1 through 4).
roups of axotomized animals were significantly associated to the time
fter axotomy (P�0.0001).

P

nimals in the Sham and Recovery groups showed a
ignificant increase in responding. For Sham animals the
ignificant increase in responding was evident in block 1
nd remained elevated throughout subsequent training
Sham-baseline vs. blocks 1–4, P�0.01). The sensitiza-
ion-induced increase in responding for animals in the
ecovery group did not appear until block 2 and then
eclined by blocks 3 and 4 (Recovery-baseline vs. block 2,
�0.02; baseline vs. other blocks not different; Fig. 4).

These results were consistent with previous work (Bur-
ell et al., 2003) showing that cutting the axon of a single
-cell disrupts the capacity for sensitization of whole-body
hortening and that the capacity returns after a delay of
everal weeks. The behavioral recovery was not coinci-
ent with the reconnection of the S-cell with its synaptic
arget (3–5 weeks following axotomy), the axon of the
ingle S-cell in the adjacent ganglion, but rather occurs at
ome later time. Fig. 5 shows that the number of animals
alling into the Lesion category decreased across time (100%
t 1 week, 70% at 2–3 weeks, 16.7% at 4–5 weeks and 0%
t 6 weeks), whereas the number of animals in the Recovery
ategory increased over time (0% at 1 week, 0% at 2–3
eeks, 25% at 4–5 weeks and 100% at 6 weeks). Signifi-
antly, leeches falling into the Intermediate category did not
ppear until 2–3 weeks following axotomy, increased at 4–5
eeks following axotomy and were no longer observed at 6
eeks. The correlation between time following injury and the
xtent of recovery indicates that time can be used in conjunc-

ion with electrophysiology to predict likelihood of behavioral
ecovery of the preparation (see below).

ehavioral training, with or without axotomy, does
ot change sensory neuron excitability or response
o skin stimulation

n order to locate changes in the S-cell circuitry that might
nderlie changes in the reflex associated with behavioral
ensitization, an important step was to determine whether
ensitization affected mechanosensory neuron firing in re-
ponse to cutaneous stimulation and excitability, and
hether there was a change following surgery. To address

his, the excitability of sensory T- and P-cells in midbody
egmental ganglion 4 (Table 1) and their responses to test
timulation of the skin of that segment (Table 2) were

able 1. Thresholds for activation of T- and P-sensory neurons by 20
s depolarizing current pulses (nA)

SHAM Lesion Regeneration

-cells 1.11�0.16 1.08�0.16 1.11�0.11
-cells 1.13�0.18 1.08�0.15 1.12�0.15

able 2. Number of action potentials recorded in T- and P-sensory
eurons in response to test stimulation of skin

SHAM Lesion Regeneration

-cells 0.65�0.43 1.69�0.34 1.45�0.27

-cells 1.04�0.42 1.40�0.39 1.84�0.39



m
u

a
n
l
f
1
t
t
e
1
b
i
t
2
0
d
b
c
b
n

A
i

E
c
s
2
r
c
w
p
w
r

i
p
p
t
c
r
o
w

t
d
f
m
P
i
d
t
u
S
S
b
a
n
r
1
(
0
t
s
b
S
f
c
f

t

F
p
a
t
t
s
s
r
t
f

F
c
s
a
W
t
a

A. K. Urazaev et al. / Neuroscience 150 (2007) 915–925920
easured in both control and axotomized animals that
nderwent sensitizing training.

Neither the threshold for the activation of sensory T-
nd P-neurons by a 20 ms depolarizing pulse nor the
umber of action potentials generated by a 200 ms depo-

arizing pulse was affected by sensitizing training (ANOVA
or threshold: group effect F(5,44)�0.02, P�1.00 [Table
], trial effect F(5,172)�2.01, P�0.08; group�trial interac-
ion F(25,172)�1.05; P�0.41; Poisson regression for ac-
ion potentials: group effect F(5,48)�1.10, P�0.37, trial
ffect (3,126)�2.35, P�0.08, group�trial interaction F(15,
26)�1.54, P�0.10, data not shown). In addition, the num-
er of action potentials produced in the T- and P-neurons

n response to skin stimulation was not affected by sensi-
izing training (Poisson regression: group effect F(5,108)�
.09, P�0.07 (Table 2), trial effect F(3,108)�0.11, P�
.95; group�trial interaction F(15,108)�0.79, P�0.69,
ata not shown). These results indicate that the changes in
ehavior and in S-cell threshold and reflexive firing asso-
iated with axotomy and repair cannot be simply explained
y changes in sensory neuron excitability and responsive-
ess.

xotomy eliminates the ability of sensitization to
ncrease S-cell excitability

arlier work showing that S-cell axotomy eliminates the
apacity for sensitization (Burrell et al., 2003) and that
ensitizing stimuli increase S-cell excitability (Burrell et al.,
001) raised the question of whether axotomy of one neu-
on in the chain of S-cells would eliminate the usual in-
rease in excitability following sensitization. After animals
ere operated and allowed time to recover, they were
artially dissected as a reduced preparation (Fig. 1B). This
as used to measure excitability both as the threshold in

ig. 6. Excitability of the S-cell as measured by the number of action
otentials in response to a test stimulus. Although whether the S-cell
xon had been cut did not affect the baseline number of action poten-
ials to a test stimulus, the operation and the time for recovery affected
he response after the sensitizing stimulus. In Sham animals after a
ensitizing stimulus, the number of action potentials produced by a test
timulus increased significantly, whereas in lesioned animals before
egeneration (Lesion) the number dropped significantly, which was not
rue following regeneration. Asterisk (*) indicates significant difference
rom baseline at P�0.05.
esponse to a 20 ms pulse of depolarizing current injected
a
b

nto the soma and as the number of action potentials
roduced by a test stimulus. Identical measurements were
erformed in both the S9, whose axon was severed, and in
he distant S4. S4 was of particular interest since it re-
eived the greatest direct input from the sensory neurons
esponding to the test stimulation of the skin. The numbers
f impulses were measured intracellularly and confirmed
ith suction electrodes.

Fig. 6 shows that the number of baseline action poten-
ials, i.e. those in response to a test stimulus prior to
elivering the sensitizing stimuli, was not significantly dif-
erent among the groups (group effect for only baseline
easurements by Poisson regression: F(3,37)�1.34,
�0.28). For these measurements, intracellular record-

ngs for the Lesion group were made in S4, since it was
isconnected from S9, whereas after regeneration of S9 in
he Early Regen (i.e. early regeneration) group S9 was
sed directly, because its activity occurred one for one with
-cell activity in the anterior suction electrode. For the
ham and Late Regeneration groups, activity in either or
oth S-cells, S4 and S9, was used in conjunction with
nterior connective recordings and S4 and S9 activity were
ot different. The repeated-measures Poisson regression
evealed a significant group�trial interaction (F(12,170)�
.87, P�0.04) but no significant effect of treatment group
F(3,170)�1.06,P�0.37)orsignificanttrialeffect(F(4,170)�
.57, P�0.69). The least squares means post hoc test for
he group�trial interaction indicated that after a sensitizing
timulus, the number of S-cell action potentials produced
y a test stimulus increases significantly in blocks 1–3 in
ham animals (P�0.05), whereas in lesioned animals be-

ore regeneration (Lesion) the number dropped signifi-
antly in blocks 1 and 4 (P�0.05), which was not true
ollowing regeneration.

Fig. 7 shows that another measure of excitability, the
hreshold of S4, followed a similar pattern. There was no

ig. 7. Excitability of the S4 as measured by the magnitude of a 20 ms
urrent pulse required to bring the neuron to threshold. There was no
ignificant difference between baseline thresholds among the groups,
lthough there were differences following the sensitizing stimulus.
hereas in Sham controls the threshold dropped significantly in some

ime blocks following a sensitizing stimulus, this was not true of the
xotomized preparations, including the Late Regen(i.e. late regener-

tion) preparations. Asterisk (*) indicates significant difference from
aseline at P�0.05.



s
g
t
v
P
(
0
g
S
t
t
R
d
i
t
c
n
a
d
d
t
1
t
i

t
l
o
t
d
1
t
0
z
s
t
(

a
s
r
t
t
b
s
h
u
c
o
i
h
e
w

S
s

N
c
S

t
n
s
d
s
t
S
p
i
t
m
P
T
b
p
(
i
p
i
s
m
t
a
i
e

S
d

S
F
e
w
s
a
a
v
c
t
t
s

i
c
t
S
t
r
n
s
d
2
e
c

t
s
t
t

A. K. Urazaev et al. / Neuroscience 150 (2007) 915–925 921
ignificant difference between baseline thresholds among the
roups, although there were differences following the sensi-
izing stimulus. In fact, the repeated-measures ANOVA re-
ealed a significant group�trial interaction (F(15,186)�1.88,
�0.028) but no significant effect of treatment group

F(93,186)�2.4,P�0.07)orsignificanttrialeffect(F(5,186)�
.67, P�0.65). The least squares means post hoc test of
roup�trial interaction demonstrated that whereas in
ham controls the threshold dropped significantly in some

ime blocks following a sensitizing stimulus, this was not
rue of the axotomized preparations, including the Late
egen (i.e. late regeneration) preparations. In shams, the
ecrease in threshold was evident during the first two

ntervals, 1st–9th min and 13th–17th min, following sensi-
izing stimulation (P�0.05), suggesting that the latter in-
reased the S-cell excitability. The sensitizing stimulus did
ot change the threshold for S4 activation in both Lesion
nd Early Regeneration groups (P	0.05). Unexpectedly, a
ecrease in S4 threshold seen in sham-operated leeches
id not recover in the Late Regeneration group. In contrast,
he action potential threshold significantly increased during
3th–17th min (P�0.01) and 21st–25th min (P�0.05) in-
ervals after sensitizing stimulation, indicating a decrease
n the S-cell excitability.

As another measure of excitability, the number of ac-
ion potentials generated in the S4 during a 200 ms depo-
arizing current pulse at an amplitude equal to the thresh-
ld amplitude for a 20 ms pulse was also monitored in

hese experiments. A repeated-measures ANOVA of these
ata did not reveal significant group or trial effects (F(3,
62)�1.54; P�0.21 or F(4,162)�086; P�0.49, respec-

ively) nor did it reveal a group�trial interaction (F(12,162)�
.79; P�0.66). These results suggest that neither sensiti-
ation training nor axotomy was effective in changing the
econd measure of excitability, namely the number of ac-
ion potentials generated by a 200 ms depolarizing pulse
Suppl. Fig. 1).

Taken together, the results on changes in S-cell excit-
bility were consistent with earlier findings. Sensitizing
timuli in sham-operated animals, like unoperated animals
eported previously, increased excitability in parallel with
he enhanced shortening indicating behavioral sensitiza-
ion. Following axotomy, which eliminated the capacity for
ehavioral sensitization, both measures of excitability
howed that sensitizing stimuli that had previously en-
anced excitability no longer did so. This situation contin-
ed after regeneration of the S-cell axon and restoration of
onduction even at high firing frequencies along the chain
f S-cells, consistent with continued absence of the capac-

ty for sensitization of reflexive shortening. Surprisingly,
owever, there was no recovery of S-cell excitability by
ither measure for the Late Regenerates, those that by 6
eeks had recovered the capacity for sensitization.

-cell action potentials at rates observed during
ensitizing training do not change S-cell excitability

oxious stimulation of the skin during sensitizing training
auses bursts of action potentials propagating along the

-cell chain. Does this elevated activity in the S-cells affect a
heir excitability? In the present experiments, the average
umber of S-cell action potentials generated during two
ensitizing trains was 24.4�2.2 spikes (n�40) and was not
ifferent between experimental groups (P	0.05; data not
hown). To determine whether these spikes could affect
he excitability in S-cell, the excitability was measured in
9 before and after a burst of spikes 1–1.5 h after com-
letion of the behavioral part of the experiment. Accord-

ngly, a 800 ms depolarizing pulse (at a threshold ampli-
ude for the 20 ms pulse) was passed through the cell
embrane, generating a burst of 28�3.5 spikes (n�23;
	0.05 compared with the burst during sensitizing trains).
his burst did not change the threshold for S-cell activation
y a 20 ms pulse, nor did it change the number of action
otentials generated during 200 ms depolarizing pulse
P	0.05; data not shown). This indicates that the changes
n S-cell excitability following axotomy, reported in the
revious section, are a consequence of the activity in cells

n addition to the S-cell during the sensitizing stimulus,
ince activity in the S-cell by itself is insufficient to cause
easurable change. It does not indicate whether activity in

he S-cell itself is necessary for the change in excitability,
lthough other experiments involving selective axotomy

ndicate that S-cell activity is probably essential (Burrell
t al., 2003).

ynaptic activation of the axotomized S-cell and
istant changes in threshold

timulation of and recording from the connectives, as in
ig. 1B, was used not only to determine whether the sev-
red axon of S9 had regenerated its synaptic connection
ith the neighboring S-cell in ganglion 8, but also to mea-
ure the relative excitability of distant S-cell axons and to
ctivate synaptic input to the S-cell. In intact preparations,
nterior or posterior connective stimulation directly acti-
ated the S-cell at the lowest threshold of any axon in the
onnectives, eliciting a rapidly conducting action potential
hat arrived with short latency at the intracellular microelec-
rode in S9 (Figs. 2A and 8A, left) and at the extracellular
uction electrode.

There was no directly driven synaptic activity observed
n the S-cells caudal to the lesion in response to anterior
onnective stimulation at threshold levels (Fig. 2B). Axo-
omy interrupted action potential propagation along the
-cell chain. However, increasing the amplitude of connec-

ive stimulation could synaptically activate the S-cell by
ecruiting axons of additional neurons having synaptic con-
ections with the S-cell (Fig. 2B). Reconnection of the
evered S-cell axon with its target restored low-threshold
irect activation of the S-cell by through conduction (Fig.
D), although in 1 of 13 experiments in the Early Regen-
ration group we found an early stage at which through
onduction appeared to be intermittent (Fig. 2C).

Stimulation of the connectives posterior to ganglion 12,
hree segments posterior to the axotomized neuron,
howed that the threshold of the S-cell axon rose relative
o other axons in the same segment of nerve cord. Al-
hough in absolute terms the threshold of the S-cell did not

ppear to change in the axotomized preparation, during
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imultaneous intracellular recording from S9 and suction
lectrode one recording from the anterior connective (Fig.
B) in both the Early and Late Regeneration groups, other
bers were recruited before the S-cell axon was. This rise
n relative threshold for the S-cell axon became evident
hen we observed synaptic potentials in S9 during stimu-

ation of the posterior connective at or below threshold. As
hown in Fig. 8, there were excitatory postsynaptic poten-
ials (EPSPs) alone (Fig. 8A, middle) and EPSPs followed
y inhibitory postsynaptic potentials (IPSPs), a biphasic
esponse (Fig. 8A, right). In the preparations with a bipha-
ic synaptic response, a gradual increase of the amplitude
f stimulation from zero initially evoked an appearance of
PSP that was typically followed by IPSP (Fig. 8B, left). As
hown in Fig. 8B, right, the IPSP amplitude changed in a
anner consistent with a standard inhibitory conductance

ncrease with a reversal potential of approximately �65
V. When threshold for S-cell activation was reached, a
irectly activated action potential propagated along the
-cell chain, although occasionally a synaptically driven
-cell spike was observed at subthreshold amplitudes for

he direct S-cell activation. Although driven synaptic activ-
ty was occasionally observed in sham-operated leeches,
ts incidence increased in axotomized animals, as shown in
ig. 9.

These results suggest that axotomy caused changes
n the activity of the neurons having synaptic connec-
ions with the S-cell. These changes may have involved
oth plasticity in existing synapses and appearance of
ew synaptic contacts, including inhibitory connections.
he appearance of inhibitory synapses may have con-

ig. 8. Responses of S9 to connective stimulation posterior to gangl
irect and not associated with synaptic input. (A) Middle and right: Fo
right) were evoked by stimulation of the posterior connective. (B) Left: B
ometimes first recruited an EPSP, followed by additional recruitmen
otential level of �50 mV enhanced the IPSP, while hyperpolariza
onductance increase.
ributed to a decreased excitability of the S-cells follow-
s
r

ng axotomy and their decreased response to the test
timulation of the skin. This could be a part of the
echanism of the loss of the ability for sensitization after
-cell axotomy.

) Left: In sham-operated animals, the evoked action potentials were
xotomy of S9, an EPSP (middle) and an EPSP followed by an IPSP
eshold for direct activation of the S-cell axon, increasing stimulation
SP. (B) Right: Depolarization of the cell membrane from the resting
reased and abolished it, consistent with an IPSP generated by a

ig. 9. Distribution of sub-threshold synaptic responses in S9 to the
timulation of posterior connective, as in Fig. 8, according to the
egree of repair. Posterior connective stimulation did not trigger syn-
ptic activity (open bars), or caused only EPSPs (gray bars), or caused
PSPs followed by IPSPs (black bars) for each experimental group.
hese data indicated that although the biphasic EPSP/IPSPs were
een in some unoperated preparations, S-cell axotomy considerably
ncreased the likelihood of its appearance in a response to posterior
onnective stimulation below threshold for the S-cell. �2-Test for inde-
endence revealed that the variables in the experimental groups were
ion 12. (A
llowing a
elow thr
t of an IP
ignificantly associated with the incidence of subthreshold synaptic
esponses to posterior connective stimulation (P�0.0001).
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DISCUSSION

he experiments presented here have extended previous
esults from laser and surgical axotomy, confirming that
hen the S-cell axon regenerates its electrical synapse
ith its usual target, the S-cell in the next ganglion, the
nimal’s capacity for sensitization of reflexive whole-body
hortening is restored. They also confirmed the puzzling
elay of days to weeks following reconnection for recovery
f behavior. The results of surgical axotomy in which
aivre’s nerve was cut resembled those following laser
xotomy of the S-cell alone. Moreover, the behavioral
easures showed a strong correlation between time after

urgery and the recovery of behavior, so that there was
ittle behavioral recovery until 6 weeks, whether the con-
ection had regenerated or not.

This correlation made it possible to look for changes in
he properties of identified neurons that might account for
he behavior by using a reduced preparation even without
imultaneous behavioral measures. The preparation per-
itted combined intracellular and extracellular recording
uring standard stimulation regimens used for training
Fig. 1B). It was found, for example, that sensory cell
ctivity did not change in response to a sensitizing stimulus
r following S-cell axotomy (Tables 1 and 2).

Because the S-cell chain must be intact to produce
ensitization of reflexive shortening and because S-cells
re recruited into the reflex following sensitization (Sahley
t al., 1994; Modney et al., 1997; Burrell et al., 2003), it
as expected that during the first 2 weeks after axotomy

he sensitizing stimulus would not increase the S-cell’s
ctivity in response to a test stimulus, and this was con-
rmed (Fig. 6). In fact, for some time blocks the response
eclined, consistent with elimination of capacity for sensi-

ization. In agreement with the delay in recovery of behav-
or associated with the period of intermediate recovery at
–5 weeks when the synaptic connection between S-cells
ad been re-established and through-conduction at high

requencies had been restored, the sensitizing stimulus did
ot increase the number of S-cell impulses generated in
esponse to a test stimulus. The response was in some
espects midway between the Sham and the Lesioned
reparations, with no significant change in response to the
ensitizing stimulus. But for the Late Regenerated group
here was still no return to the Sham condition in which
-cell activity following sensitization rose in response to

he test stimulus. This suggests that although the S-cell is
equired for the restoration of sensitization, its activity can-
ot account for the enhanced shortening in the sensitized
tate following regeneration of the S-cell axon. It is not
lear whether it is still involved in or required for the re-
ponse to test stimuli. Our working hypothesis, that the
etwork simply resets to its original state to restore full

unction, is evidently not tenable.
The changes in excitability of S4 were in general con-

istent with the results for S-cell activity in response to test
timuli delivered to segment 4 (Fig. 7). We had previously
eported that as activity following the test stimulus rises in

ensitized preparations (Modney et al., 1997; Cruz et al., a
007), so too does excitability as measured by reduced
hreshold (Burrell et al., 2001). But just as it was unex-
ected that in response to a test stimulus the activity in the
-cell chain would not rise in the sensitized preparation in

he Late Regenerated preparation, it was not predicted that
he threshold of S4 would rise at some time blocks in the
ame preparations. The conclusion again is that the role of
he S-cell may be more important for the establishment of
he sensitized state than in participating in the sensitized
eflex during the late phase of recovery of behavior. It
mplies that one should look elsewhere for underlying
hange or changes in the circuit, and that the usual en-
anced excitability of the S-cell may be missing or
eutralized.

The S-cell is involved in a positive feedback circuit with
he serotonergic Retzius cells, which are excited by and in
urn excite the S-cell in each ganglion (Crisp and Muller,
006). Moreover, serotonin applied to the S-cell increases

ts activity (Burrell et al., 2002) and mimics the effects of
ensitization training, enhancing S-cell excitability in a sim-

lar reduced but behaving preparation (Burrell et al., 2001).
his provides a mechanism by which the S-cell is recruited

nto the shortening circuit. Although in the present experi-
ents driven activity in the S-cell itself did not change its
wn excitability, this may not be indicative of the effects of
-cell activity in intact S-cell chains during sensitizing stim-
li, which activate all classes of sensory neuron and there-
ore elicit simultaneous activity in many neurons that may
hen drive the Retzius cells, including through the S-cells
hemselves. It is nevertheless possible that following a
esion the positive feedback circuit with the Retzius cells is
isrupted, or becomes changed with time, so that S-cell
xcitability is no longer enhanced by the sensitizing
timulus.

One mechanism that could neutralize the usual en-
anced excitability of the S-cell is the increased inhibition
f the S-cell that develops during the weeks following
xotomy, as illustrated in Figs. 8 and 9. The results are
erely suggestive, since the connectives were stimulated
s a whole, albeit at levels sub-threshold for the S-cell,
hich usually has the lowest threshold of any axons in the
onnectives. But IPSPs are not typically seen in S-cells,
ven when the strength of stimulation rises above the
hreshold for the S-cell. Furthermore, the baseline thresh-
ld for excitation of the S-cells in the chain, either to
xtracellular or intracellular stimulation, did not change
ollowing focal injury and with regeneration. Enhancement
f inhibition and its gradual spread following injury has
een reported for other neurons in the leech, where a
ualitative shift of connections from excitatory to inhibitory
an alter reflexive behavior (Jansen et al., 1974).

The result that axotomy of S9 eliminated the capacity
or dishabituation was unexpected, since in an earlier
tudy when the S4 was ablated, dishabituation was re-
uced but not eliminated although the capacity for sensi-
ization was abolished (Sahley et al., 1994). This had
ndicated that sensitization and dishabituation may operate
y separate mechanisms. But the earlier study involved

blation of S4, when both the test and sensitizing stimuli
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ere applied to segment 4 (Sahley et al., 1994). The
arlier result showing that the capacity for dishabituation
as partially lost and that for sensitization was completely

ost indicated that separate mechanisms underlie disha-
ituation and sensitization. In the present study applying
he strong sensitizing and dishabituating stimuli at seg-
ent 10, it appears that an intact S9 axon is required for
oth processes. While it will be important in the future to
etermine whether bypassing S9, stimulating strongly an-
erior to its segment, can produce both full sensitization
nd dishabituation, it also appears that S4 is only partially
equired for dishabituation, in contrast with its essential
nvolvement in sensitization. These latest results speak
irectly to the issue of whether dishabituation and sensiti-
ation operate by separate mechanisms (Poon and Young,
006), with evidence for their differences (Bristol et al.,
004; Hawkins et al., 2006; Asztalos et al., 2007), and

ndicate that their separation can depend on critical ele-
ents of the circuit.

The results reported here have significance for our
eneral understanding of the steps involved in the repair of
isrupted circuits following axotomy and, in particular, un-
erstanding of the mechanisms for restoration of plastic
ehavior and learning following injury. The S-cells in the

eech are noteworthy not only because their regeneration
f connections is highly reliable and has been tracked in
etail, but also because the S-cell is key in two stages of
ensitization of whole body shortening. The cells are in-
trumental in conveying the sensitizing signal along the
erve cord, and the S-interneurons, interposed between
ensory and motor cells, are recruited into the whole body
hortening circuit, their firing correlating with the strength
f shortening in the sensitized state. In the adult mamma-

ian CNS, where axon regeneration is limited, it has been
nown for some time that sprouting to form novel connec-
ions in central circuits may be required for recovery of
unction and to compensate for damage to axons (Gilbert
nd Wiesel, 1992; Jain et al., 1997; Florence et al., 1998;
oerber et al., 2006). It is also known that injury itself can

rigger long lasting changes in pain circuits, whose sensory
nd behavioral consequences include supersensitivity to
ensory inputs (Salter, 2004; Moss et al., 2007). These
hanges are of particular interest given the compelling
inks and shared mechanisms between nociception and
lastic changes in behavior in both vertebrates and inver-
ebrates (Walters and Ambron, 1995). While it would seem
hat precise regeneration of the original connections would
e an effective, reliable means for restoring function, it is
vident from experiments with the S-cell that the cell may
ot return to its original state. It is true that without regen-
ration of the S-cell axon, the capacity for sensitization of
eflex shortening is not restored (Modney et al., 1997;
urrell et al., 2003), but once its connections are re-estab-

ished, the S-cell does not recover its original response to
ensitizing stimulation, at least within 6 weeks of axotomy.
his may account for the delay in return of full function, as the
-cell circuit’s renewed conduction along the chain gives rise

o new central processes, not yet identified, that enhance

eflexive shortening following sensitizing stimulation.
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