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Abstract

Operant conditioning of the spinal stretch reflex or its electrical analog, the H-reflex, produces
spinal cord plasticity and can thereby affect motoneuron responses to primary afferent input. To
explore whether this conditioning can affect the functional outcome after peripheral nerve injury,
we assessed the effect of up-conditioning soleus (SOL) H-reflex on SOL and tibialis anterior (TA)
function after sciatic nerve transection and repair. Sprague-Dawley rats were implanted with EMG
electrodes in SOL and TA and stimulating cuffs on the posterior tibial nerve. After control data
collection, the sciatic nerve was transected and repaired and the rat was exposed for 120 days to
continued control data collection (TC rats) or SOL H-reflex up-conditioning (TU rats). At the end
of data collection, motoneurons that had reinnervated SOL and TA were labeled retrogradely.
Putative primary afferent terminals (i.e., terminals containing vesicular glutamate transporter-1
(VGLUT1)) on SOL motoneurons were studied immunohistochemically. SOL (and probably TA)
background EMG activity recovered faster in TU rats than in TC rats, and the final recovered SOL
H-reflex was significantly larger in TU than in TC rats. TU and TC rats had significantly fewer
labeled motoneurons and higher proportions of double-labeled motoneurons than untransected
rats. VGLUT1 terminals were significantly more numerous on SOL motoneurons of TU than TC
rats. Combined with the larger H-reflexes in TU rats, this anatomical finding supports the
hypothesis that SOL H-reflex up-conditioning strengthened primary afferent reinnervation of SOL
motoneurons. These results suggest that H-reflex up-conditioning may improve functional
recovery after nerve injury and repair.
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INTRODUCTION

Peripheral nerve injuries are relatively common, and poor functional recovery remains an
important clinical problem. Regenerating axons often fail to reinnervate their appropriate
targets, and many of them reach functionally inappropriate targets (Brushart and Mesulam,
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1980; Koerber et al., 1989; Brushart, 1991; English, 2005). Therefore, new methods for
enhancing axon regeneration to appropriate targets and reducing inappropriate reinnervation
may improve functional outcomes after peripheral nerve injury.

Targeted activity in peripheral nerves or the spinal cord, such as that produced by direct
peripheral stimulation or treadmill exercise, can enhance axonal regeneration (e.g., Al-
Majed et al., 2000; Sabatier et al., 2008). The present study asks whether activity induced in
descending spinal cord pathways by a simple operant conditioning paradigm can also
promote regeneration so as to improve functional recovery. Its general rationale derives
from the extensive clinical and experimental evidence that descending activity shapes spinal
cord function during development and later life (Wolpaw and Tennissen, 2001; and
Wolpaw, 2006a for review).

More specifically, this study is motivated by the fact that operant conditioning of the spinal
stretch reflex or its electrical analog, the H-reflex, can produce plasticity at multiple spinal
cord sites and can thereby affect motoneuron responses to primary afferent input. This
plasticity results from corticospinal tract (CST) activity induced by the conditioning
paradigm (see Wolpaw, 2006b; Wolpaw and Chen, 2009 for review of spinal reflex
conditioning). Furthermore, recent studies indicate that up-conditioning of the H-reflex can
strengthen motoneuron responses to primary afferent input during locomotion and improve
locomotion in rats after a spinal cord injury (Chen et al., 2005, 2006b). The aim of the
present study was to test the hypothesis that H-reflex conditioning can enhance the strength
and/or specificity of reinnervated neuromuscular connections so as to improve the functional
outcome after peripheral nerve injury and repair.

To test this hypothesis, the present study assessed physiologically and anatomically the
effects of soleus (SOL) H-reflex up-conditioning on the recovery of SOL and tibialis
anterior (TA) EMG activity and reflexes after sciatic nerve transection and repair. EMG
activity and reflexes were followed for 120 days after transection, during which rats were or
were not exposed a standard H-reflex up-conditioning protocol. Based on both the
physiological and the anatomical findings, we suggest that H-reflex up-conditioning may
provide a useful new approach to promoting functional recovery after peripheral nerve
injury.

Subjects were 13 young male Sprague-Dawley rats weighing 347(+39 SD) g at the
beginning of the study. All procedures satisfied the "Guide for the Care and Use of
Laboratory Animals" of the Institute of Laboratory Animal Resources, Commission on Life
Sciences, National Research Council (National Academy Press, Washington, D.C., 1996),
and had been reviewed and approved by the Institutional Animal Care and Use Committees
of the Wadsworth Center. The protocols for implantation of the nerve stimulating cuff and
EMG recording electrodes, for M response and H-reflex elicitation, for chronic monitoring
and conditioning of the SOL H-reflex in freely moving rats, for sciatic nerve transection and
repair, and for motoneuron labeling, animal perfusion, and tissue preparation have been
described in detail previously (Chen and Wolpaw, 1995, 1997, 2002, 2005; Chen et al.,
2003, 2005 2006a,P; English, 2005; English et al., 2007; Pillai et al. 2008; Wang et al. 2006,
2009; Wolpaw and Chen, 2006; Wolpaw et al., 1993) and are summarized here. Additional
procedures for labeling and analyzing vesicular glutamate transporter 1-positive (VGLUT1)
terminals (i.e., putative primary afferent terminals (Todd et al., 2003; Alvarez et al., 2004;
Wau et al., 2004)) are described in detail.
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Electrode implantation and sciatic nerve transection and repair

Under general anesthesia (sodium pentobarbital, 60 mg/kg i.p., supplemented as needed) and
aseptic conditions, each rat was implanted with chronic stimulating and recording electrodes
in the right leg. To elicit the SOL H-reflex, a silicone rubber nerve cuff containing a pair of
stainless steel multistranded fine wire electrodes was placed on the right posterior tibial (PT)
nerve (just above the triceps surae branches). To record right SOL and TA EMG activity, a
pair of multistranded stainless steel fine wires (with final 0.5 cm exposed) was implanted in
each muscle. The Teflon coated wires from the muscles and the nerve cuff passed
subcutaneously to a connector secured to the skull with stainless steel screws and dental
cement. After 7-20 days of control data collection (which started at least 20 days after the
implantation surgery) (Fig. 1), each rat underwent a second surgery in which the right sciatic
nerve was transected and repaired as described in English et al. (2007). Briefly, under
general anesthesia and aseptic conditions, the sciatic nerve was exposed proximal to the
branching of the sural nerve and cut completely with sharp scissors. The distal stump was
immediately aligned with the proximal stump using surface landmarks such as blood vessels
and connective tissues as a guide, and the two stumps were then glued together with fibrin
glue (English, 2005;English et al., 2007).

After each surgery, the rat was placed under a heating lamp and given an analgesic
(Demerol, 0.2 mg, i.m.). Once awake, it received a second dose of analgesic and was
returned to its cage. A high calorie dietary supplement was given until body weight regained
its pre-surgery level. Each rat also received a piece of apple (~10 g) every day throughout
study.

Data collection and H-reflex conditioning

The experimental design for the study is shown in Figure 1. Electrophysiological data
collection began at least 20 days after the implantation surgery and continued 24 hrs/day, 7
days/week for about 140 days. During this period, each rat lived in a standard rat cage with a
40 cm flexible cable attached to the skull plug. The cable, which allowed the animal to move
freely in the cage, conveyed the wires from the electrodes to a commutator above the cage,
and from there to EMG amplifiers (gain 1000, bandwidth 100-1000 Hz) and a stimulus
isolation unit. The rat had free access to water and food, except that during H-reflex
conditioning they received food mainly by performing the task described below. Animal
well-being was carefully checked several times each day, and body weight was measured
weekly. Laboratory lights were dimmed from 2100 to 0600 each day.

Stimulus delivery and data collection were under the control of a computer system, which
monitored ongoing EMG activity (filtered at 100-1000 Hz, sampled at 5000 Hz) from the
SOL and TA muscles continuously 24 hr/day, 7 days/week, for the entire period of data
collection. Whenever the absolute value (equivalent to the full wave rectified value) of SOL
background (i.e., ongoing) EMG activity remained within defined ranges for a randomly
varying 2.3-2.7 s period, the computer initiated a trial. In each trial, the computer stored the
most recent 50 ms of EMG activity from both muscles (i.e., the background EMG interval),
delivered a monophasic stimulus pulse to the nerve cuff, and stored the EMG activity for
another 100 ms. Stimulus pulse amplitude and duration were initially set to produce a
maximum H-reflex (as well as an M response that was typically just above threshold). Pulse
duration remained fixed (usually 0.5 ms). Pulse amplitude was adjusted by the computer
after each trial to maintain the SOL M response (i.e., average amplitude of EMG activity in
the M-response interval (typically 2.0-4.5 ms after PT nerve stimulation)) unchanged at a
target size. (This ensured that the effective strength of the nerve stimulus was stable
throughout the experiment despite any changes that occurred in nerve cuff electrode
impedances or in other factors (Wolpaw, 1987; Chen and Wolpaw, 1995)). During the
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period after the nerve transection and before the M response had fully recovered, the
stimulus was permitted to rise to 2.5 times the average pre-transection pulse amplitude (i.e.,
average pulse amplitude in the final 7 days before the nerve transection), or to the level that
gave the target M-response size, whichever was lower. H-reflex size was defined as average
amplitude of EMG activity in the H-reflex interval (typically 6-10 ms after PT nerve
stimulation) minus average background EMG amplitude.

Under the control mode, the computer simply digitized and stored the absolute value of SOL
EMG activity for 100 ms following the stimulus. Under the up-conditioning mode, it gave a
reward (i.e., a food pellet) 200 ms after PT nerve stimulation if SOL EMG activity in the H-
reflex interval was above a criterion value. The criterion value was set and adjusted as
needed each day, so that the rat received an adequate amount of food (e.g., about 1000
reward pellets per day for a 500 gm rat). Each rat was first studied under the control mode
for 7-20 days. The data for the final 7 days of this period were averaged to provide the
initial values for trials/day, for SOL and TA background EMG activity, and for responses to
PT nerve stimulation. The rat then underwent sciatic nerve transection and repair. Following
this surgery, data collection continued for 120 more days. During this 120-day period, the 5
transected/control (TC) rats simply continued under the control mode. In contrast, the 8
transected/up-conditioned (TU) rats continued under the control mode for a relatively brief
period (19 days (4 rats), 18 days (2 rats), or 2 days (2 rats)) and were then exposed to the up-
conditioning mode for the remaining 101-118 days.

Anatomical studies

At the end of data collection, the rat was anesthetized and injected in the right SOL muscle
with cholera toxin subunit B conjugated Alexa fluor 488 (CTB-Fluor 488; Molecular
Probes, Eugene OR) and in the right TA muscle with cholera toxin subunit B conjugated
Alexa fluor 594 (CTB-Fluor 594; Molecular Probes, Eugene OR) for retrograde labeling of
SOL and TA motoneurons, respectively. Each injection was done with a 100-pl Hamilton
syringe with a 33-gauge needle. Briefly, the SOL and TA muscles were exposed. Under a
dissection microscope, the needle was inserted near the distal tendon of each muscle and
advanced carefully to the middle of the muscle. The dye (50 pg in 50 ul of distilled water)
was injected at three points near the middle of each muscle. Injection was very slow (over 3
min) to prevent leakage along the needle track. After each injection, the needle was left in
situ for 2-3 min and then slowly withdrawn. Each injection area was rinsed thoroughly with
saline for 5 min to remove any leakage before the wound was sutured. Four untransected
naive control rats (NT rats) of comparable weight were also anesthetized and injected with
tracers as described above.

Three days later, each rat received an overdose of sodium pentobarbital (i.p.) and was
perfused through the heart with saline followed by 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.3). The EMG electrodes, nerve cuff, and PT nerve were examined
and the SOL muscles of both sides were removed and weighed.

The lumbosacral spinal cord was removed and postfixed in the same fixative for 2 hours,
washed with 0.05M phosphate buffer containing 137 mM NaCl (PBS, pH 7.4), and
infiltrated with 30% sucrose for 24 hours. The portion of the spinal cord containing SOL and
TA motoneuron pools was blocked, embedded in OCT compound (Tissue-Tek), and frozen
on dry ice. Transverse 16-um frozen sections were cut with a cryostat, mounted onto
precoated glass slides (Superfrost; Fisher), and examined under fluorescence microscopy.
All labeled motoneurons were photographed with 590-nm or 494-nm wavelength light to
shown CTB-Fluo594 or CTB-FIluo488 labeling, respectively, and were merged to identify
TA (red), SOL (green), or double-labeled (yellow) motoneurons (Fig. 2). The CTB-Fluor
488- and/or CTB-Fluor 594-labeled motoneurons of TU and TC rats were identified,

J Neurosci. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al.

Page 5

counted, measured, and compared with those of NT rats. The slides were then stored in a
low-temperature freezer (—80 °C) prior to further immunohistochemical processing.

Synaptic boutons immunoreactive for VGLUT1 were analyzed in SOL motoneurons (i.e.,
motoneurons labeled with CTB-Fluor 488 and not labeled with CTB-Fluor 594) using a
standard Avidin-biotin complex (ABC)-peroxidase system (ABC Elite; Vector Laboratories,
Burlingame, CA). In each rat, every seventh section was selected for processing and analysis
if it contained at least one labeled CTB-Fluor488-labeled SOL motoneuron. (In these
VGLUT-1-labeled sections, the CTB-Fluor488-labeled SOL motoneurons were identified by
matching them to their CTB-Fluor488-labeled images using location, somatic features, and
other landmarks as described in Wang et al. 2006 and Pillai et al. 2009.) Sections from all
three groups of rats (i.e., TU, TC, and NT) were processed together. The sections were
washed in 0.05 M phosphate-buffered saline containing 0.1% Triton X-100 (PBST, pH 7.4)
three times (10 min each), incubated for 90 min with 5%-normal goat serum, and then
incubated for 18-20 hours in a humid chamber at room temperature in PBST containing 3%
bovine serum albumin with rabbit anti-VGLUT1 (Synaptic Systems, 1:1000 dilution) as the
primary antibody. The sections were again washed with PBST, and a biotinylated secondary
antibody (goat anti-rabbit, 1:200 in PBS) was applied for 1.5 hours. After endogenous
peroxidase activity was quenched by 0.3% H,0O, for 15 min, the sections were reacted for
1.5 hours with the avidin-biotin complex (1:100 in PBS). The sections were washed with
0.05 M TRIS-HCI buffer (TBS, pH 7.6) before color development. Finally, the sections
were reacted with 0.04% DAB solution containing 0.006% H,O, for 7 min to optimize the
signal-to-noise ratio.

In the VGLUT-1-labeled sections, we analyzed VGLUT1-positive terminals on SOL
motoneurons (i.e., motoneurons labeled with CTB-Fluor 488 and not labeled with CTB-
Fluor 594) by comparing with their images of CTB-labeled sections (e.g., Fig. 3, A, B). In
these sections, SOL motoneurons were identified by matching them to their CTB-Fluor488-
labeled images using location, somatic features, and other landmarks as described previously
(Wang et al. 2006; Pillai et al. 2009). Analysis was confined to those SOL motoneurons in
which a nuclear shadow was observed and a clearly defined somatic border was evident.
About seventy percent of the CTB-Fluor488-labeled SOL motoneurons in these sections
satisfied these criteria and were included for analysis.

The images of these SOL motoneurons were photographed with a digital camera (Olympus
BH2-RFCA microscope (500X magnification, fixed illumination) equipped with an
Olympus Magnafire™ SP IKHO27801 digital camera (magnification 10X, standard
illumination)). The Image J program (NIH, version 1.390) was used to trace the perimeter of
each motoneuron. The program then calculated the average luminance of the motoneuron
soma. The intensity of VGLUT1-immunoreactivity (VGLUT1-IR) was defined in percent
luminance, with the luminance of a totally clear slide defined as 0% and the luminance of a
totally opaque slide defined as 100%. Terminals were defined morphologically as VGLUT1-
positive punctate (i.e., bead-like) densities on the perimeter of the motoneuron somata and
proximal dendrites (Fig. 3, B-D). These terminal identifications were confirmed only if their
average luminance value exceeded the average luminance value measured over the
motoneuron soma by at least 30% (e.g., if the luminance value of the motoneuron was 40%,
the luminance value of each identified terminal on it was at least 70%). The perimeter of
each confirmed VGLUT1-positive terminal on each SOL motoneuron was traced at 10,000X
with the image J program. The program calculated the number, area, diameter (Feret’s
diameter, the long axis of the terminal), and intensity (i.e., luminance) of all VGLUT1-
positive terminals on the SOL motoneuron somata and proximal dendrites. All terminal
identifications and measurements were done independently in a double-blind manner by two
raters, neither of whom knew which rat group a particular section came from. Their results
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were then compared, and their rare discrepancies in identification (<3% of the terminals)
were resolved by discussion prior to breaking the code that linked the section to a particular
rat and group.

Animals remained healthy and active throughout data collection. Body weight increased
from 331(x£14) g at the time of implantation surgery to 397(56) g at the time of nerve
transection and 614(+60) g at the time of perfusion. In all rats on postmortem examination,
the cuff was still located where it had been implanted and was covered by connective tissue,
and the PT nerve was well preserved inside the cuff. As previously reported (English et al.,
2007), there was a significant difference in SOL muscle weights between the right (the
sciatic-transected) leg and the left (the intact) leg. The right SOL muscle averaged 0.19
(+0.04 SD) g, and was significantly (P<0.001 by paired t-test) smaller than that of the left,
which averaged 0.25 (+0.04) g.

Daily trial number

In the course of its normal daily activity before nerve transection, each rat satisfied the
background EMG requirement, received nerve cuff stimulation, and produced several
thousand H-reflex trials per day. Before the nerve transection, daily trial number averaged
5420 (2998 SD) (range 2300-9336) for TC rats, and 5650 (+2376 SD) (range: 3400—
10178) for TU rats (P=0.87). In Figure 4 the average daily trial numbers (in % of pre-
transection value) for 120 days following the nerve transection for TC (circles) and TU (up-
triangles) rats are shown. The trial number varied from day to day. While TU rats appeared
to have more average daily trial numbers in some periods, no statistically significant
difference was detected by ANOVA. Thus, TC and TU rats were exposed to similar
amounts of electrical stimulation of the distal segment of the PT nerve.

Background EMG Activity

Background EMG activity in both SOL and TA dropped dramatically after sciatic nerve
transection and repair. This activity gradually recovered to close to pre-transection levels
over the first 40-60 days following nerve injury. In Figure 5A, the average (+SEM) daily
SOL background EMG activity (in percent of pre-transection value) is shown for the TC
(circles) and TU rats (up-triangles) for the final 7 days before and the 120 days following
nerve transection. Activity in SOL in both groups dropped immediately after transection,
reached its lowest level in 3—4 days, then gradually rose to about 80% of pre-transection
level, and remained there. No further recovery occurred in either TC or TU rats during the
120-day post-transection data-collection period. However, TU rats reached this final level by
about 50 days after transaction while TC rats did not reach it until about 75 days after
transection. ANOVA was applied to 20-day blocks of these data. The TU rats had
significantly higher SOL background EMG activity than TC rats for Days 21-40 and 41-60
(p<0.05 for each) (Fig. 5A, shaded area).

Average (xSEM) daily background EMG activity in TA (as a percentage of pre-transection
value) is shown in Figure 5B for the four TC (circles) and six TU (up-triangles) rats in
which TA activity was monitored from seven days before to 120 days after nerve
transection. (In one TC and two TU rats, the TA EMG electrodes failed 25-50 days after
nerve transection, and thus TA data from these rats are not included.) In both TC and TU
rats, background EMG activity in TA decreased immediately after nerve transection,
reached its lowest level in 4-5 days, gradually rose to nearly 80% of its pre transection level,
and remained there. No further recovery occurred after reaching this level in either group.
However, the TU rats appeared to reach this final level by about 60 days after transection,
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while the TC rats did not do so until close to 80 days. Based on the results of ANOVA, TU
rats had significantly higher TA background EMG activity than TC rats overall (p<0.05) but
there was no significant difference for any individual 20-day period.

Responses to PT nerve stimulation

Before sciatic nerve transection and repair, PT nerve stimulation in all rats elicited SOL M
responses and H-reflexes (e.g., Fig. 6 at top). PT nerve stimulation also elicited similar but
generally smaller responses in the TA. Such TA responses to PT nerve stimulation have
been observed previously (English et al., 2007; and unpublished observations). Since they
usually differ in latency and form from those of SOL, we think that they are unlikely to be
caused by pick-up of the SOL M response and H-reflex by the TA electrodes (i.e., "cross-
talk™), and we suggest that they may reflect spread of the PT nerve-cuff stimulus to activate
axons in the common peroneal nerve.

As found previously (English et al., 2007), in all rats the SOL H-reflex disappeared
immediately after sciatic nerve transection and repair, while the SOL M response remained
for 1-2 days and then disappeared. No response to PT nerve stimulation was seen between 2
days post-transection and 2 weeks post-transection. In all rats, the SOL M response started
to reappear 19-41 days after the nerve transection, implying that functional reinnervation of
the muscle first appeared at this time. The SOL H-reflex started to reappear 30-66 days after
the transection. As illustrated in Figure 6, the returning responses were typically small and at
first occurred at longer latencies than typically found in intact rats. As the days passed, these
responses became larger and occurred earlier. The initially long latencies often made
determination of whether a particular response represented the M response or the H-reflex
difficult; the returns of both M responses and H-reflexes were characterized by progressive
decreases in latency and increases in amplitude. Thus, in labeling responses as M or H, we
took into account the overall course of their gradual return, as illustrated in Figure 6.

The consistently later reappearance of the H reflex might be due to later or slower
regeneration of afferent than efferent axons, and/or to additional time needed for afferent
axons to reestablish functioning synaptic contacts on motoneurons following the synaptic
stripping that accompanies peripheral axotomy (Brannstrom and Kellerth, 1998; Titmus and
Faber, 1990). The precise time course and the magnitude of recovery of M response and H-
reflex varied across rats, but both M response and H-reflex reappearances always started as
multiple small responses of varying latencies. As their amplitudes increased and their
latencies shortened, these small responses gradually merged into distinct M responses and
H-reflexes (Fig. 6). These observations are consistent with our earlier studies (English et al.,
2007).

Effects of up-conditioning on the return of M responses and H-reflexes

The times that elapsed from sciatic nerve transection and repair to the definite reappearances
of clear SOL M responses and H-reflexes were shorter in TU rats than in TC rats. For the
SOL M response, the time elapsed averaged 26(+8 SD) days in TU rats and 34(5 SD) days
in TC rats (p<0.05 by t-test). For the H-reflex, the time elapsed averaged 43(+6 SD) days in
TU rats and 55(7 SD) days in TC rats (p<0.02 by t-test). Figure 6 illustrates these
differences.

By the end of data collection, the SOL M response had returned to its pre-transection M
response latency range in all TU and TC rats, and the SOL H-reflex returned to its pre-
transection latency range (6—10 ms after PT nerve stimulation) in all TU and four out of five
TC rats. The final SOL M response size (i.e., average M response amplitude for post-
transection days 111-120 as percent of pre-transection average value) averaged 97.6(+5.6
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SEM)% in TU rats and 94.2(£2.6)% in TC rats (P>0.59 by t-test). In contrast, the final SOL
H-reflex size (i.e., average H-reflex amplitude for post-transection days 111-120 as percent
of pre-transection average value) averaged 56.7(%5.3)% in TU rats and 37.8(+6.6)% in TC
rats. The final H-reflex was significantly larger in TU rats than in TC rats (P<0.05 by t-test).
In Figure 7 the average post-stimulus SOL EMG activity is shown for 7 days before nerve
transection (solid line), and for the final 10-day period (i.e., post-transection days 111-120)
(dashed line) after transection from a TU rat (upper) and a TC rat (bottom). The M response
has recovered similarly in the two rats, while the H-reflex has recovered better in the TU rat
than in the TC rat.

In all rats, the PT stimulation elicited first (i.e., M-response latency range) and second (i.e.,
H-reflex latency range) EMG responses in TA. Like the SOL M-response, the first TA
response remained for 1-2 days after sciatic transection and then disappeared; and like the
SOL H-reflex, the second TA response disappeared immediately after sciatic transection.
Both responses reappeared several weeks later. The second TA response size for the final 10
days (i.e., post-transection day 111-120, in percent of initial value) averaged
51.1(£22.9SEM)% in the TC rats and 53.0(x16.3)% in the TU rats (P>0.9 by t-test). In
contrast with the significant difference between TU and TC rats in final SOL H-reflex
amplitudes, this lack of difference in the second TA responses is further evidence that the
TA responses to PT stimulation were not due to pickup of the SOL EMG activity by the TA
electrodes (see Responses to PT nerve stimulation above).

Effects of up-conditioning on SOL and TA motoneuron pools

The numbers and proportions of motoneurons retrogradely labeled by CTB-Fluor 488 and/or
CTB-Fluor 594 for the three groups of rats are shown in figure 8. Average (xSD) numbers
of CTB-Fluor 488 labeled (i.e., SOL) motoneurons (A), CTB-Fluor 594 labeled (i.e., TA)
motoneurons (B), and double-labeled motoneurons (C) in TU, TC, and NT rats are shown.
In both TU and TC (i.e., the nerve-transected) rats, significantly smaller numbers of SOL
and TA motoneurons were found than in NT rats (P<0.001 for both by one-way ANOVA).
In panels D—F of Figure 8, these same values are expressed as a percentage of the total
number of labeled motoneurons (i.e., CTB-Fluor 588 labeled motoneurons plus CTB-Fluor
594 labeled motoneurons plus double-labeled motoneurons) for TU, TC, and NT rats. The
two nerve-transected groups (i.e., TU and TC) have significantly higher proportions of
double-labeled motoneurons than the intact (i.e., NT) rats (P=0.03, and P=0.002,
respectively). However, TU and TC rats do not differ significantly in numbers of SOL
(P>0.79), TA (P>0.43), or double-labeled (P=0.17) motoneurons, nor in their proportions of
SOL (P>0.49), TA (P>0.81), or double-labeled motoneurons (P>0.41).

Effects of up-conditioning on motoneuron VGLUT1 terminals

We identified and analyzed VGLUT1-positive terminals on the somata and attached
proximal dendrites of CTB-Fluor 488-labeled SOL motoneurons that had a nucleus and a
clear somatic border. Some retrogradely-labeled motoneurons had proximal dendrites =100
pm long with VGLUT1-positive terminals on them (Fig. 3, B-D). The VGLUT1 terminals
were darkly labeled and typically had an ovoid shape. Their diameters (Ferrett’s diameter,
i.e., the long axis of the terminal) varied from 0.6-6.7 um. Up-conditioning of SOL H-reflex
affected the size and number of VGLUT1 terminals on SOL motoneurons. In Figure 9, the
average (xSEM) number of VGLUT1 terminals/motoneuron (A), terminal diameter (B),
terminal area (C), and terminal VGLUT1-IR intensity (D) on SOL motoneurons are shown
for TU, TC and NT rats. Both TU and TC rats had significantly fewer VGLUT1 terminals
than NT rats (ANOVA followed by Tukey test, (P<0.005 and <0.00001 for TU vs. NT and
TC vs. NT, respectively). At the same time, TU rats had significantly more VGLUT1
terminals than TC rats (P<0.001). In addition to their substantial difference from NT rats in
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terminal number, TC (but not TU) rats also had slightly smaller terminal areas and diameters
than NT rats (P<0.05 for each comparison for TC rats, P>0.15 for each comparison for TU
rats). There was no significant difference in terminal VGLUT1-IR intensity among the three
groups of animals (P>0.2 for all). These findings are illustrated in the examples in Figure 3
of VGLUT1-labeled SOL motoneurons from a TU rat (Fig. 3C) and a TC rat (Fig. 3D). The
motoneuron of the TU rat has more VGLUT1 terminals than that of the TC rat.

DISCUSSION

Peripheral nerve transection and repair affects the relationship between spinal circuits and
the musculoskeletal system. Although axotomized spinal motoneurons in adult mammals
can survive and their axons can regenerate and reinnervate peripheral targets, this
reinnervation is usually much less specific than the innervation before nerve transaction
(Brushart and Mesulam, 1980; Brushart et al., 1983; English, 2005). This imperfect
reinnervation is thought to be a major contributor to the poor functional outcomes noted
clinically after nerve injury (Sunderland, 1978; Fu and Gordon, 1995; Edgerton et al., 1997).
Thus, methods for enhancing appropriate reinnervation after nerve injury might improve
functional recovery.

Laboratory and clinical studies indicate that spinal cord plasticity contributes to the
acquisition of motor skills in normal life and the changes in motor function after trauma or
disease (see Wolpaw and Tennissen, 2001; Wolpaw, 2006b; Wolpaw and Chen, 2009 for
review). Operant conditioning of the spinal stretch reflex (SSR) (i.e., the tendon jerk) or its
electrical analog, the H-reflex, can modify descending neural activity and thereby induce
spinal cord plasticity that affects motor function (Wolpaw et al., 1983a; Wolpaw, 1987,
Evatt et al., 1989; Chen and Wolpaw, 1995; Segal, 1997; Chen et al., 2005). Furthermore,
H-reflex operant conditioning can improve locomotor function after partial spinal cord
injury in rats (Chen et al., 2006b). Since reflex conditioning can induce spinal cord plasticity
that changes motor function, we hypothesized that it might be able to induce adaptive
changes that improve functional recovery after peripheral nerve injury.

This study asks whether reflex conditioning can improve the functional and anatomical
outcomes after peripheral nerve injury and repair. In rats that underwent sciatic nerve
transection and repair, we assessed the effect of up-conditioning the SOL H-reflex on: the
recovery of SOL and TA function; the numbers of motoneurons reinnervating SOL and TA,;
and putative primary afferent terminals (i.e., VGLUT1-positive terminals) on SOL
motoneurons.

Effects on SOL and TA Function

Up-conditioning accelerated recovery of background EMG activity. Background SOL EMG
attained its maximum post-transection values earlier in TU than in TC rats. This suggests
that conditioning might enhance motor axon regeneration. Regenerating axons can take days
to weeks to cross the transection site (Sunderland, 1978; Kline and Hudson, 1995; Witzel et
al., 2005), and they then grow relatively slowly (Gordon, 2009). By the time later
regenerating axons enter the distal nerve stump, their growth potential and the permissive
growth environment of the stump have begun to deteriorate (Fu and Gordon, 1995;
Whitworth et al., 1996). Thus, their ability to reinnervate distant targets is reduced. While
the results suggest that H-reflex up-conditioning might promote faster entry into the
regenerating pathway, increase the subsequent growth rate, and/or accelerate establishment
of functional synaptic connections on muscle fibers, other explanations are possible.
Alternatively, or in addition, the enhanced recovery might result from strengthening of
motoneuron excitatory responses to primary afferent input (i.e., Group | and large Group Il
afferents). Further studies are needed to evaluate these possibilities.
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H-reflex up-conditioning also increased the final size of the H-reflex. By 120 days after
nerve transection, the H-reflex was significantly larger in TU than in TC rats. This
difference cannot be readily explained by differences between the groups in the
completeness of motor axon reinnervation, since neither the final M response nor the final
background EMG level differed significantly between TC and TU rats. Nor can it be
explained by the known effects of electrical stimulation on axonal regeneration (Nix and
Hopf, 1983; Al Majed et al., 2000; Brushart et al., 2005; Gordon et al., 2008). The stimuli
that enhanced regeneration in these earlier studies were delivered to the proximal stump of
the cut nerve at relatively high rates (e.g., 20 Hz) and intensities. In contrast, the stimuli of
the present study were delivered to the distal stump as single pulses at a rate <0.3 Hz and at
low intensity (usually just above M response threshold). Furthermore, TU and TC rats
received similar total numbers of stimuli (Fig. 4), yet final H-reflexes were 50% larger in
TU rats. At the same time, while the present results show that the up-conditioning protocol
increased SOL H-reflex size, they do not establish that the reward contingency (i.e., the fact
that larger H-reflexes were rewarded) was responsible. It is conceivable that some other
aspect of the rewarding process contributed.

The selectivity of H-reflex conditioning indicated by the fact that TU and TC rats differed in
final SOL H-reflex size but not in final TA H-reflex size is consistent with earlier H-reflex
conditioning studies (Wolpaw et al., 1983b; Wolpaw and Herchenroder, 1993). This
specificity may be clinically useful since it should allow therapeutic conditioning protocols
to focus on specific reflex pathways (e.g., Chen et al., 2006b).

The larger H-reflex in TU rats indicates that the PT stimulation activated a larger proportion
of the pool of available SOL motor units in the TU rats than in the TC rats. We suggest that
H-reflex up-conditioning either reduced the synaptic stripping that normally accompanies
axotomy (e.g., Titmus and Faber, 1990; Brannstrom and Kellerth, 1998; Davis-Lopez de
Carrizosa et al., 2009; Alvarez et al., 2010), enhanced the regeneration of primary afferents,
and/or increased the specificity of the regenerated synaptic connections. While other
explanations are possible (e.g., up-conditioning may have increased the H-reflex by
inducing other electrophysiological or anatomical changes in the motoneurons, their
synaptic inputs, and/or spinal interneurons (Carp and Wolpaw, 1994, 1995: Carp et al., 2001;
Wang et al., 2006, 2009; Pillai et al., 2008)), the hypothesis that up-conditioning enhanced
functionally appropriate primary afferent connections on SOL motoneurons is supported by
the data on VGLUT1-positive terminals discussed below.

Effects on muscle innervations of SOL and TA motoneurons

Significantly fewer retrogradely-labeled motoneurons were found in both nerve-transected
groups (i.e., TU and TC rats) than in NT rats, but these two groups did not differ
significantly from one another. Thus, following sciatic nerve transection and subsequent
regeneration, not all of the axotomized motoneurons reinnervated the SOL and TA. Up-
conditioning of the SOL H-reflex did not affect final muscle reinnervation. These
conclusions are consistent with the finding that SOL H-reflex up-conditioning did not affect
the final level of SOL background EMG attained or the amplitude of the final SOL M
response. What SOL H-reflex up-conditioning did do was to increase the proportion of the
motoneurons reinnervating SOL that participated in the H-reflex.

The small number (about 7%) of doubled-labeled motoneurons found in intact (i.e., NT) rats
probably reflected unavoidable leakage of a small amount of dye from one muscle to the
other through the path left after intramuscular injection (since the SOL and TA are close
together). The fact that TU and TC rats had significantly higher proportions of double-
labeled motoneurons than NT rats suggests that some SOL and TA motoneurons
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reinnervated both SOL and TA muscles, as has been suggested (Brushart, 1983; English,
2005).

Effects on Putative Primary Afferent Terminals on SOL Motoneurons

As Figure 9 summarizes, SOL motoneurons had more VGLUT1 terminals in TU rats than in
TC rats. Synaptic boutons containing VGLUTL1 are present in the ventral horn of the spinal
cord (Varoqui et al., 2002), and VGLUTL is an excellent marker for glutamatergic inputs
from myelinated primary sensory afferents (Alvarez et al., 2004). It is most abundant in
mechanosensory deep afferents (Todd et al., 2003,Oliveira et al., 2003,Landry et al.,
2004,Alvarez et al., 2004), and is also expressed in muscle spindle afferents (Wu et al.,
2004). Using cholera toxin B (CTB) retrograde labeling, Todd et al. (2003) found that CTB
co-localized with VGLUT1 in afferent terminals of spinal laminae I11-V. Others found that
VGLUT1 terminals disappeared after dorsal rhizotomy (Alvarez et al., 2004;Wu et al.,
2004). Thus, the VGLUT1 terminals on SOL motoneurons in the present study probably
represent primary afferent contacts. The greater number of VGLUTL terminals on SOL
motoneurons in TU rats compared to TC rats suggests that SOL H-reflex up-conditioning
strengthened primary afferent reinnervation of SOL motoneurons, and may explain why the
final SOL H-reflex was larger in TU than in TC rats. Whether the greater number of
VGLUT1 terminals resulted from enhanced (or more specific) primary afferent regeneration,
from reduction in the synaptic stripping that accompanies axotomy (Titmus and Faber,
1990;Brannstrom and Kellerth, 1998;Davis-Lopez de Carrizosa et al., 2009;Alvarez et al.,
2010), and/or from increased VGLUT1 expression in terminals already present remains to
be determined.

Conclusions

Following sciatic nerve transection and repair in rats, up-conditioning of the SOL H-reflex
appeared to accelerate and enhance functional recovery: SOL EMG returned more quickly,
and the SOL H-reflex achieved a greater size. In addition, up-conditioned rats had more
VGLUT1 terminals (i.e., putative primary afferent terminals), which may explain why the
H-reflex was larger. While the mechanisms responsible for these functional and anatomical
effects are as yet uncertain, the results of this study suggest that operant conditioning of
spinal reflexes could be a useful tool for modifying the outputs of spinal circuits so as to
improve functional recovery after peripheral nerve injuries.
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Figure 1.

Experimental design. Each rat was implanted with pairs of fine-wire EMG electrodes in the
right soleus (SOL) and right tibialis anterior (TA) muscles and a stimulating cuff on the
posterior tibial (PT) nerve. After control data collection, the right sciatic nerve was
transected and repaired, and the rat was exposed for an additional 120 days to either
continued control data collection or to SOL H-reflex up-conditioning.
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Figure 2.

Motoneuron identification. Photomicrographs showing motoneurons labeled by CTB-
Fluo594 only (red) (i.e., TA motoneurons), CTB-Fluo488 only (green) (i.e., SOL
motoneurons), or both CTB-FIuo594 and CTB-Fluo488 (yellow) from a TU rat. The
photomicrographs were taken with 590-nm (top left) or 494-nm (top right) wavelength light
to shown CTB-Fluo594 or CTB-FIluo488 labeling, respectively (white arrows), and were
merged (bottom) to identify SOL (green arrow), TA (red arrow) or double-labeled (yellow
arrow) motoneurons. Scale bar: 250 pm.
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Figure 3.

Vesicular glutamate transporter 1-positive (VGLUT1) terminals on SOL motoneurons. A:
An Alexa Fluor-488 labeled SOL motoneuron in the ventral horn (dotted line) of the lumbar
spinal cord from an NT rat. B-D: Higher magnification pictures from an NT rat (the same
motoneuron shown in A) (B), a TU rat (C), and a TC rat (D) showing VGLUTL1 terminals
(arrows). The motoneuron of the TC rat has fewer VGLUT1 terminals than that of either the
NT or the TU rat. Scale bar = 200 um in A, 20 pm in B-D.
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Figure 4.

Average (£SEM) daily trial number (in % of average pre-transection value) for 120 days
following sciatic nerve transection and repair for the five TC (circles) and eight TU rats
(triangles). While TU rats appear to have somewhat more trials, particularly from 60-110
days after transection, no significant difference was detected by ANOVA.
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Figure 5.

A: Average (+SEM) daily SOL background EMG (in percent of pre-transection value (i.e.,
average of final 7 days before the sciatic nerve transection)) for the five TC (black circles)
and eight TU (gray triangles) rats for 7 days before and 120 days after transection. The
difference between TC and TU groups was significant (P<0.05, ANOVA) for Days 21-40
and 41-60 (shaded area). B: Average (+SEM) daily TA background EMG (in percent of pre-
transection value) for 4 TC (black circles) and 6 TU (gray triangles) rats for 7 days before
and 120 days after nerve transection. No significant difference was detected.
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Figure 6.

Time courses for reappearance of SOL M response and H-reflex. Average post-stimulus
SOL EMG for a day before and for representative days after sciatic nerve transection and
repair in a TU rat (A) and a TC rat (B), showing the gradual reappearance of the M response
(M) and the H-reflex (H). Each first reappeared about 19-38 days after transection as
multiple small responses of varying latencies. The amplitudes of these responses gradually
increased and their latencies shortened, and they eventually merged into a distinct M
response and a distinct H-reflex. Peaks in the first 1-3 ms after stimulation are stimulus
artifacts. The M response and H-reflex return earlier, and the final H-reflex is larger, in the
TU rat than in the TC rat.
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Figure 7.

Average post-stimulus SOL EMG activity for the final seven days before nerve transaction
(solid line) and for post transection days 111-120 (dashed line) from a TU rat (top) anda TC
rat (bottom). The M response has recovered similarly in the two rats. In contrast, the H-
reflex has recovered better in the TU rat than in the TC rat. Note that the M and H latencies,
marked by vertical dashed lines, differ slightly in these two rats. Peaks in the first 1-2 ms
after stimulation are stimulus artifacts.
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Figure 8.

A-C: Average (xSD) numbers of labeled SOL (A), TA (B), and double-labeled (C)
motoneurons in TU, TC, and NT rats. D-F: Average (xSD) number of SOL (D), TA (E),
and double-labeled (F) motoneurons in TU, TC, and NT rats (in % of total labeled
motoneurons (i.e., sum of SOL, TA, and double-labeled motoneurons) in the rat group). TU
and TC (i.e., the nerve-transected) rats have significantly fewer numbers of labeled SOL and
TA motoneurons and higher proportions of double-labeled motoneurons than NT (i.e., the
intact untransected) rats. ***: P<0.001; **: P=0.002; *: P=0.03 versus NT rats by ANOVA.
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Average (xSE) numbers of VGLUTL1 terminals per motoneuron (A), terminal areas (B),
terminal diameters (C), and terminal VGLUT1-IR intensities (D) for TU, TC, and NT rats.
+, ++, ++++: P<0.05, P<0.005, and P<0.00001, respectively, for TU or TC vs. NT rats; ***:

P<0.001 for TU vs. TC rats by ANOVA.
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