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Abstract

Cervical spinal cord injury (cSCI) disrupts bulbospinal projections to motoneurons controlling the upper limbs, resulting in
significant functional impairments. Ongoing clinical and experimental research has revealed several lines of evidence for
functional neuroplasticity and recovery of upper extremity function after SCI. The underlying neural substrates, however,
have not been thoroughly characterized. The goals of the present study were to map the intraspinal motor circuitry associated
with a defined upper extremity muscle, and evaluate chronic changes in the distribution of this circuit following incomplete
¢SCI. Injured animals received a high cervical (C2) lateral hemisection (Hx), which compromises supraspinal input to
ipsilateral spinal motoneurons controlling the upper extremities (forelimb) in the adult rat. A battery of behavioral tests was
used to characterize the time course and extent of forelimb motor recovery over a 16 week period post-injury. A retrograde
transneuronal tracer — pseudorabies virus — was used to define the motor and pre-motor circuitry controlling the extensor
carpi radialis longus (ECRL) muscle in spinal intact and injured animals. In the spinal intact rat, labeling was observed
unilaterally within the ECRL motoneuron pool and within spinal interneurons bilaterally distributed within the dorsal horn
and intermediate gray matter. No changes in labeling were observed 16 weeks post-injury, despite a moderate degree of
recovery of forelimb motor function. These results suggest that recovery of the forelimb function assessed following C2Hx
injury does not involve recruitment of new interneurons into the ipsilateral ECRL motor pathway. However, the functional

significance of these existing interneurons to motor recovery requires further exploration.
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Introduction

ALTHOUGH MANY EXAMPLES of functional neuroplasticity and
therapeutically driven motor recovery have been reported in
the spinal cord injury (SCI) literature, the underlying neural sub-
strates mediating post-injury behavioral changes have not been
extensively documented. A detailed understanding of the neuronal
circuits underlying spontaneous recovery can significantly con-
tribute to the design of cell-based and axonal growth-promoting
approaches, as well as critical evaluation and prediction of their
efficacy."” Unfortunately, comprehensive neuroanatomical dem-
onstrations of functionally defined intraspinal circuits are lacking,
in even the intact spinal cord." The more notable exceptions are
studies of spinal bladder,® autonomic,* and respiratory'~ networks,
which have employed the transneuronal tracer, pseudorabies virus
(PRV), to identify pre-motor spinal interneurons.

Treatments leading to restored upper extremity function are
considered to be among the major therapeutic priorities of those
who have endured cervical SCIs (cSCIs).® Therefore, considerable

attention has been directed at developing treatments to promote
connectivity and functional improvements in rodent cSCI models.
However, apart from demonstration of cervical motoneuron to-
pography,” the spinal neuronal substrate associated with forelimb
function has not been fully investigated. Propriospinal neurons are
of particular interest, because they modulate lower motoneuron
activity'® and have the potential to subserve partial recovery of
motor function following incomplete SCI.''~'3

Accordingly, the first goal of the present work was to charac-
terize the anatomical distribution of the intraspinal pre-motor cir-
cuitry associated with a defined forelimb muscle, the extensor carpi
radialis longus (ECRL), in the adult rat. The ECRL is significantly
involved in facilitating wrist extension during a number of motor
behaviors including locomotion, grooming, and feeding. As in our
previous definition of the spinal phrenic motor circuitry,! PRV was
used to map the distribution of ECRL motoneurons and the spinal
interneurons that innervate them.

Most studies investigating function of the upper limb after cSCI
have utilized experimental lesions that directly damage forelimb
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motoneuron pools (i.e., mid- and low-cervical contusions). 6-20

Those studies clearly established that injuries damaging forelimb
motoneuron pools, as well as propriospinal networks in surround-
ing gray matter, led to persistent forelimb motor control deficits. On
the other hand, injuries rostral to forelimb motor pools, which could
be considered as primarily descending tract (i.e., white matter)
lesions, have received very little formal evaluation.”' The second
goal of the present study was to determine the effect of C2 hemi-
section (C2HXx) injury on ECRL pre-motor interneuron connec-
tivity relative to the temporal progression of forelimb behavioral
improvements involving the ECRL. These results provide the first
detailed documentation of spinal motor- and pre-motor interneu-
rons associated with forelimb muscle in the intact and injured adult
rat spinal cord.

Methods
Animals

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of the University of Florida.
A total of 60 adult female Sprague-Dawley rats (200-250¢g; ~16
weeks of age) were obtained from Harlan Laboratories Inc. (In-
dianapolis, IN). Animals were housed within the McKnight Brain
Institute at the University of Florida and maintained on a 12/12h
light—dark cycle. In addition, they had free access to water and food
pellets. Animals were assigned to one of two groups: spinally intact
(n=22) or C2Hx groups (n=38). Animals within the spinally intact
group were injected with a neuroanatomical tracer and assigned to
eithera24h (n=2),a48h (n=4),a72h (n=6),a96h (n=06), ora
120 h (n=4) post-injection incubation period. Within the chronic
hemisection group (n=38), all animals underwent behavioral as-
sessments prior to and at biweekly intervals following C2Hx injury.
A subset of 14 animals from the C2Hx group were allocated for
neuroanatomical assessments at a post-PRV incubation interval of
either 72 (n=6) or 96 h (n=238). All animals assigned to the C2Hx
group were assessed for lesion completeness prior to inclusion in
the final analyses.

General surgical methods

Anesthesia and injury methods have been previously de-
scribed.??>* Briefly, rats were anesthetized by injection of xylazine
(10 mg/kg, s.q.) and ketamine (140 mg/kg, i.p., Fort Dodge Animal
Health, IA). Following completion of the surgical procedure, an-
esthesia was reversed via injection of yohimbine (1.2 mg/kg s.q.).
Upon recovery, animals were given injections of buprenorphine
(0.03mg/kg s.q., Hospira, IL) for analgesia and sterile lactated
Ringers solution (5 mL s.q.) to prevent dehydration. Postsurgical
care included administration of buprenorphine (0.03 mg/kg, s.q.)
for the initial 48 h post-injury and delivery of lactate Ringers so-
lution (5mL/day, s.q.) and oral Nutrical supplements (1-3mL,
Webster Veterinary, MA) until adequate volitional drinking and
eating resumed.

Spinal cord hemisection injury

As previously described,"*** a 3 cm midline dorsal incision

was made from the base of the skull extending caudally to ap-
proximately the fourth cervical segment (C4). A laminectomy was
performed at the second cervical segment (C2) to expose the spinal
cord. A small incision was then made in the dura and a lateral Hx
performed on the left side of the spinal cord using a microscalpel,
followed by gentle aspiration. Using this approach, the complete-
ness of the lesion was readily visible and the extent of the lesion
was reproducible. The dura was then closed with interrupted 9-0
sutures and durafilm was placed over the dura. The overlying
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muscle was then sutured in layers and the skin was closed with
stainless steel surgical wound clips.

Anatomical tracing protocols

Recombinants of the Bartha strain of PRV (in minimal essential
medium with 10% fetal bovine serum) were used as anatomical
tracers to examine the neural circuitry associated with the ECRL
muscle in cohorts of spinal intact and C2Hx rats. PRV is a trans-
synaptically transported tracer that will label the entire motor cir-
cuitry over time. Propagation and culture methods for PRV have
been extensively detailed.! Two recombinants of PRV were used in
the present study: either PRV152 or PRV614 (each ~2.0x10®
plaque-forming units [PFU]) were used to trace the circuitry as-
sociated with the ECRL muscle.

Application of PRV was made via a small incision in the skin of
the distal forelimb above the ECRL muscle in spinal intact and
C2HXx rats. The skin and fascia overlying the ECRL were dissected
to expose the ECRL muscle belly. PRV (10 uL) was injected into
the ECRL via Hamilton syringe (Hamilton Company, Reno, NV).
Animals were left to survive for 24—120 h following tracer injec-
tion. A careful time-course study was conducted in uninjured rats to
determine the appropriate post-injection time point for first-order
ECRL motoneuron labeling and subsequent, second-order trans-
neuronal labeling of pre-motor ECRL spinal interneurons. Thus
these data guided the selection of 72 and 96 h PRV incubation times
in the chronic C2Hx group, as there was evidence of both first- and
second-order labeling at these time points.

In a subset of animals (n=2 from the 72 h control group, n=2
from the 96 h control group, and n=2 from the 96 h C2Hx group),
the left radial nerve was severed prior to injection of PRV, to
dennervate the ECRL muscle. The muscle was then injected with
PRV. These control experiments were used to determine whether
any of the observed PRV labeled cells in the cervical spinal cord
arose from labeling of pre-sympathetic neurons. Any neuronal PRV
labeling in these rats would be the result of uptake and transport of
PRV via sympathetic innervation of blood vessels, not via retro-
grade infection from the ECRL.

Behavioral testing of forelimb function

Prior to initiation of experimental testing, rats were handled for
3-5 min daily for 7-10 days prior to testing by laboratory personnel
to familiarize the animals with test administrators. All testing was
conducted at the same time of day for each behavioral test. All
procedures were videotaped and subsequently quantified by a
blinded observer. Rats were tested prior to injury, at 1 and 2 weeks
post-injury, then at biweekly intervals thereafter, until termination
of the study at 16 weeks post-injury.

Limb-use Asymmetry (Cylinder) Test. The cylinder test
was conducted on awake, unrestrained animals. Testing consisted
of a single trial in which rats were placed in a clear Plexiglas
cylinder (20cm in diameter, 20cm high) for 5min. Forelimb
use was measured during vertical exploration as the number of
individual and simultaneous forepaw contacts with the cylinder
wall.>*® Ipsilateral forelimb use was calculated as the propor-
tion of ipsilateral forepaw contacts to the total number of fore-
paw contacts. Scores were calculated with and without dorsal
paw contacts included in the quantification.

Forelimb Locomotor Scale (FLS). Rats were placed in an
open-field plastic enclosure measuring 0.85 mx 1 m. and were ob-
served for a period lasting no longer than 5 min. Trials were scored in
real time by an examiner, and were also videotaped for later viewing
and scoring. Scoring was conducted according to the FLS, a modified
version of the Basso—Beattie-Bresnahan (BBB) Locomotor Rating
Scale,”® as previously described.'**'*? The FLS is 17 point scale
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that defines deficits based on range of motion (Table 1), level of
weight support, and whether the paw is parallel to the body.

Vermicelli pasta handling test. Rats were given 7cm
lengths of uncooked vermicelli pasta, marked at 1.75 cm intervals
to facilitate visualization of paw and pasta movement. For 10 days
prior to initiation of behavioral testing, all rats were given the
vermicelli pieces in their home cages to familiarize them with
the pasta handling. Testing consisted of three to five trials in which
the rats were given a single piece of pasta per trial while still in the
clear Plexiglas cylinder. Test trials were videotaped with a Sony
Digital Camcorder for frame-by-frame analysis. Quantification of
this test involved counting the number of adjustments made by each
forepaw, (left vs. right), the time to eat the entire length of the pasta,
and documentation of any atypical behaviors (Table 2), including
atypical paw positions, failure to contact the pasta, drops, abnormal
pasta grasping, or compensatory head and neck positions.**~*
Adjustments were defined as any visually confirmed release and re-
grasp of the length of pasta. The time to eat was defined by when the
pasta was first placed in the mouth, ending when the piece was
released from both hands and completely consumed.'®*3* Trials
were ignored if the rat did not consume the entire length of pasta or

TABLE 1. FORELIMB LocoMOTOR ScALE (FLS)
SCORING RUBRIC

FLS score Behavioral description
0 No movements of the forelimb (shoulder, elbow, or
wrist joints)
1 Slight movements of one or two joints of the
forelimb
2 Extensive movement of one joint and slight move-
ment of another joint of the forelimb
3 Slight movement of all three joints of the forelimb
4 Extensive movement of one joint and slight move-
ment of two joints of the forelimb
5 Extensive movement of two joints and slight move-
ment of one joint of the forelimb
6 Extensive movement of all three joints of the
forelimb
7 Plantar placement of the forelimb with no weight
support
8 Dorsal stepping only
9 Dorsal stepping and/or occasional plantar stepping
10 Frequent plantar stepping
11 Continuous plantar stepping
12 Continuous plantar stepping with paw position
rotated (either at initial contact, lift-off, or both)
13 Continuous plantar stepping with paw position
parallel (either at initial contact, lift-off, or both)
14 Continuous plantar stepping with paw position

rotated (either at initial contact, lift-off, or both)
and occasional toe clearance

15 Continuous plantar stepping with paw position
parallel (either at initial contact, lift-off, or both)
and occasional toe clearance

16 Continuous plantar stepping with paw position
rotated (either at initial contact, lift-off, or both)
and continuous toe clearance

17 Continuous plantar stepping with paw position
parallel (either at initial contact, lift-off, or both)
and continuous toe clearance

Numerical score values are given based on defined behavioral criteria.
(Adapted from Sandrow et al’h.
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TABLE 2. VERMICELLI PASTA HANDLING TEST:
ATYPICAL BEHAVIORS

Atypical behavior Behavioral description

Paws together when long
Guide and grasp switch
Failure to contact

Drop

Paws apart when short
Mouth pulling
Hunched/abnormal posture
Iron grip

Guide around grasp
Angling with head tilt

Trme e o o

Definitions of atypical behaviors observed during the vermicelli pasta
handling test (Adapted from Allred et al.** and Tennant et al.>*).

turned away from the camera in such a way that the pasta and the
digits were obscured from view.

Spinal cord histology

At the predefined termination point, rats were euthanized by
systemic perfusion with saline followed by 4% paraformaldehyde
(Sigma, St. Louis, MO). For lesion verification, the spinal cord was
dissected and removed, embedded in paraffin, and 5 um transverse
sections were prepared. Spinal cord sections were mounted on glass
slides (Fisher Scientific, Pittsburgh, PA), stained with cresyl violet,
and evaluated using light microscopy. C2Hx lesions were consid-
ered to be anatomically complete only if there was a complete
absence of apparently healthy white or gray matter in the igsilateral
spinal cord at the lesion epicenter as previously described.**2°-%-3¢

For anatomical tracing studies, the cervical spinal cord was re-
moved, and 40 um vibratome sections were made in the longitu-
dinal plane. A subset of tissue was sectioned transversely (40 um
vibratome sections) for assessing the cross-sectional distribution of
labeled neurons. For immunocytochemical analyses of PRV la-
beling, longitudinal vibratome sections were washed in phosphate-
buffered saline (PBS) (0.1M, pH 7.4, 3 x5 min), blocked against
endogenous peroxidase activity (30% methanol, 0.6% hydrogen
peroxide in 0.1 M PBS, incubated for 1-2 h), re-washed in PBS, and
blocked against nonspecific protein labeling (10% normal goat
serum in 0.1 M PBS with 0.03% Triton-X). Sections were then
incubated at 4°C overnight with primary antibodies against PRV
(rabbit anti-PRV; Rb133/134, raised against whole purified PRV
particles that were acetone inactivated; 1:10,000; provided by Dr.
Lynn Enquist). The following day, tissue was washed in PBS
(0.1 M, 3 x5 minutes), incubated for 2h at room temperature in a
biotinylated secondary antibody (goat anti-rabbit; Jackson Im-
munocytochemicals, West Grove, PA; 1:200) and rewashed in PBS
(3% 5min). Sections were further incubated for 2h in an avidin-
biotin complex (ABC; Elite Vectastain Kit; Vector Laboratories,
Burlingame, CA), given a third series of washes in PBS, and pro-
cessed for antigen visualization with diaminobenzidine (DAB;
Sigma, St. Louis, MO).I A subset of tissue sections were counter-
stained with cresyl violet for visualization of neuronal cell bodies.

Microscopy and quantitative analyses

Spinal cord sections were examined using brightfield mi-
croscopy and photographs were taken using a Zeiss AxioPhot
microscope with and AxioCam digital camera linked to a PC. PRV-
positive cells (ECRL motoneurons and pre-motor interneurons)
were quantified in serial longitudinal 40 um sections separated by
120 um (every fourth section) by a blind observer. Cell counts were
made bilaterally in the dorsal horn, intermediate gray matter, and
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the ventral horn, and separated rostrocaudally into three cervical
regions: C1-C3, C4-C6, and C7-T1. The average number of cells
within each region (£ standard error of the mean) was sampled 72
and 96h following application of PRV. Motoneurons (primary
PRV labeling) were distinguished from spinal interneurons (sec-
ondary labeling) based on their location and size. All other cells
within the cervical spinal cord were considered spinal interneurons
that innervate the ECRL motoneurons. In addition to reporting
“raw’’ cell numbers, the number of PRV-positive interneurons was
then expressed as a function of the number of labeled ECRL mo-
toneurons in order to control for variations in primary labeling
among animals (secondary labeling was normalized against pri-
mary labeling)."**

Statistical analysis

All statistical analyses were performed using SigmaPlot 12.5
statistical software (SigmaPlot, SPSS, Chicago, IL). Research hy-
potheses were tested at an o level of 0.05 using repeated measures
(RM), one, two, and three way analyses of variance (ANOVAs) to
determine differences between groups. Post- hoc tests were per-
formed using the Student-Newman—Keuls method to correct for
multiple pairwise comparisons. One way RM ANOVAs were used
to assess changes in body weight, cylinder test scores, time to
eating, and atypical behavior scores on the vermicelli pasta han-
dling test. Two way repeated measures ANOVA and the Student—
Newman—Keuls post-hoc tests were conducted for FLS test scores
and the number of adjustments in the vermicelli pasta test. For this
ANOVA, factor 1 was “‘treatment’ (i.e., pre-injury or the various
post-C2Hx time points) and factor 2 was *‘side’ (i.e., relative to the
side of injury: contralateral vs. ipsilateral). All data are presented as
the mean =+ standard error of the mean. A p value of <0.05 was
considered statistically significant.

Results
Gross histology and body mass

Representative histological sections of the injured cervical spi-
nal cord are shown in Figure 1. The images show that the C2Hx
lesion extended to the spinal midline; animals that did not have a
histologically confirmed hemisection were excluded from the an-
alyses (n=2 from the untraced, C2Hx group; therefore, n =38 were
included in the behavioral analyses). There was a transient reduc-
tion in body weight following C2Hx. By 4 weeks post-injury, body
weight had returned to pre-injury values, and rats continued to gain
weight over the remainder of the study.

The ECRL spinal motor circuitry in as defined
by retrograde PRV tracing

The distribution of PRV-positive motoneurons and interneurons
are first described qualitatively (Figs. 2-5), and this is followed by
quantitative assessment of motoneuron and interneuron labeling
(Figs. 6-8).

ECRL spinal motor circuitry in spinally intact rats

No PRV-positive cells were evident in the spinal cord 24 h
following PRV delivery to the ECRL. Primary motoneuron in-
fection was in the earliest stages after 48 h, with only a single
PRV-positive motoneuron identified across all animals (not
shown). Motoneuron labeling became prominent after 72 h, and
was restricted to the spinal cord, ipsilateral to the injection (Fig.
2). Labeling of motoneurons was even more robust after 96 h
(Fig. 2), and by 120 h, there was evidence of lysis in PRV-positive
motoneurons (not shown). Accordingly, quantitative analyses of
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FIG. 1. Representative histological sections illustrating verified
complete high cervical lateral hemisection (C2Hx) lesions 4 um
transverse sections at C2 taken from rats, 1 (A), 2 (B), and 8
weeks post-injury (C) stained with cresyl violet. The absence of
healthy white and gray matter in the ipsilateral spinal cord sug-
gests anatomically complete C2Hx lesions. CC, central canal; DH,
dorsal horn; VH, ventral horn. Scale Bar: 200 um.

motoneuron labeling (described subsequently) were restricted to
the 72-96 h time points.

Interneuronal labeling was absent at 24-48h, and minimal at
72h following PRV delivery (Fig. 2). At 96h, however, robust
interneuronal labeling was observed in the intermediate gray matter
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FIG. 2. Representative longitudinal (horizontal) sections through the cervical spinal cord of uninjured adult female Sprague-Dawley
rats, 72 (A-C) and 96 (D-F) h following injection of pseudorabies virus (PRV) into the left extensor carpi radialis longus (ECRL)
muscle. Sections have been immunolabeled for the presence of PRV. Low resolution images (A-F) demonstrate the distribution of PRV
labeling in the cervical spinal cord, and high resolution images (insets, panels D-F) demonstrate ECRL motoneuron and interneuron
morphology. ECRL motoneuron labeling in the ventral horn (C and F), as well as interneuronal labeling in the intermediate gray matter
(B and E) and the dorsal horn (A and D) of the cervical spinal cord at the 96 h post-injection time point. Rostrocaudal orientation is from
left to right. Scale bars: 1 mm (panels A-F) and 100 um (inset panels).

(laminae VII and X, Fig. 2E) as well as the dorsal horn (laminae I-
VI, Fig. 2D). Interneuronal PRV labeling extended throughout the
upper, middle, and lower cervical spinal cord, and the majority of
labeled cells were located ipsilateral to the infected ECRL motor
nucleus.

Control for sympathetic neuronal labeling

Sympathetic pre-ganglionic neurons in the ipsilateral upper
thoracic intermediolateral gray matter were also PRV-positive
following ECRL injection (Fig. 3 A—C). Accordingly, control
experiments were conducted to determine if cervical interneuron
infection (e.g., Fig. 2) occurred via a pathway other than the
ECRL motor circuit. Therefore, the left radial nerve was sectioned
immediately prior to PRV injection into the ECRL in uninjured
rats as well as those with C2Hx. Following radial nerve section, no
PRV-infected cells were detected in the cervical region in either
group, even after 96 h (Fig. 3 D-F). However, clear labeling of
putative sympathetic neurons in the intermediolateral thoracic
gray matter was still evident in these animals. Therefore, at a time
point associated with robust cervical interneuron labeling with the
radial nerve intact (i.e., 96 h, Fig. 2 D-F), cervical labeling never
occurred if the radial nerve was sectioned. This confirms that
cervical neuronal labeling was associated with the ECRL motor
circuitry.

ECRL spinal motor circuit following chronic C2Hx

Spinal cord PRV labeling was assessed in tissues harvested 16
weeks following C2Hx injury (Fig. 4). At 72 h post-PRV delivery,
motoneuron and interneuron labeling was very sparse (Fig. 4 A-C).
Motoneuron labeling was robust after 96 h, and was qualitatively
similar to labeling in uninjured animals. Bilaterally distributed pre-
motor interneurons were observed throughout all cervical segments
at 96 h post-injection of PRV. The extent of post-C2Hx interneuron
labeling was similar to the spinally intact condition, and was most
prominent in laminae VII and X (Fig. 4B, E) and also throughout
the dorsal horn (Fig. 4 A, D). There were no apparent regional (i.e.,
across lamina) or rostrocaudal differences in the distribution of
interneuronal labeling when comparing tissues from uninjured and
spinally injured rats.

Quantitative analyses of PRV labeling

The number of PRV-positive ECRL motoneurons increased
between 72 and 96h in both uninjured and C2Hx rats (Fig. 5,
p<0.001). Motoneuron labeling appeared to be more robust in the
uninjured group, but quantification of labeled neurons did not show
significant differences ( p =0.054 vs. C2Hx). Interneuronal labeling
was limited 72h post-PRV in both groups (Table 3), which
prevented meaningful statistical comparisons between 72 and
96 h. Quantitative analyses of interneuronal distributions were,
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FIG. 3. Representative longitudinal (horizontal) sections through the thoracic (A—C) and cervical spinal (D-F) cord of uninjured adult
female Sprague-Dawley rats, 72h after injection of pseudorabies virus (PRV) into the left extensor carpi radialis longus (ECRL)
muscle. These control experiments were conducted to determine whether the PRV-positive labeling observed in the cervical spinal cord
after injection into the ECRL muscle (see Fig. 2) was associated with non-ECRL circuitry (i.e., sympathetic labeling). In these control
experiments, the left radial nerve was cut prior to injection of PRV, preventing retrograde labeling via ECRL motoneurons. Sections
have been immunolabeled for the presence of PRV. Sections A—C demonstrate the distribution of sympathetic pre-ganglionic (non-
ECRL) labeling associated with PRV injection into the ECRL muscle, which was concentrated within in the intermediolateral gray
matter of the thoracic spinal cord. Sections D-F demonstrate the absence of PRV labeling in the dorsal horn (D), the intermediate gray
matter (E), or the ventral horn (F) of the cervical spinal cord following radial nerve section, confirming that cervical labeling observed
in the PRV-tracing experiments is associated with the ECRL circuitry. Rostrocaudal orientation is from left to right. Scale bars: 1 mm

(A, D-F) and 100 um (B and C).

therefore, restricted to the 96 h group. Consistent with our quali-
tative impressions, there was no effect of C2Hx on the total number
of PRV-positive interneurons regardless of whether the results were
normalized to motoneuron labeling (p =0.362, Fig. 6) or presented
as raw counts (p =0.733, Table 3). Although bilaterally distributed,
the number of PRV-labeled interneurons was greatest on the side of
the PRV injection (p<0.007, Fig. 6). There was no significant
difference in lateral distribution, however, between the control and
C2Hx groups.

In order to assess segmental distribution, the number of PRV-
labeled interneurons was quantified within the upper- (C1-C3),
mid- (C4-C6), and low-cervical, high-thoracic (C7-T1) spinal
segments. This analysis revealed a significant difference in labeling
across the three cervical regions (p=0.015; Fig. 7). PRV labeling
in the lower cervical/upper thoracic cord was greater than in both
the upper and middle cervical cord (Fig. 7). Similar results were
obtained when the data were analyzed as total cell counts (Table 4).
The spinal cord ipsilateral to the PRV injection again showed the
greatest number of PRV-positive interneurons in each cervical re-
gion analyzed (p <0.001 vs. contralateral). There was no impact of
C2Hx injury on the lateral distribution of interneuron labeling
(Fig. 7; p=0.202).

Lastly, we assessed whether interneuronal labeling differed
across the spinal laminae (i.e., dorsal horn vs. intermediate gray
matter). Overall, the normalized labeling was greater in the inter-
mediate gray matter than in the dorsal horn (p =0.005; Fig. 8). This
was also reflected by the raw counts (Table 5). Within both regions,
there were a greater number of labeled interneurons in the ipsilat-
eral spinal cord in both groups (p<0.001 vs. contralateral). Con-
sistent with the prior analyses, however, there was no effect of

C2Hx injury PRV labeling when analyzed with respect to gray
matter location (Fig. 8, p=0.261).

Forelimb functional testing

Prior to injury, rats used the left and right forelimbs equally
during vertical cylinder exploration. Following C2HXx, ipsilateral
forelimb use was dramatically reduced at all post-injury time points
(Fig. 9). Because all rats had limited ability to extend the wrist to
place the palmar surface on the cylinder following C2Hx, we also
stratified the cylinder contacts to exclude (Fig. 9B) and include
dorsal paw contacts (Fig. 9C). The overall recovery curve was
qualitatively similar in both cases, but the deficits were more per-
sistent if dorsal paw contacts were not counted (Fig. 9B). Inclusion
of dorsal placements suggested a more rapid recovery, with im-
provements seen 2 weeks post-injury.

Uninjured rats demonstrated full range of motion, weight-
bearing on the plantar surface of the paw during stance, and ade-
quate toe clearance during swing (Fig. 10A), and ipsilateral FLS
scores prior to injury were 17x0 out of a possible score of 17
(Fig. 10B). One week following C2Hx, there was reduced range of
motion at all upper limb joints during locomotion, and inability
bear weight on the plantar surface of the limb. There was also an
inability to clear the toes during swing, and ipsilateral FLS scores
were dramatically reduced. There was a significant effect of time
on the ipsilateral FLS score (p<0.001) with values below pre-
injury at all post-injury time points (p <0.05). However, a modest
time-dependent recovery occurred, and by 8 weeks the FLS score
was significantly greater than the immediate post-injury values
(p<0.05). By 16 weeks post-injury, rats demonstrated improved
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FIG. 4. Representative longitudinal (horizontal) sections through the cervical spinal cord of rats, 16 weeks after high cervical lateral
hemisection (C2HXx) injury, 72 (A-C) and 96 (D-F) h after injection of pseudorabies virus (PRV) into the left extensor carpi radialis
longus (ECRL) muscle. Sections have been immunolabeled for the presence of PRV. Low resolution images (A-F) demonstrate the
distribution of PRV labeling in the cervical spinal cord, and high resolution images (insets, panels D-F) demonstrate ECRL motoneuron
and interneuron morphology. Motoneuron labeling was evident in the ipsilateral ventral horn (C and F), as well as bilateral inter-
neuronal labeling in the intermediate gray matter (B and E) and dorsal horns (A and D) at the 96h post-injection time point. As
compared with uninjured controls, first-order PRV labeling at the 72 h time point was reduced, although at 96 h, significant interneuronal
labeling was evident, extending throughout the cervical spinal cord in both the dorsal horn and the intermediate gray matter (D-E).

Rostrocaudal orientation is from left to right. Scale bars: 1 mm (panels A-F) and 100 um (inset panels).

toe clearance, and were able to place the limb and bear weight
during stance. Persistent deficits included lack of toe clearance and
internal and external limb rotation.

Figure 11 provides the results of the pasta handling test for
characterization of a skilled forelimb task. Prior to injury, all
rats used a bimanual strategy for consuming pasta. One hand
was positioned proximal to the mouth and was used to grasp the
pasta while the other hand (positioned more distally) was used to
advance the pasta toward the mouth (Fig. 11D, panel i). Early
after the injury, rats were unable to use the ipsilateral forelimb to
grip the pasta, and there was little evidence of recovery in the
ability for fine motor manipulations. Therefore, the number of
ipsilateral paw adjustments dropped to almost zero immediately
post-injury, and remained at this value (Fig. 11A). In addition,
there was no evidence for a compensatory increase in the
number of “‘pasta adjustments’ with the contralateral paw fol-
lowing C2Hx. Some minor differences in total time to eat pasta
were noted following injury; however, there was considerable
variability within and between animals (Fig. 11B). C2Hx also
resulted in a dramatic increase in the number of ‘‘atypical be-
haviors” observed during each pasta handling trial (Fig. 11C,
p<0.05). For example, many rats demonstrated abnormal pos-
tures, including angled head tilt or hunched posture (Fig. 11D;
panels ii-vi). Alternative methods for using the ipsilateral limb
were also observed, and these included: 1) using the ipsilateral

limb for weight-bearing support while eating, and 2) using the
ipsilateral limb to support the contralateral limb while eating
(Fig. 11D; panels iii, iv, and vi).

Discussion

Spinal interneurons are well known for playing important roles
in shaping motoneuron output.”” More recent evidence also sug-
gests that propriospinal neurons have the potential to mediate
spontaneous and therapeutically induced behavioral changes after
SCI.'!-13-2038 The neuroanatomical characterization of such inter-
neuronal plasticity, however, is limited. One possibility is that
injury or treatment could result in the formation of novel inter-
neuron—motoneuron relationships, which in turn may subserve
functional improvements. The present transneuronal tracing study
thus provides the first comprehensive demonstration of the locali-
zation of mid-cervical interneurons, which are networked with a
specific forelimb motoneuron population and an assessment of that
connectivity relative to chronic SCI and recovery of forelimb
function following a lesion rostral to the motoneuron circuit of
interest. Our collective results indicate that first-order interneuronal
synaptic relationships with ECRL motoneurons ipsilateral to the
side of C2Hx remain seemingly hard wired despite unilateral white
matter damage and extensive suprasegmental denervation of the
ECRL circuit.
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FIG. 5. The number of pseudorabies virus (PRV)-positive ex-
tensor carpi radialis longus (ECRL) motoneurons (* standard
error of the mean [SEM]) in the cervical spinal cord of control
(CTRL) and high cervical lateral hemisection (C2Hx) rats. The
number of labeled motoneurons in both CTRL and C2Hx groups
was significantly greater (p<0.05) 96 h after delivery of PRV to
the left ECRL than at 72h (*). No evidence of contralateral mo-
toneuron labeling was observed at any time point, in any group.

Forelimb spinal motor circuitry in spinally intact rats

Assigning spinal interneurons as being directly or indirectly pre-
motor to the ECRL motoneuron pool was supported by neuronal
infection occurring in the absence of possible overlap with spinal
autonomic circuitry. It should be noted, however, that definitively
distinguishing between second and subsequent orders of infection
(i.e., connectivity) cannot be achieved without more specific tem-
poral analyses of interneuronal labeling. Likewise, the distribution
of ECRL-related interneurons was conservative, in that we did not
attempt to identify cells that may have been embedded within or
close to the ECRL motoneuron pool.

Although direct inferences about functional connectivity cannot
be made from PRV results alone, our neuroanatomical findings
complement previous neurophysiological investigations of cervical
propriospinal relationships with upper extremity motor function in
animal models**~*® and humans.*’~>° Trans-synaptic tracing tech-
niques"**">? were used in the present study to anatomically
characterize the distribution of interneurons within the ECRL
motor circuit. The results show an extensive bilaterally distributed
propriospinal network with pre-motor interneurons being promi-
nent in the intermediate gray matter (laminae VII and X) of the mid-
cervical spinal cord, ipsilateral to the motoneuron pool. Dual
anterograde and retrograde tracing techniques will be required to
map the suprasegmental projections onto these cells; however, both
excitatory and inhibitory corticospinal, reticulospinal, rubrospinal,
and tectospinal inputs have been reported,*>*¢ projecting to
multiple forelimb motoneuron pools including shoulder, elbow,
wrist, and digit muscles.>” %

We previously described a bilaterally distributed cervical pro-
priospinal network that innervated both phrenic and intercostal
motoneurons using a similar PRV approach.' The similarities be-
tween interneuronal distributions within the ECRL and phrenic
motor circuits suggest that these cells may be functionally impor-
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FIG. 6. Pre-motor extensor carpi radialis longus (ECRL) inter-
neurons in the cervical spinal cord. The number of PRV-positive
cells counted are expressed relative to the number of PRV-labeled
motoneurons (+ standard error of the mean [SEM]). Ninety six
hours after delivery of PRV, the number of labeled interneurons in
both control (CTRL) and high cervical lateral hemisection (C2Hx)
groups was significantly greater (p <0.05) 96h after delivery of
pseudorabies virus (PRV) to the left ECRL than at 72h (*); 72h
after delivery of PRV, the number of ipsilateral labeled cells was
no different than the number of contralateral cells in both CTRL
and C2Hx groups (not shown); 96 h after delivery of PRV, the
number of ipsilateral labeled cells was significantly greater
(p<0.001) than the number of contralateral cells in both CTRL
and C2Hx groups (*). There was no difference in the number of
labeled cells between CTRL and C2Hx groups at either time point.

tant for coordinating diaphragm and limb movement (i.e., respi-
ratory—locomotor coupling). Although several studies have
demonstrated precise coupling between these two motor outputs,
the underlying mechanisms are not clearly established.®'~%® Cer-
vical propriospinal networks may provide an anatomical substrate
that facilitates respiratory—locomotor coupling, both with the spinal
cord intact and also in the context of motor rehabilitation and re-

covery.67"69

Interneurons and SCI

Neuroanatomical plasticity can occur in multiple ways, and the
primary focus of this study was on potential changes in interneu-
ronal relationships associated with a specific muscle’s spinal net-
work: in this case, ECRL motoneurons. The ECRL was chosen in
the present study because wrist extensor function is one of the
primary movements involved in the performance of the behavioral
tasks employed here. Altered number or distribution of second- or
later-order PRV infection could reflect a change in the relationship
between spinal interneurons and motoneurons. Previous work has
suggested that such anatomical reorganization can occur within
other motor circuitry following SCL'" Contrary to our expecta-
tions, however, neither variable was altered by C2Hx in our study.
Therefore, the most immediate interpretation is that neither injury
nor any degree of recovery entailed a loss or addition of interneu-
rons into the ECRL circuit. It is possible that some limited
sprouting from interneurons could have occurred resulting in in-
creased ECRL motoneuron innervation by pre-motor cells, but that
this went undetected by PRV tracing. To explore this possibility,
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FIG. 7. The rostrocaudal distribution of pre-motor extensor carpi radialis longus (ECRL) interneurons in the cervical spinal cord. The
number of pseudorabies (PRV)-positive cells counted in each segment are expressed relative to the number of PRV-labeled motoneurons
(% standard error of the mean [SEM]). The number of labeled interneurons in the lower cervical/upper thoracic cord (C7-T1) was
significantly greater (p <0.05) than both the upper and middle cervical segments. The number of ipsilateral labeled cells was significantly
greater (p <0.001) than the number of contralateral labeled cells at C7-T1 in both CTRL and C2Hx groups (*). There were no differences
in the number of labeled cells between CTRL and C2Hx groups at any level, at either time point.

more in-depth temporal analyses of interneuron labeling relative to
spinally intact controls would be required in future work.

PRV transneuronal labeling has not been shown definitively to
be associated with function; however, it is noteworthy that wel70
and others®'* have observed delayed first-order labeling of mo-
toneurons after SCI. Although this may be associated in part with
deafferentation, it is more likely a reflection of neuromuscular
junction dynamics post-injury’' or changes in PRV receptors.”'>
Irrespective of the underlying mechanism, delayed first-order in-
fection can influence quantitative analyses, most likely resulting in
an underestimation of interneuronal labeling post-injury. We found
no evidence of altered interneuronal distribution post-injury;
therefore, conservative interpretations of these results would con-
clude that either there was no impact of injury and/or plasticity on
the number of neurons within the ECRL circuitry or that changes in
the circuitry were underrepresented.'>'->

The absence of robust evidence for anatomical reorganization of
the cervical ECRL interneurons following C2Hx is consistent with
our prior study of the phrenic motor circuit, in which minimal
changes in the distribution and prevalence of pre-motor interneu-
rons occurred after chronic C2Hx.! That, however, does not dismiss
a functional role of pre-motor, cervical interneurons in the recovery
process.”*7* Alterations in the functional efficacy of existing pro-
priospinal circuits (e.g., without forming a ‘“‘new circuit’) will not
necessarily be detected using the PRV trans-synaptic tracing ap-
proach. The neuroanatomical tracing methods utilized in this study
characterize a very specific aspect of the intraspinal motor circuitry
controlling the ECRL muscle. Specifically, PRV enables the
identification of the location and distribution of pre-motor inter-

neurons that are synaptically coupled with the ECRL motoneurons.
Changes in neurotransmitter release or post-synaptic receptor
density in cervical spinal neurons likely to contribute motor re-
covery after C2Hx"® and could be explored in future studies by
using additional immunohistochemical or pharmacological ap-
proaches. Similarly, PRV tracing methods do not enable us to
identify alterations in the excitability within a motor circuit, which
may significantly impact motor recovery following SCL”*

The propriospinal network may also be receiving new synaptic
connections not recognized in the present work. One possibility is
that sprouting of axotomized and/or intact fibers from supraspinal
tracts may produce new synaptic connections onto surviving mo-
toneurons and/or interneurons.'"'*7>7® Whereas some evidence
has been reported suggesting that collateral sprouting of intact
descending motor fibers may not contribute to recovery of forelimb
motor function, there is also compelling evidence that under certain
conditions, such potential does exist, ! 1137679 Alternatively, we
cannot rule out the possibility that PRV is not able to trans-
synaptically label the new synapses formed in response to SCI,
although this would seem unlikely based on what is known about
the viral transport. Another consideration regarding the absence of
robust differences in interneuronal labeling observed after SCI may
be related to the PRV tracing methods employed in this study. It is
possible that this tracing method does not have sufficient accuracy
or precision to identify very subtle changes in interneuronal con-
nectivity within the ECRL motor circuitry. Conversely, it may be
that there is a more extensive reorganization of spinal connectivity
within motor circuits not studied in the present work (mediating
control of other upper extremity muscles).
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FIG. 8. The regional distribution of pre-motor extensor carpi radialis longus (ECRL) interneurons in the cervical spinal cord. The
number of pseudorabies virus (PRV)-positive cells counted in the dorsal horn (A) and in intermediate gray matter (B) are expressed
relative to the number of PRV-labeled motoneurons (+ standard error of the mean [SEM]). The number of labeled interneurons in the
intermediate gray matter was significantly higher (*) than in the dorsal horns (p<0.05). The number of ipsilateral labeled cells was
significantly greater (p <0.001) than the number of contralateral cells in both the CTRL and the C2Hx groups in both regions (*). There
were no differences in the number of labeled cells between CTRL and C2Hx groups in either region, at either time point.

Recovery of forelimb motor function and spinal circuitry

Behavioral assessments in the present study were selected to
evaluate functional recovery both qualitatively and quantitatively.
This approach takes into account that scores on functional assess-
ments may not reflect the true nature of the motor algorithm for
specific tasks. Although we did not observe overt changes in the
ECRL network relative to the moderate recovery of forelimb func-
tion observed, the behaviors exhibited underscore potential neural
substrate changes elsewhere in the complex of forelimb motoneuron
circuits. Progressive, spontaneous recovery of ipsilateral forelimb
function occurred over weeks to months following C2Hx injury;
recovery, however, was incomplete and reached a plateau by 2
months post-injury. Forelimb recovery was most robust in the per-
formance of gross motor behaviors, with chronic deficits persisting
for fine motor tasks. Limited recovery was noted in toe clearance and
paw rotation during locomotion, and the ability to grasp and ma-
nipulate pasta with the forepaw also remained considerably im-
paired. Interestingly, despite persistent deficits in fine motor
function, rats demonstrated a remarkable ability to perform the de-

sired task after injury utilizing a number of alternative (compensa-
tory) strategies. Given these functional outcomes, especially in terms
of fine motor behavior, the absence of neuroanatomical change in the
ECRL circuit is not surprising. On the other hand, the acquisition of
compensatory strategies not only complicates the analysis of post-
injury changes in forelimb function, but also highlights the chal-
lenges of defining the contribution of anatomical plasticity to func-
tional recoveries involving multiple muscles and their respective
motoneuron circuits.

Commentary on behavioral assessment methods

For the present study, we assessed a range of functional be-
haviors related to upper limb function including fine, gross, and
locomotor abilities; therefore, functional tests were selected ac-
cordingly. Assessment of upper extremity function can be quite
complicated, however, as most functional tasks of the upper ex-
tremity involve complex coordination between multiple muscles
and joints within a limb, as well as the ability to stabilize the limb
appropriately. Accordingly, scores on functional assessments may
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TABLE 5. REGIONAL DISTRIBUTION OF PRE-MOTOR
ECRL INTERNEURONS

Motoneurons Interneurons
Group Side (Raw count) (Raw count)
72h CTRL Ipsilateral 18£5 18+3
Contralateral n/a 11£2
72h C2Hx Ipsilateral 1+1 612
Contralateral n/a 5+3
96 h CTRL Ipsilateral 63+10* 555+ 170"
Contralateral n/a 220+63
96 h C2Hx Ipsilateral 48 £9* 638+163*
Contralateral n/a 253+49

Values are means * standard error of the mean (SEM). Statistical
analyses of motoneuron counts were conducted using two way ANOVA.
No differences in motoneuron counts were observed between CTRL and
C2Hx groups. Statistical analyses of interneuron counts were limited to the
96 h time point using a two way ANOVA. No differences in labeling were
observed between CTRL and C2Hx groups.

#p <0.05 difference from 72h. p<0.05 difference from contralateral.

ECRL, extensor carpi radialis longus; CRTL, control; C2Hx, high
cervical lateral hemisection.

not necessarily reflect the true nature of motor deficits, as they do
not necessarily distinguish between an inability to perform the
coordinated behavior of interest and the inability to perform the
component motor behaviors. Furthermore, one of the goals of using
standardized assessments of functional abilities is to facilitate
comparison across groups of animals or across different time
points. However, applying a quantification rubric to a given test
limits the ability to assess subjective measures related to the task
being assessed.

For example, the vermicelli pasta test entails the quantification
of the time it takes to eat a length of pasta, the number of left and
right paw adjustments made on the pasta, and the number of defined
atypical behaviors that were observed in a given trial. In the present
study, rats were able to accomplish the pasta eating task by using a
wide array of different movement strategies that we were unable to
quantify using the rubric defined by the test guideline. Therefore,

TABLE 4. SEGMENTAL DISTRIBUTION OF PRE-MOTOR
ECRL INTERNEURONS

Interneurons Interneurons Interneurons

Group Side Cl-C3 C4-Co C7-Tl

72h CTRL Ipsilateral 4+1 742 7+1
Contralateral 3+1 5+1 4+1

72h C2Hx Ipsilateral 3+1 11 2+1
Contralateral 1+1 1£1 2+2

96h CTRL Ipsilateral 185+63**  119+£32%% 252+88+*
Contralateral 95 +30% 48+11* 77+

96h C2Hx Ipsilateral 146 +£36%%  134+27+* 350+115%*
Contralateral 101 +23" 62+ 10" 90+22

Values are mean number of ECRL interneurons (raw counts) by
segment * standard error of the mean (SEM). Statistical analyses of
interneuron counts were limited to the 96h time point using a two way
ANOVA. No differences in labeling were observed between CTRL and
C2Hx groups.

#p<0.05 difference from contralateral. *p <0.05 difference from C7-T1.

ECRL, extensor carpi radialis longus; CRTL, control; C2Hx, high
cervical lateral hemisection.

Group Side Dorsal horn  Intermediate gray

72h CTRL  Ipsilateral 3+1 16+2
Contralateral 3+1 812

72h C2Hx  Ipsilateral 2+1 412
Contralateral 1+1 3+2

96h CTRL Ipsilateral 203 £62%* 352+ 119%%
Contralateral 44417 176 + 607

96 h C2Hx Ipsilateral 270 £ 66* 368 + 100%*
Contralateral 5110 202 £43*

Values are mean number of ECRL interneurons (raw counts) by region
+ standard error of the mean (SEM). Statistical analyses of interneuron
counts were limited to the 96 h time point using a two way ANOVA. No
differences in labeling were observed between CTRL and C2Hx groups.

#p <0.05 difference from contralateral. *p <0.05 difference from dorsal
horn.

ECRL, extensor carpi radialis longus; CRTL, control; C2Hx, high
cervical lateral hemisection.

whereas scores on the test may have indicated a lack of recovery
(e.g., time to consume pasta), it was evident to the rater that over the
period of weeks and months post-injury, rats were actually modi-
fying the way they were performing the test. This highlights the
importance of selecting tests that will be sensitive to functional
changes in order to provide the most accurate assessments.

The complications that arise in quantifying compensatory be-
havioral strategies used to accomplish a given motor task were re-
cently highlighted in a review by Fouad and colleagues.79 One of the
major issues is how to characterize and evaluate the contribution of
compensatory behaviors to motor recovery. One approach is to use
qualitative assessments such as the FLS, the BBBm or the ““atypical
behaviors™ component of the vermicelli pasta test,'%-%2%-31.33.8081
These scoring systems are designed to compare movement patterns
in animals with neurological deficits to defined movement patterns
observed in neurologically intact animals. An obvious challenge
with this approach is that one cannot necessarily determine whether a
compensatory behavior occurred (vs. a true impairment). Further-
more, whether abnormal execution of a movement pattern is actually
a beneficial compensation employed in order to accomplish a given
task is often not taken into consideration by these assessments, nor do
the defined guidelines for administering these assessments enable
these behaviors to be characterized.

For example, rats that demonstrate numerous atypical behav-
iors during the pasta handling task may still achieve similar (or
even faster) time-to-eat rates than they did pre-injury. This ex-
ample also highlights the difficulties in using quantitative mea-
sures to evaluate functional recovery (e.g., time to eat pasta,
number of paw placements), as rats might eat the pasta faster by
using these compensatory (abnormal) strategies such as tilting the
head or using the ipsilesional limb to guide and or assist the
grasping hand. Therefore, in the present study, behavioral as-
sessments were selected to evaluate functional recovery both
qualitatively and quantitatively.

Conclusion

We have described an extensive spinal network of interneurons
that are synaptically coupled to the ECRL muscle. These pre-motor
interneurons are likely to participate in modulating ECRL motor
activity and may possibly contribute to coupling respiratory and
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FIG. 9.

(A) The impact of high cervical lateral hemisection (C2Hx) on ipsilateral upper extremity use during vertical cylinder
exploration. Ipsilateral paw use was represented as the percentage of ipsilateral placements relative to the total number of placements.
Scores were calculated both with (Panel C) and without (Panel B) dorsal paw placements included in the quantification. All post-injury
data points were significantly different than pre-injury values (¥*p <0.05). If dorsal paw placements were excluded from the quantifi-
cation, progressive improvements in ipsilateral forelimb use occurred beginning in week 14 (*p <0.05). If dorsal paw placements were
included in the quantification, progressive improvements in ipsilateral forelimb use occurred beginning in week 2 (*p <0.05). Values are
mean * standard error (SE) using one way repeated measures analysis of variance (RM ANOVA). p<0.05.

locomotor activity. The distribution and prevalence of these inter-
neurons did not change after C2Hx injury, suggesting that the pro-
gressive, spontaneous recovery of ipsilateral forelimb function
described in the present work does not involve recruitment of new
interneurons into the ECRL motor pathway. We speculate that the
lack of overt reorganization of interneuronal connectivity post-C2Hx
in the spinal ECRL circuitry studied can be attributed in part to the
limited recovery and use of the ECRL in the behaviors assessed. The
compensatory strategies and atypical motor behaviors observed in
these animals suggest that other upper extremity muscles are being
recruited to perform behavioral tasks. It is possible that there are
changes in connectivity in neural substrates mediating control of

A

Pre-injury

1 week post-injury

16 weeks post-injury

these recruited muscles. Selecting a target muscle to explore such
changes, however, is complicated by the fact that individual animals
adopt different compensatory atypical behaviors.

The functional significance of the extensive cervical pro-
priospinal network' (and current data) to functional motor recovery
after SCI remains an important and unanswered question. Estab-
lishing the role of propriospinal networks to motor control presents
a difficult experimental challenge; however, genetic methods are
emerging that are beginning to shed light on this issue. Continued
investigation of this topic, and in particular, the functional role of
cervical propriospinal networks, may help guide the development
of more targeted therapeutic strategies for enhancing upper limb
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FIG. 10 (A) The impact of high cervical lateral hemisection (C2Hx) on ipsilateral locomotor function was assessed during open field-
locomotion using the Forelimb Locomotor Scale (FLS). Representative images depict locomotor function prior to and at 1 and 16 weeks
post-injury. (B) FLS scores were determined in uninjured rats and at 1, 2, 4, 6, 8, 10, 12, 14, and 16 weeks post-C2Hx injury. All post-
injury ipsilateral data points were significantly different than the contralateral (“p <0.05) scores, and were significantly different than
pre-injury values (*p<0.05). Progressive improvements in forelimb locomotor function occurred beginning in week 8, with each
successive data point increasing significantly from the 6 week time point (*p <0.05). Values are mean * SE using one-way repeated
measures analysis of variance (RM ANOVA). p<0.05.
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FIG. 11.

Vermicelli pasta handling test. The average number of paw adjustments (A), time to eat (B), and number of atypical
behaviors (C and D) were quantified (mean * standard error of the mean [SEM]). (A) The average number of adjustments made by
the ipsilateral (left) paw was dramatically reduced after injury (p <0.05) and was significantly lower than the number of adjustments
made by the contralateral (right) paw (p <0.05). Rats did not regain ipsilateral paw use over the course of 16 weeks (p <0.05). (B) No
difference in the time to eat the pasta was observed, although there was considerable variability between animals and between testing
sessions. (C) The average number of atypical behaviors observed per trial increased following high cervical lateral hemisection

(C2Hx) injury (p<0.05). 31gn1ﬁcantly different from contralateral; *significantly different from pre-injury; signiﬁcantly different
from 4 weeks post-C2Hx; s1gn1ﬁcantly different from 6 weeks post-C2Hx. (D) Examples of normal (i) and the most common
atypical behaviors (ii-vi) demonstrated by rats during the vermicelli pasta handling test. Example images include normal eating
behavior (i), head tilt with angled pasta hold (ii, iii, iv and vi), hunched posture (iii, iv, and v), and failure to contact (ii, iii, iv, and vi).

Atypical behaviors were observed frequently after injury, and may represent compensatory strategies for accomplishing the pasta
eating task.
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