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After spinal cord injury (SCI), severed axons in the adult
mammalian CNS are unable to mount a robust regenerative
response. In addition, the glial scar at the lesion site further
restricts the regenerative potential of axons. We hypothesized
that a combinatorial approach coincidentally targeting these
obstacles would promote axonal regeneration. We combined
(1) transplantation of a growth-permissive peripheral nerve
graft (PNG) into an incomplete, cervical lesion cavity; (2) trans-
duction of neurons rostral to the SCI site to express constitu-
tively active Rheb (caRheb; a Ras homolog enriched in brain),
a GTPase that directly activates the growth-promoting pathway
mammalian target of rapamycin (mTOR) via AAV-caRheb
injection; and (3) digestion of growth-inhibitory chondroitin
sulfate proteoglycans within the glial scar at the distal PNG
interface using the bacterial enzyme chondroitinase ABC
(ChABC). We found that expressing caRheb in neurons post-
SCI results in modestly yet significantly more axons regenerat-
ing across a ChABC-treated distal graft interface into caudal
spinal cord than either treatment alone. Excitingly, we found
that caRheb+ChABC treatment significantly potentiates the
formation of synapses in the host spinal cord and improves
the animals’ ability to use the affected forelimb. Thus, this com-
bination strategy enhances functional axonal regeneration
following a cervical SCI.

INTRODUCTION

After spinal cord injury (SCI), severed axons in the adult mamma-
lian CNS are unable to robustly regenerate, leading to permanent
functional deficiencies. This failure of axonal regeneration is attrib-
uted to an inhibitory environment in the CNS as well as a dimin-
ished intrinsic regenerative capacity of adult axons.'” When
provided with permissive substrates, such as a peripheral nerve graft
(PNG), several populations of injured axons are capable of regener-
ating into and through the PNG. However, these axons stop abruptly
at the distal graft-host interface because they encounter glial scar
tissue.” After injury, astrocytes within the lesion penumbra undergo
reactive gliosis; increase their production of growth-inhibitory
molecules, including chondroitin sulfate proteoglycans (CSPGs);
and contribute to the formation of the glial scar.”’ Notably,
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increased CSPGs in the glial scar appear to play a key role in the
failure of axonal regeneration after injuries.® Digestion of scar-asso-
ciated CSPGs by the bacterial enzyme chondroitinase ABC
(ChABC), which cleaves the sugar moiety that confers inhibition
from the protein core of CSPGs, improves regrowth of injured axons
across the scarred boundary, including a distal PNG-host spinal cord
interface. ChABC administration also promotes regenerating axons
to synapse upon distal neurons and improves functional recovery
after SCL.°™'* To provide further impetus for axon growth out of
the graft, we have explored combining ChABC administration at
the distal PNG boundary with other strategies, including overexpres-
sion of the neurotrophin BDNF (brain derived neurotrophic factor)
and pharmacological inhibition of the motor protein kinesin-5,"*"*
with some success.

More recently, we concurrently tackled both intrinsic and extrinsic
obstacles by (1) grafting a PN to span a thoracic spinal transection
site, (2) digesting the CSPGs at the distal PNG interface with ChABC,
and (3) transducing neurons rostral to the SCI site to express consti-
tutively active Rheb (caRheb; a Ras homolog enriched in brain).'”
Rheb is a small GTPase that directly activates mTOR when bound
to GTP."® caRheb contains a point mutation that results in Rheb’s
being persistently bound to GTP and, consequently, continually acti-
vating mTOR.! Activation of mTOR is crucial for cell survival,
proliferation, and augmenting axonal growth from different neuron
populations after injuries.'® ** Results in the previous studies demon-
strated that caRheb expression and ChABC treatment of PNG inter-
face had an additive effect and promoted more propriospinal axons to
traverse across the PNG interface into caudal spinal cord, where they
formed putative synapses, than either approach alone.'” Although we
found histological evidence that the regrown axons formed putative
synapses upon host neurons, it was difficult for us to provide concrete
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evidence to indicate that axons that regenerated through the PNG
synapsed with interneurons caudal to the injury site that mediate
functional recovery, because of limitations with the transection injury
model.

The neuron populations that grow axons into a PNG are highly
dependent upon the level of injury, as the upregulation of regenera-
tion-associated genes necessary for regrowth is linked to the distance
of the injury from the cell body.>* The closer the injury is to the soma,
the greater the increase in regeneration-associated gene expression.
As such, supraspinal neurons, such as the reticular formation and
the red nucleus,'” regenerate more readily into a cervical (C) graft
than a thoracic (T) graft. Thoracic grafts are largely absent of de-
scending axons and primarily contain propriospinal axons,”* even
when caRheb is expressed.”” In the present study, we hypothesized
that caRheb expression would provide more incentive for injured
axons to grow beyond a ChABC-treated PNG and to reinnervate
the spinal cord caudal to a cervical injury site. We adopted a similar
strategy as in our previous study. We injected AAV5-caRheb rostral
to a cervical level 2 hemisection (C2Hx) site to activate the mTOR
pathway, provided a growth-supportive substrate within the injury
site with a PNG bridge, and digested the inhibitory CSPGs at the distal
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Figure 1. Quantification of Transduced Neurons
within Spinal Cord and Brainstem following
Intraspinal Injection of AAV-GFP or AAV-caRheb/
GFP Rostral to a C2Hx

GFP™ neurons in serially collected spinal cord and brain
tissue sections from animals injected with either AAV5-
GFP or AAV5-caRheb were manually counted. Many
GFP" neurons were found in spinal cord and different

Red nucleus

brainstem regions. The total numbers of GFP* neurons in
spinal cord (A), reticular formation (B), vestibular nuclei
(C), and red nucleus (D) were compared for statistical
significance between groups using Student’s t test. There
was no significant different between groups in any of the
regions (p > 0.05). Representative images from spinal
cord sections from rats receiving injections of AAV-GFP
(E-G) or AAV-caRheb (H-J) that were stained for GFP
(green) and pS6 (red). Many AAV-GFP transduced neu-
rons (E and G, arrows) do not show immunoreactivity for
pS6 (F and G, arrows). The merged image confirms that
neurons expressing GFP control do not express pS6 (G).
On the other hand, many AAV-caRheb transduced neu-
rons (H and J, arrowheads) have high levels of pS6 (I and
J, arrowheads). Quantification of the percentage of
. transduced, GFP* neurons in spinal cord that are also
pS6™ (K). Data are shown as mean + SEM, n = 4, **p <
0.001. Scale bar represents 100 pm.

interface with ChABC.
behavioral,

PNG-spinal cord
Anatomical,
assessments demonstrated that while this
combinatorial treatment resulted in a moderate
(yet significant) increase of axonal outgrowth
from the graft, it significantly enhanced the abil-
ity of the axons that emerged from the graft to form functional syn-

apses with host neurons and improved functional recovery.

and physiological

RESULTS

Intraspinal AAV Injections Efficiently Transduce Neurons in
Spinal Cord and Brain

Our previous study demonstrated that AAV5 injected into spinal
cord tissue rostral to a thoracic transection site immediately after
the injury is retrogradely transported and results in the transduction
of a variety of neurons that project axons into spinal cord.'>?
Because we use a cervical injury model here, we first wanted to char-
acterize which neurons were transduced after injecting AAV5-GFP or
AAV5-caRheb into ipsilateral spinal cord tissue rostral to a C2Hx site
immediately after the lesion. Four weeks after the Hx and injections,
we manually counted GFP* neurons in every other section of spinal
cord rostral to C2 and in the brainstem.

As before, this technique resulted in robust transduction of neurons
throughout spinal gray matter fairly close to the injection site
(within ~5 mm). There were 1,237 + 259.3 GFP" neurons in spinal
cord injected with AAV-GFP and 1,073 + 282.2 GFP* neurons in
spinal cord injected with AAV5-caRheb (Figure 1A). Thousands
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Figure 2. Retrograde Labeling of Neurons Projecting
Axons into a Peripheral Nerve Graft

In animals injected with AAV5-GFP or AAV5-caRheb, the
retrograde tracer True Blue was applied on the exposed
distal end of PNGs to retrogradely label neurons whose
axons reached the end of the PNG. In both groups, TB*
neurons were identified in spinal cord gray matter (A),
reticular formation (B), and vestibular nuclei (C). There was
no significant difference in the number of TB* neurons
between groups in spinal cord and both brain regions. An
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of GFP™ neurons were also found within the brainstem (Figures
1B-1D). Statistically equal numbers of neurons within the reticular
formation were transduced with AAV-GFP (884.5 + 315.6) and
AAV5-caRheb (1,708 + 716.9) via the reticulospinal tract (Fig-
ure 1B). In the vestibular nucleus, we observed 38.75 + 22.05
GFP-labeled neurons in AAV5-GFP injected animals and 49.25 +
12.84 GFP-labeled neurons in AAV5-caRheb injected animals (Fig-
ure 1C). We also observed 73.75 + 47.59 GFP labeled neurons in the
red nucleus of animals injected with AAV-GFP and 26.5 + 18.62
GFP" neurons in the red nucleus of animals injected with AAV5-
caRheb (Figure 1D). We saw no significant differences in the num-
ber of GFP" neurons between the two animal groups in any of the
regions. Thus, intraspinal injections of AAV5-GFP or AAVS5-
caRheb transduced neurons within the same regions at a similar
efficiency.

To confirm that transducing neurons to express caRheb drove
mTOR activity, we examined if there was an increased level of phos-
phorylated ribosomal protein S6 (pS6), a factor downstream of
mTOR, via immunohistochemistry (Figures IF and 1I). Spinal
cord sections from animals that received AAV5-GFP (Figures
1E-1G) or AAV5-caRheb (Figures 1H-1J) were immunostained
for pS6 and GFP. We noticed that in the animals that received
AAV-GFP, many GFP" neurons (Figures 1E and 1G, arrows) had
no pS6 immunoreactivity (Figures 1F, 1G, and 1K, arrows). On
the other hand, strong pS6 immunoreactivity was detected in most
caRheb” neurons (Figures 1H-1K, arrowheads). This caRheb-
induced phosphorylation of pS6 is consistent with our previous
observations in other injury models,'>*' indicating that caRheb
expression indeed activates mTOR.

' image of a representative section shows that the majority of
TB* neurons in spinal cord rostral to the injury are located
< within the intermediate gray (D). Data are shown as mean +
SEM, n = 4. Scale bar represents 100 pm.

caRheb Expression Does Not Increase the
Number of Neurons Extending Axons into the
PNG
Propriospinal neurons and some supraspinal
neurons (including those in the red nucleus and
the reticular formation) have the ability to regen-
erate axons into a PN grafted into a cervical
lesion cavity.'> We wanted to determine if
expressing caRheb in propriospinal and supra-
spinal neurons improved regeneration of descending axons into a
PNG after a C2Hx. To do so, AAV was injected rostral to a C2Hx,
as above. Two weeks later, pre-degenerated PN was grafted into the
Hx cavity. Four weeks later, the tracer True Blue (TB) was applied
to the distal end of the PNG to retrogradely label neurons that regen-
erated axons into the graft.

As depicted in Figure 2, TB™ neurons were found in the spinal cord
gray matter (GFP 433 + 78 versus caRheb 543 + 145), mostly within
the intermediate gray (Figure 2D, arrowheads). Although we
observed TB" neurons primarily in the ipsilateral spinal cord, TB*
neurons were identified in the contralateral spinal cord as well
(Figure 2D). In the brainstem, TB* neurons were located in reticular
formation (313 + 48 versus 262 * 114) and vestibular nuclei (18 +
6 versus 42 + 13) bilaterally. There was no significant difference in
the number of neurons that extended axons in to the PNG between
the AAV5-GFP and the AAV5-caRheb injection groups. Thus, the
present data indicate that caRheb expression did not result in more
neurons extending axons into the PNG after a C2Hx.

caRheb Expression Does Not Affect Axonal Growth into a PNG
Previous studies have reported that increasing activity of the mTOR
pathway, including via caRheb expression, induces axonal sprouting

d.">'??? Moreover, we previously showed that

in cervical spinal cor
whereas caRheb expression did not increase the number of neurons
that extend into a PNG, it does increase sprouting and the number
of axons within the PNG.'” Therefore, it is possible that there are
more axons growing into the PNG after caRheb expression than
GFP control, despite caRheb expression’s not having an effect on

the total number of neurons that regenerate an axon into the PNG
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Figure 3. Quantification of Myelinated Axons in a PNG

Segments of PN that were grafted into the C2Hx sites from animals transduced with
AAV-GFP (A, n = 4) or AAV-caRheb (B, n = 3) were processed for semithin
sectioning to assess the number of myelinated axons that grew into the transplant.
Many myelinated axons were found to have extended into the PNG in both groups
(indicated by arrowheads). There was no statistical difference in the number of
myelinated axons in PNG between groups (C). Mean + SEM. Scale bar represents
20 pm.

(Figure 2). To assess if caRheb expression increases the number of
regenerating axons in a PNG, AAV5-GFP or caRheb was injected
above C2Hx. PNs were transplanted into the lesion cavity 2 weeks
later. One month after grafting, PNGs were harvested. After semithin
sections containing the grafts were processed to stain for myelinated
axons, myelinated axons present in the PNG were counted. In both
AAV5-GFP- and AAV5-caRheb-treated animals, there was consider-
able axonal regrowth into the PNGs (Figure 3). In the animals treated
with AAV-GFP, 1,760 + 308.2 myelinated axons were counted in the
grafts (Figures 3A and 3C). With caRheb expression, there were
2,096 + 525.9 myelinated axons in the graft (Figures 3B and 3C).
This was statistically similar to the GFP control. Therefore, expressing
caRheb in neurons after C2Hx injury did not significantly increase the
sprouting or growth of axons into a PNG.

caRheb Enhances ChABC Mediated Axonal Regeneration
beyond the Graft

It is well established that ChABC treatment of PNG-host spinal cord
interface can digest the inhibitory CSPGs and allow axons that have
extended throughout the PNG to grow beyond the graft. Here, we
tested whether expressing caRheb in neurons further enhances this
outgrowth. To specifically label the axons that grew through the
PNG and into distal spinal cord tissue, 6 months after apposing the
PNG into the C4DQ lesion, the PNG was cut in the middle and
the distal end was immersed in BDA to diffusion-fill all (and only)
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axons within the graft. This approach eliminated the possibility of
labeling axons that had sprouted into the gray matter ventral to the
C4DAQ lesion through spared pathways.

We observed that few BDA™ axons extended into tissue ventral to the
distal graft interface in animals that received PBS injections at the
C4DQ site and either AAV-GFP (Figure 4A) or AAV-caRheb (Fig-
ure 4B). As demonstrated previously, after ChABC treatment of the
graft-host interface, significantly more BDA™ axons grew out of the
PNG and were found throughout intermediate gray matter (Figures
4C-4E). We found significantly more BDA™ regenerating axons in
animals injected with AAV-caRheb+ChABC than in animals injected
with AAV-GFP+ChABC, especially close to the ChABC-treated
graft-host tissue boundary (i.e., within 100 pm; Figure 4E). In addi-
tion, we observed some BDA™ axons beyond the intermediate gray
matter and in the ventral horn region of the host spinal cord tissue.
These data indicate that ChABC increased axonal regeneration
beyond a PNG, as seen before. Excitingly, the expression of caRheb
further enhanced this growth response.

caRheb Expression Enhances Electrical Stimulation-Induced c-
Fos Expression in Host Spinal Cord

We wanted to determine if the enhanced regeneration beyond a PNG
seen in the caRheb+ChABC animals translated into increased forma-
tion of functional synapses onto host neurons beyond the distal inter-
face. In our previous studies, we were able to assess synapse formation
by placing the PNG bridge that lies outside the spinal cord on a hook
electrode to specifically stimulate regenerating axons within the graft.

We and others have used the immediate-early gene c-Fos as a marker
of transsynaptic neuronal activation.'”'>***” We counted the num-
ber of c-Fos neurons in host spinal cord after electrical stimulation
of the PNG as an indicator of neurons that were synapsed upon by
axons that grew out of the PNG.

We found, after stimulation of the PNG in the animals expressing
GFP and treated with PBS, that there were very few neurons express-
ing c-Fos (4.18 + 0.76 per section; Figures 5A and 5E). The rare neu-
rons that were c-Fos™ were located primarily in the ventral horn, far
from the graft-host interface. Similarly, in sections from animals that
were treated with PBS and AAV-caRheb, there were very few c-Fos™
neurons ventral to the C4DQ apposition site (3.18 + 0.40; Figures 5B
and 5E). Conversely, there were significantly more neurons express-
ing c-Fos after electrical stimulation of the PNG in animals that
were treated with ChABC and AAV5-GFP (9.0 + 1.37; Figures 5C
and 5E). These neurons were located fairly close to the graft (within
200 pm; Figure 5F). Expression of caRheb in the ChABC-treated an-
imals resulted in a further increase in the number of c-Fos™ neurons
distal to the interface (26.45 + 3.95; Figures 5D and 5E). As with the
GFP+ChABC animals, these neurons were primarily located closer to
the graft. However, there were significantly more c-Fos* neurons both
close to the interface and at further distances (~400 pm; Figure 5F).
This observation revealed that although caRheb expression alone was
not able to promote axons to exit the graft, combining caRheb
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Figure 4. Axonal Regeneration Promoted by
Combining caRheb Expression and ChABC
Treatment

Axons within the graft were labeled with BDA. Repre-
sentative images of transverse sections containing the
PNG in the C4DQ were staining for BDA (red) and GFAP
(blue). In animals treated with either GFP+PBS (A) or
caRheb+PBS (B), few BDA-labeled axons grew beyond
the graft-host interface (the boundary is denoted by the
dashed lines surrounding the GFAP™ peripheral nerve;
quantified in E). On the other hand, significantly more
BDA-labeled axons were found growing out of the PNG
following ChABC treatment in GFP+ChABC animals
(C and E). caRheb expression enhanced this ChABC-
facilitated regeneration (D and E). Quantitative analysis
revealed that both GFP+ChABC and caRheb+ChABC
animals had significantly more axons within 200 um distal
to the PNG than animals treated with GFP+PBS or
caRheb+PBS. Additionally, caRheb+ChABC animals had
more axons than GFP+ChABC animals within 100 um
from the PNG-spinal cord interface (E). Data are shown as
mean + SEM; n = 4; *p < 0.05 and **p < 0.01, comparing
ChABC-treated animals with PBS-treated animals;
#p < 0.05, comparing caRheb+ChABC animals with
GFP+ChABC animals. Scale bar represents 35 um.

forelimb ipsilateral to the injury demonstrated a
functional deficit throughout the duration of the
study. In the first 6 weeks, the majority of the
animals were only able to touch their chins

E 100 BDA / GFAP (score of 1). From weeks 6-12, animals gradually
-~ GFP+PBS improved their grooming ability. The contact

0 8o -= caRheb+PBS area of the right front paw increased from the

g eod I\ % -+ GFP+ChABC bottom of the snout to the eye region (score of

o -+ caRheb+ChABC 2). Most animals maintained the same degree

g 4 of deficit for the remainder of the study, but a

O 20 few animals continued to improve their groom-

é o ing ability through week 20 (Figure 6A). Inter-
-zoqsgb :@% 519% :égb '@Q & PP P 9@ & estingly, this particular population of animals

P NN
PSS S

Distance (um)

expression with ChABC treatment of the PNG interface enabled more
axons to extend from the graft and enhanced synaptic efficacy of those
axons.

Behavioral Results

Grooming Test

After C2Hx, we did not observe any differences in the animals’ use of
the contralateral (left) forelimb to groom.”® This forelimb showed a
normal grooming pattern that consisted of licking of the forepaws
and rubbing of the mouth and nose, touching the eye region, and pro-
ceeding to the front and back of the ear, and eventually moving the
paws back to the nose from the back of the head. In contrast, the right

all received AAV-caRheb injection and ChABC

treatment. This was the only group in which an

animal achieved a score of 4 or above (Figures 6B

and 6C). At the last three grooming test time
points, these animals were able to contact the front of their ears with
the affected forelimb while grooming, whereas the rest of the animals
were not able to reach their ears with the ipsilateral front paws. These
observations indicate that combining caRheb expression with ChABC
treatment after C2Hx injury enhanced the recovery of the ability to use
the affected forelimb to complete a grooming sequence.

CatWalk Analysis

We also assessed if combining AAV-caRheb injection and ChABC
treatment affected the recovery of locomotor function in a CatWalk
analysis. We detected a significant increase in the maximum contact
maximum intensity in the caRheb+ChABC animals than the rest of

Molecular Therapy Vol. 25 No 12 December 2017 2719
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Figure 5. Induction of c-Fos in Host Neurons after Electrical Stimulation of Peripheral Nerve Graft

After electrical stimulation specifically of the PNG bridge, transverse sections containing the PN apposed to a C4DQ were processed for immunohistochemistry to visualize
c-Fos expression. Animals that were treated with AAV-GFP+PBS (A) or AAV-caRheb+PBS (B) had few c-Fos™ nuclei within gray matter. The inset boxes (A’ and B’) show
high-magnification images of the boxed areas in (A) and (B). Arrowheads point out the c-Fos* nuclei in these sections. Significantly more c-Fos* nuclei were observed in host
spinal cord tissue in AAV-GFP+ChABC-treated animals (C). Combining caRheb expression and ChABC treatment of the CSPG further increased the number of c-Fos* nuclei
in spinal cord tissue ventral to the PNG (D). High-magnification image of boxed areas in (C) and (D) are shown in (C') and (D). Quantification and the result of one-way ANOVA
of the number of c-Fos™ nuclei in each group are shown in (E) (*p < 0.05, **p < 0.01; error bars represent SEM). The numbers of c-Fos™ nuclei were binned to 100 um intervals
from the graft. (F) ChABC treatment increased the number of c-Fos™ nuclei close to the graft interface, and caRheb expression further augmented this increase. Data are
shown as mean + SEM; n = 4; *p < 0.05 and **p < 0.01, comparing ChABC-treated animals with PBS-treated animals; #p < 0.05 and ##p < 0.01, comparing
caRheb+ChABC-treated animals with GFP+ChABC-treated animals. Scale bar represents 250 pm.

the groups at week 24 (Figure 6C). These data suggest that at the last
time point, animals that received the combinatorial treatment of
caRheb expression and ChABC treatment put more weight on their
injured paws when the paws were in full contact with the runway.
We did not detect any differences between groups in speed and dura-
tion, step sequence regularity index, duration of the stance phase, and
the duty cycle (data not shown).

DISCUSSION

SCI is a major challenge in clinical practice because injured adult CNS
axons do not regenerate.”” A limitation is that after neural circuits are
established during development, intrinsic axonal growth potential is
gradually diminished. Recently in the field, there has been a growing
emphasis on using approaches to reactivate molecular programs that
control axon growth to promote the growth of injured axons after in-
juries in the CNS.*" Interestingly, it is possible to reverse the develop-

2720  Molecular Therapy Vol. 25 No 12 December 2017

ment-dependent decline of CNS neuron growth ability and return a
mature neuron to a more growth permissive mode, to some extent.””'
Here, we hypothesized that transducing adult neurons rostral to a
lesion site to express caRheb by injecting AAV in spinal cord rostral
to the lesion site in combination with ChABC treatment of the glial
scar would increase the injured axons’ ability to grow through and
out of a PNG and led to functional recovery. This hypothesis is based
on a series of studies showing that activation of mTOR promotes CNS
axons’ intrinsic regenerative ability. For instance, deleting the known
tumor suppressor gene PTEN enable axotomized retinal ganglion
cells and corticospinal tract axons to regenerate.'”*>*> PTEN is
thought to inhibit growth by negatively regulating activation of
mammalian target of rapamycin (mTOR). The mTOR pathway is
well known for its ability to regulate protein synthesis related to cell
growth and proliferation.' Deletion of PTEN leads to enhanced level
of PIP3, activation of AKT, and activation of mTOR.
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Figure 6. Forelimb Function Analyses after C2Hx
Injuries

(A-C) The ability of C2Hx/C4DQ-injured animals to use
their affected, ipsilateral forepaws to groom after AAV5-
GFP+PBS, AAV5-caRheb+PBS, AAV5-GFP+ChABC, or
AAV5-caRheb+ChABC treatment was assessed. The
grooming test has a score range from 0-5, with 5 indi-
cating full grooming capability. The C2Hx/C4DQ injuries
detrimentally affected the animals’ ability to use the ipsi-
lateral forelimb to groom. The average scores were
normalized and then compared between animal groups
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and across time points with a two-way ANOVA. At week
20, caRheb+ChABC animals had a significantly higher
score than the other groups, including GFP+ChABC
animals (A) (n = 8, *p < 0.05). Grooming scores for indi-
© vidual animals at week 20 (B) and week 24 (C) (the last
time point) are shown. The only animals that reached a
score >4 after injury received both AAV5-caRheb and
ChABC treatments. (D) Locomotor recovery analyzed
using the CatWalk system revealed that by week 24,
animals that received caRheb+ChABC had higher
maximum contact maximum intensity than animals in any
of the other groups. This indicates that the ipsilateral
forepaw of AAV5-caRheb+ChABC animals has more
contact with the runway because the animals are putting
more weight on their injured forepaws when the injured
paws have maximum contact with the glass (C). Data

Previously, we found that transducing adult dorsal root ganglion
neurons to express caRheb enhances synaptic integration of regener-
ated axons across a dorsal root entry zone (DREZ) following dorsal
root crush.”’ We also found that expressing caRheb in propriospinal
neurons rostral to a thoracic complete transection site in combination
with ChABC treatment of the glial scar increases the injured axons’
ability to grow through and out of a PNG and form putative synap-
ses.”” In the present study, we build upon our previous studies to
determine if a similar strategy enhances axon regeneration and func-
tional recovery after cervical SCI.

Our present study revealed that 1 month after apposing a PNG into a
C2Hx site, expression of caRheb did not alter the total number of neu-
rons that regenerated into the graft (Figure 2) or the number of
myelinated axons present in the PNG (Figure 3). This is in contrast
to the results of our previous study in which we observed that
mTOR activation post-injury increased sprouting and extension of
myelinated axons, primarily from propriospinal neurons, into a PN
grafted into a T7 SCI site.'” The discrepancy we observed between
the two studies may be at least partially due to the difference of the
injury levels. It is well established that injuries close to the cell body
induce the expression of a more growth-permissive growth program
than injuries far from the cell body.**** Because axons extending into
thoracic PNGs originate primarily from propriospinal neurons near

the grafting site,'** whereas those growing into a PN transplanted

shown as mean + SEM, n = 8, *p < 0.05.

into a C2 lesion site come largely from supraspinal populations
(e.g., reticular formation) far from the SCI site,'” there are likely
differential protein expression profiles within the two neuronal pop-
ulations, even with caRheb expression. It will be necessary in future
studies to determine if certain populations are more susceptible to
caRheb/mTOR-enhanced sprouting or growth. Another possible
explanation for why we failed to observe an increase of axon regener-
ation into the PNG after caRheb expression is the relatively short
post-grafting survival period. In previous studies, PNGs were
collected 6 months after grafting for semithin section analyses,
whereas in the present study, we assessed axonal growth into a
PNG 1 month after transplantation. When mTOR is activated after
injury in adult animals, it may take substantially longer to observe
an effect with mTOR activation on adult axon regeneration than
neonatal axon regeneration. Indeed, Du et al.?? found more chroni-
cally injured CST axons had regenerated across an SCI lesion site at
7 months than at 4 months after PTEN deletion, suggesting that these
axons were still growing long after injury. We may speculate that at
1 month post-injury, animals from both groups projected similar
amount of axons into a PNG, an extremely growth-supportive
substrate. At a later time point, animals with caRheb expression
may be able to extend more myelinated axons in PNG because of
caRheb-enhanced growth. Correlating with this speculation, we did
observe more regeneration in the caRheb+ChABC animals 6 months
after PNG grafting (Figure 4).

Molecular Therapy Vol. 25 No 12 December 2017 2721


http://www.moleculartherapy.org

Consistent with previous studies, although caRheb expression in adult
rat neurons alone did not effectively promote axonal regeneration out
of a PNG, combining neuronal caRheb expression and ChABC treat-
ment of the glial scar moderately augmented the number of regener-
ating axons found in the host tissue beyond the graft-host interface.
The mechanisms that stop axons at the distal interface are both
intrinsic and extrinsic. Injured axons continue to express receptors,
such as PTPc and LAR, for growth-inhibitory CSPGs that are highly
expressed at glial scar.>**° Here, we showed that after a C2Hx, caRheb
expression can increase regeneration of injured axons out of the PNG
only when the glial scar in host tissue is also treated with ChABC. This
appears to hold true for other axon populations. Previously, we
demonstrated that in a complete SCI model, axons from caRheb-ex-
pressing neurons can penetrate only a ChABC treated graft-spinal
cord interface.”” Similarly, when Lewandowski and Steward®” used
AAV-shPTEN to drive mTOR activity in rat sensorimotor cortical
neurons, they did not observe enhanced CST sprouting or regrowth
across a lesion site. It was only when they combined PTEN knock-
down with salmon fibrin that they saw more CST fibers closer to
the injury site, indicative of increased regrowth or diminished retrac-
tion. Last, only when caRheb expression is combined with NT-3 treat-
ment or ChABC treatment do the central branches of rat DRG axons
regenerate through DREZ and into spinal cord.”"”® These studies
suggest that activation of the mTOR signaling pathway more effec-
tively induces regeneration when combined with other factors.

In addition to promoting axonal growth, caRheb expression has a sig-
nificant and positive effect on the integration of regenerating axons.
caRheb promotes synapse formation, as indicated by increased
c-Fos expression in host neurons in the caRheb+ChABC animals after
electrical stimulation of axons specifically within the PNG. Because
most of the axons that extended into the graft are reticulospinal
and propriospinal, populations that have previously been shown to
be important for forming compensatory relay connections that
mediate functional recovery,”® this enhanced integration likely
plays a role in the improved function we observed. It will be important
in future studies to determine how to best shape this integration to
enhance recovery.

We observed a similar enhancement with axons from caRheb-ex-
pressing DRGs that regenerated across a ChABC-treated DREZ
following dorsal root crush.’! Of interest, mMTOR mediated protein
synthesis has been previously suggested to participate in various
aspects of synaptic functions, including increasing synaptic strength
and affecting synapse number and synaptic vesicle number.” It was
reported that mTOR activity regulates the balance between excitatory
and inhibitory synaptic transmission.’’ Studies have also demon-
strated that activation of mTOR by PTEN knockdown in vivo results
in excitatory synapse formation with granule cells.*' Likewise, inhibi-
tion of mTOR with rapamycin blocks excitatory synaptogenesis in the
brain after epilepsy-induced synaptic reorganization.*> However,
though more and more evidence points to mTOR’s playing an impor-
tant role in synaptogenesis, maintaining synaptic homeostasis and
synaptic output, the specific molecular mechanisms underlying
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mTOR’s role in these activities remain unclear. One study suggests
that mTOR suppresses dendritic translation of potassium channel
Kvl.1, which leads to increased burst firing and has positive input
in network synchronization.”> Another study suggests that 4E-BP is
a negative regulator of synaptic strength and that mTOR-dependent
phosphorylation of 4E-BP counteracts this inhibition at the synapses,
which then leads to increased synaptic strength.** These studies may
provide mechanistic insight into how mTOR signaling influences
synaptogenesis and synaptic homeostasis here.

One advantage of our treatment strategy is that we used AAV5 to
limit the expression of caRheb to neurons. We have established that
AAVS5 with a non-cell-specific promoter predominantly transduces
neurons in the brain and spinal cord and not glia.*> Here, we demon-
strated this neuronal specificity of AAV5 transduction again by eval-
uating the population of GFP cells in brain and spinal cord (Figure 1).
The neuronal specific expression of caRheb avoided the constitutive
activation of mTOR in astrocytes. After CNS injuries, astrocytes
become reactive and begin to build a glial scar barrier around the
lesion cavity that prevents regenerative axon growth.”*> Activation
of the PI3K/Akt/mTOR signaling pathway has been shown to be
involved in the glial scar formation after SCL***° Therefore, although
mTOR activation plays an important role in neuroprotection and
axonal regeneration, it also facilitates astrocyte gliosis and the
CSPG expression. On the other hand, attenuation of mTOR activa-
tion in astrocytes could modulate glial scar formation, which may
lead to a permissive environment for neuronal regeneration and
improved locomotor recovery following SCL.*° The present study
showed the possibility of preferentially regulating mTOR activation
in neurons to allow concurrent enhancement of the intrinsic regener-
ative ability in neurons and the modulation of extracellular matrix
deposited from activated astrocytes within the glial scar. Another
advantage of this strategy is its specificity. Rheb is a direct activator
of mTOR and exclusively activates the mTOR pathway without
affecting other signaling pathways.””*® On the other hand, PTEN
deletion activates neuronal protein synthesis through both mTOR-
dependent and mTOR-independent mechanisms.*’ PTEN regulation
of both the PI3K/Akt/mTOR and PI3K/Akt/GSK3p pathways has
been implicated in cancer.”””! Therefore, an exclusive and direct acti-
vation of mTOR specifically in post-mitotic CNS neurons is less likely
to trigger untoward effects. However, further systematic studies of the
physiological consequences of prolonged mTOR activation in the
CNS are needed to fully evaluate safety.

In conclusion, we found that AAV-mediated expression of caRheb in
adult neurons enhanced axonal regeneration out of a PN grafted into
a cervical injury when combined with ChABC digestion of CSPGs
present within the glial scar. More importantly, caRheb significantly
potentiated synapse formation of these axons with host spinal neu-
rons, indicating caRheb expression can be used to maximize the
effects of a limited number of regenerating axons. The increased func-
tional regeneration correlated with improved behavioral recovery,
suggesting that it may elucidate the basis for a treatment strategy to
promote functional recovery after SCI.
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MATERIALS AND METHODS

Animals

Adult female Fischer 344 rats (150-200 g; Charles River) were used
for these experiments. All procedures complied with Drexel Univer-
sity’s Institutional Animal Care and Use Committee and NIH guide-
lines for the care and use of laboratory animals. Animals were allowed
to acclimate for a least 1 week after arrival before any procedure was
done. After all survival surgeries, animals were given 5 mL lactated
Ringer’s solution, ampicillin (200 mg/kg), and slow-release buprenor-
phine (0.1 mg/kg) and placed on a thermal barrier to recover.

Preparation of the PN for Grafting into a C2Hx Site

One week after C2Hx surgery, the tibial nerves of donor rats were
ligated and cut. One week later, donor rats were anesthetized with intra-
peritoneally injection of ketamine (60 mg/kg) and xylazine (10 mg/kg).
Pre-degenerated tibial nerve was removed immediately before grafting.

C2Hx SCI, AAV Injection, and Grafting of the Proximal End of

the PN

Animals were anesthetized with isoflurane and kept on a heating pad
to prevent hypothermia. Under aseptic technique, the dorsal surface
of C2 was exposed by laminectomy. A small slit was made in the over-
lying dura using a micro knife. A complete unilateral Hx lesion cavity
was created by aspiration in all animals.

In addition, 1 pL of AAV5 was slowly injected into ipsilateral spinal
cord at five locations 1 mm rostral to the Hx site using a Hamilton
syringe with a pulled glass micropipette. Animals in the caRheb group
received injection of a mixture of AAV5-CBA-GFP and AAV5-CBA-
caRheb (final titer of 1.6 x 10° genomic copies (GC)/uL for each vec-
tor; termed AAV5-caRheb for brevity’s sake), and animals in the GFP
group received AAV5-CBA-GEP at a final titer of 1.6 x 10° GC/pL.
The technique of intraspinal injection was similar to that described
previously.' > Overlying musculature and skin were then closed.

Two weeks after C2Hx and AAYV injection, rats were anesthetized
with isoflurane. The C2Hx site was exposed, and the overlying dura
was opened with forcipes carefully. The fibrotic tissue within the
lesion cavity was gently removed by aspiration. Special care was taken
to not remove spinal cord tissue spared from the initial C2Hx.

A pre-degenerated tibial nerve from a donor animal (~15 mm in
length; see above) was harvested. The perineurium from the proximal
end of the pre-degenerated tibial nerve was peeled. The proximal end
of the PNG was placed into the C2 cavity, and the perineurium was su-
tured to the dura to secure the graft. The distal end of the graft was left
free outside the spinal column and wrapped with BioBrane Silastic
membrane. Then, the overlying musculature and skin was closed.

Grafting a PN to “Bridge” a C2Hx and C4 Dorsal Quadrant
Lesions

The grafting procedure is similar to that described previously.
Four weeks after grafting the proximal end of a PN into a C2Hx

10,12,13

site, animals were anesthetized with isoflurane. A laminectomy was
performed on the right side of spinal cord at the level of C4. The
dura was cut open and the dorsal quadrant (DQ) was aspirated out
to create a 1 mm lesion. At this time point, injured axons that
extended into the PNG had had enough time to grow through the
graft to reach the distal end. By apposing the distal end of the PNG
to the C4DQ site at this time, the potential for actively regenerating
axons within the graft to exit the graft and integrate with tissue is
maximized. Half of the animals were injected with 0.5 pL PBS vehicle
immediately rostral, caudal, and ventral to the fresh DQ lesion. The
remaining animals were injected with ChABC (50 U/mL; AMS
Biotechnology) to digest CSPGs. The free distal end of the PNG
was trimmed by 1 mm and placed into the C4DQ cavity. This distal
graft end was secured by suturing the perineurium to the dura mater
and covered with BioBrane membrane (UDL Laboratories). The over-
lying musculature was sutured, and the skin was closed using wound
clips. In total, we had four groups: AAV-GFP+PBS (n = 18), AAV-
caRheb+PBS (n = 19), AAV-GFP+ChABC (n = 19), and AAV-
caRheb+ChABC (n = 18).

TB Retrograde Labeling

To identify the neurons whose axons regenerated into the PNG, a
separate cohort of animals received C2Hx lesion, virus injection
(n =4 for AAV5-GFP and n = 4 for AAV5-caRheb), and PN grafting
into the C2Hx site, as described above. Four weeks after placing the
proximal end of a PN graft into the C2Hx lesion site, the distal end
of PN graft was exposed, trimmed by at least 1 mm, and exposed to
GELFOAM saturated with 2% TB (Sigma-Aldrich). Animals were
euthanized 1 week later by an overdose of Euthasol, then perfused
transcardially with ice-cold 0.9% saline followed by ice-cold 4% para-
formaldehyde (PFA). Spinal cord and brain tissues were dissected out,
postfixed in 4% PFA overnight at 4°C, and cryoprotected in 30%
sucrose.

The entire brainstem and spinal cord rostral to the C2Hx lesion was
sectioned in a coronal plane at a thickness of 50 pm. Every other sec-
tion was mounted serially onto glass slides, dried, and coverslipped
with Fluoromount (Biomedical Specialties). To characterize the
transduction efficiency and which neurons regenerated axons into
the PNG, each mounted section was examined by fluorescence micro-
scopy to detect the number and location of supraspinal and proprio-
spinal neurons that were labeled with GFP and TB, respectively. The
number of GFP* and TB* neurons in a specific region in each section
was manually counted while blinded to treatment and subsequently
summed for each animal and compared for significance using
Student’s t test (p < 0.05 was the criterion for significance).

pS6 Expression in AAV-Transduced Neurons

To verify that expressing caRheb activates mTOR signaling pathways
in neurons expressing caRheb, spinal cord sections rostral to C2Hx
from animals injected with AAV5-GFP or the mixture of AAV5-
caRheb coronal sections from spinal cord rostral to C2Hx were
immunostained for pS6 and GFP. Sections were blocked in 5%
normal goat serum and 10% BSA with 0.1% Triton X-100 in PBS
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for 1 hr. After blocking, sections were incubated with primary anti-
bodies anti-GFP (1:500; Millipore) and anti-phosphorylated ribo-
somal pS6 (1:800; Cell Signaling Technology) at 4°C overnight. The
next day, sections were washed, incubated with appropriate Alexa
Fluor-conjugated secondary antibodies (1:500; Invitrogen) for 2 hr,
washed in PBS, mounted onto slides, and coverslipped with FluorSave
(EMD Chemical). All sections were processed at the same time, and
images for all sections were acquired using the Leica DM5500B epi-
fluorescent microscopes with the same exposure time.

Semithin Sections

To quantify the number of axons that grew into the PNGs, a portion
from the middle of the grafts from animals injected with AAV5-GFP
(n =3) or AAV5-caRheb (n = 4) was processed for plastic-embedded,
semithin sectioning, as done previously.'”'® Briefly, 1 month after
grafting a PN into a C2Hx site, animals were perfused with 4%
PFA, and the grafts were dissected out and postfixed overnight. The
grafts were then kept in 0.1 M phosphate buffer until embedding.
On the day before embedding, the grafts were treated with 1%
osmium tetroxide, rinsed in PBS, and stained in 2% uranyl acetate.
The tissue was then washed and dehydrated in a series of ascending
graded alcohols from 70% to 100%. After that, the tissue was
immersed in propylene oxide and then incubated in a 2:1 solution
of Epon/propylene oxide overnight. The following day, the tissue
was placed flat into a mixture of Epon-812 and Araldite in silicone
molds. The molds with the grafts were placed in a 60°C oven for
3 days to polymerize the plastic. All materials were obtained from
Electron Microscopy Sciences. After embedment, grafts were
trimmed and cut into transverse sections on a Reichert ultramicro-
tome at a thickness of 1 pum.

Myelinated axons were quantified with Image] (NIH) using well-es-
tablished methodology.'>*>** High magnification (40x) bright-field
images were captured using an Olympus BX51 microscope and
stitched together to allow visualization of the entire transverse
sections of the PNG. Myelinated axons were manually counted in
equivalently sized and similarly located regions from each PNG sec-
tion as described before. The average density of myelinated axons was
determined and used to calculate a total number of myelinated axons
per graft, on the basis of the total size of the graft. The total numbers
of axons in the PNG were compared using Student’s t test. Signifi-
cance was determined at p < 0.05.

Behavioral Analyses

Baseline scores for all behavioral analyses were obtained before
animals received the C2Hx and then again before the C4DQ injury.
After the C4DQ lesion and completion of the PNG “bridge,” animals’
behavioral activity was assessed biweekly for 6 months.

CatWalk Gait Analysis

For quantitative assessment of footfalls and motor performance after
C2Hx, all animals were placed in a CatWalk XT system.’® Rats were
trained to walk across a Plexiglas plate voluntarily toward a goal box,
where their footprints were captured by a high-speed camera placed
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underneath. CatWalk software NXT v.10.5 (Noldus Information
Technologies) was used to visualize the foot prints and calculate
statistics related to print dimensions and the time and distance rela-
tionships between footfalls. Animals were pre-trained for 5 days prior
to the baseline test and tested every other week until the end of the
experiment. Speed, step sequence, swing, stand, duty cycle, maximum
contact at percentage, and maximum contact maximal intensity were
analyzed for detecting locomotion functional recovery. Paw statistics
were compared using two-way ANOVA. The factors were treatment
and time with repeated measures on different time points. Bonferroni
post-test was used for post hoc analysis (p < 0.05 was the criterion for
significance; GraphPad Prism v.5).

Grooming Test

We assessed the animals’ ability to use the right forelimb to perform a
stereotyped motion to groom the head and face.”® To induce the
grooming behavior, cool tap water was applied to the animal’s head
and back with paper towel, and the animal was returned to its
home cage. Each animal’s movements were recorded with a video
camera so that we could score the recovery of forelimb function using
slow-motion video playback.

On each test day, we recorded at least two stereotypical grooming
sequences for each animal. A grooming sequence includes (1) licking
of the forepaws and face washing, (2) forelimb grooming of the face,
(3) repetitive licking of the body, and (4) hindpaw scratching. The
ability of the animal to use the ipsilateral, affected forepaw to groom
was scored using the following scale:*® 0 if the animal was unable to
contact any part of the face or head, 1 if the animal’s forepaw touched
the underside of the chin and/or the mouth area, 2 if the animal’s fore-
paw contacted the area between the nose and the eye, 3 for the ani-
mal’s forepaw contacted the eyes and the area up to but not including
the front of the ears, 4 if the animal’s forepaw contacted the front but
not the back of the ear, and 5 if the animal’s forepaw contacted the
area of the head behind the ears. Because the grooming test is scaled,
the distribution of the population violates the assumption of
normality for two-way ANOVA. Thus, we first transformed the
data using the built-in function in GraphPad Prism v.5. The normal-
ized data were then analyzed using two-way ANOVA followed by
post hoc Tukey’s tests (p < 0.05 was the criterion for significance).

Labeling of Regenerating Axons in PNG

After the last behavior test (6 months after the C4DQ lesion and PN
graft apposition), 20 animals (n = 5 for each experimental group)
were used to trace the axons that regenerated into and beyond the
PNG. Animals were anesthetized with isoflurane, and the graft was
exposed. The graft was cut at its midpoint, and the distal end was
soaked with 10% biotinylated dextran amine (BDA) to diffusion-fill
axons within the PNG, as done previously.'”'*'"> Axons growing
through the PNG and extending beyond of the distal PNG interface
were anterogradely labeled. Animals were perfused 1 week later
with 4% PFA. Brains and spinal cord were dissected, post-fixed in
4% PFA, and subsequently cryoprotected in 30% sucrose. Twenty-
five-micrometer transverse sections of C3-C5 spinal cord were cut
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on a cryostat and collected in a series of six sets. To visualize BDA-
labeled axons, sections were blocked in 5% normal goat serum, 1%
BSA, and 0.1% Triton X-100 in PBS for 1 hr at room temperature,
followed by incubation with Alexa 594 conjugated to avidin (Invitro-
gen). Sections were also incubated with anti-glial fibrillary acidic
protein (GFAP; Dako) to visualize astrocytes in host spinal cord. After
staining was completed, they were mounted on glass slides using
Fluoromount and coverslipped.

Sections containing the PNG were examined using an Olympus BX51
microscope that had an ocular micrometer while blinded to treat-
ment. Regenerating axons beyond the graft-host interface were
counted and binned into ten categories on the basis of the distance
they traveled beyond to the most ventral point of graft edge in
100 pm intervals. The numbers of axons per distance in each section
were summed for each rat subset. The numbers of axons at each
length among the four groups of animals were compared for statistical
significance using one-way ANOVA followed by Bonferroni correc-
tion (p < 0.05 was the criterion for significance; GraphPad Prism v.5).

Electrical Stimulation of the PNG

Another 20 animals (n = 5 per experimental group) were anesthetized
with ketamine and xylazine after the last behavioral test. As conduct-
ed previously,'™"” the PNG “bridge” was exposed and dissected free
from surrounding tissues. The graft was lifted up and placed onto a
bipolar hook electrode for stimulation. The nerves were bathed in a
pool of mineral oil to prevent desiccation of the nerves throughout
the stimulation period. The nerve was stimulated for 1 hr using 1
mA amplitude, 100 ps pulse duration and 50 Hz frequency. Animals
were perfused 2 hr later with ice-cold 0.9% saline followed by ice-cold
4% PFA. The spinal cords with PNG attached were dissected out,
postfixed in the same fixative overnight at 4°C, and cryoprotected
in 30% sucrose for at least 48 hr. C3-C5 spinal cord tissues were
embedded in OCT and cut into 25 pm coronal sections. Sections
were collected serially and blocked in 5% normal goat serum and
10% BSA with 0.1% Triton X-100 in PBS for 1 hr and then incubated
with anti-c-Fos (Santa Cruz) at 4°C overnight. The next day, sections
were washed, incubated with appropriate biotin-conjugated second-
ary antibodies for 2 hr, washed, and then incubated with avidin-
HRP, rinsed again, and processed using 3’-diaminobenzidine
(DAB). Sections were washed in PBS, mounted onto slides, dehy-
drated, and coverslipped.

To quantify the number of c-Fos-positive cells, images of transverse
sections of C4 spinal cord containing the apposed PNG that were
stained with anti-c-Fos were taken with a Leica DM5500B micro-
scope. All images were subjected to the same saturation threshold
level to eliminate background. c-Fos™ neurons in gray matter ipsilat-
eral to the graft were counted in each section (n = 4 sections per
animal). The average number of ipsilateral c-Fos™ neurons per section
was calculated and compared among groups. The statistical analysis
was performed with one-way ANOVA and post hoc Tukey’s test
(GraphPad Prism). A p value < 0.05 was considered to indicate statis-
tical significance.
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