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Long-Term Gliosis and Molecular Changes
in the Cervical Spinal Cord of the Rhesus Monkey
after Traumatic Brain Injury
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Abstract

Recovery of fine motor skills after traumatic brain injury (TBI) is variable, with some patients showing pro-
gressive improvements over time while others show poor recovery. We therefore studied possible cellular
mechanisms accompanying the recovery process in a non-human primate model system, in which the lateral
frontal motor cortex areas controlling the preferred upper limb were unilaterally lesioned, and the animals
eventually regained fine hand motor function. Immunohistochemical staining of the cervical spinal cord, the site
of compensatory sprouting and degeneration of corticospinal axons, showed profound increases in im-
munoreactivities for major histocompatibility complex class II molecule (MHC-II) and extracellular signal-
regulated kinases (ERK1/2) up to 12 months post lesion, particularly within the lateral corticospinal tract (LCST).
Double immunostaining demonstrated that phosphorylated ERK1/2 colocalized within the MCH-II 4+ microglia,
suggesting a trophic role of long-term microglia activation after TBI at the site of compensatory sprouting. Active
sprouting was observed in the LCST as well as in the spinal gray matter of the lesioned animals, as illustrated by
increases in growth associated protein 43. Upregulation of Nogo receptor and glutamate transporter expression
was also observed in this region after TBI, suggesting possible mechanisms for controlling aberrant sprouting
and/or synaptic formation en route and interstitial glutamate concentration changes at the site of axon degen-
eration, respectively. Taken together, these changes in the non-human primate spinal cord support a long-term
trophic/tropic role for reactive microglia, in particular, during functional and structural recovery after TBL
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Introduction

IN THE UNITED STATES ALONE, an estimated 1.4 million
people are afflicted by traumatic brain injury (TBI) annu-
ally, and, as a consequence, many suffer from motor and
cognitive disabilities (Langlois et al., 2004). TBI is also a major
consequence of modern-day battlefield interactions and has
become the signature injury of the Afghanistan/Iraq conflicts,
with approximately 25% of soldiers in action reporting TBI
(Hodge et al., 2008; Okie, 2005; Xydakis et al., 2005). Con-
sidering the prevalent and devastating nature of this neuro-
logical disorder, there is a critical need to develop new and
more advanced treatments than is currently available in
clinical practice. Furthermore, effective post-injury therapies

developed for TBI may be beneficial to other groups, includ-
ing stroke patients, since ischemic damage elicits similar
post-traumatic events (Leker and Shohami, 2002). Indeed,
fundamental processes of brain degeneration and regenera-
tion after injury likely apply to recovery from even more
controlled injury conditions, such as that occurring in some
neurosurgical patients. In order to determine possible thera-
peutic intervention and treatment strategies to facilitate
functional recovery after TBI or related brain injury, under-
standing the degenerative/regenerative processes that occur
in the central nervous system (CNS) is crucial. Specific post-
traumatic events after TBI have been well documented in both
human TBI patients and experimental animal models. These
events include but are not limited to: (a) inflammatory
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responses by glial cells in the perilesion site and along path-
ways of wallerian degeneration (Streit, 2000); (b) elevation of
glutamate concentration at the site of injury and at distant areas
innervated by injured neurons (Ashwal et al., 2004; Faden et al.,
1989; Palmer et al., 1993; Rose et al., 2002; Yamamoto et al.,
1999); (c) acute and delayed apoptotic and/or necrotic cell
death at the site of injury and in the penumbra region
(Conti et al., 1998; Dietrich et al., 1994; Newcomb et al., 1999;
Rink et al.,, 1995); and (d) adaptive structural changes such
as axonal sprouting by surviving neurons (Biitefisch, 2006;
Carmichael, 2003a; Dancause et al., 2005; Nudo, 1999).

TBI-mediated inflammatory responses are rapidly initiated
by disruption of the blood-brain barrier, allowing accumu-
lation of leukocytes and cytokines (Morganti-Kossman et al.,
1997, 2007) and activation of microglia/macrophage (Czigner
et al., 2007; Streit, 2000). Using a non-human primate TBI
model that selectively induced upper extremity paresis, we
previously conducted an immunohistological study to inves-
tigate microglia activation and their phenotype changes after
TBI (Nagamoto-Combs et al., 2007). In this model, the pri-
mary motor cortex and lateral premotor cortex controlling
the preferred arm of the animal were specifically lesioned by
aspiration/coagulation, as performed in human neurosur-
gery for the selective removal of tumors, epileptogenic foci,
and arteriovenous malformations. Following resection, the
animals recovered most of their limb functions during the
recovery period (Darling et al., 2006; Pizzimenti et al., 2007).
Our results demonstrated that microglia activation, as indi-
cated by positive immunoreactivity to a phagocytic marker,
CD68, was observed not only at the site of injury but also in
the cervical spinal cord for up to 12 months after the injury
(Nagamoto-Combs et al., 2007). Furthermore, we found that
the activated microglia co-expressed brain-derived neuro-
trophic factor (BDNF) and its receptors, TrkB and TrkB[TK—],
suggesting a long-term trophic/tropic function of microglia
after TBL

These results led us to hypothesize further that microglia
may play an important role in assisting the survival of neu-
rons undergoing apoptosis/necrosis after TBI, especially at
distal sites from the injury. They may also be involved in
modulating other post-traumatic processes, such as regulat-
ing extracellular glutamate concentrations. It is reasonable to
assume the presence of a mechanism to control local gluta-
mate concentration during recovery, since both ionotropic
and metabotropic glutamate receptors are expressed in peri-
axonal astrocytes (Agrawal and Fehlings, 1997; Agrawal et al.,
1998) and oligodendrocytes (Matute et al., 1997) within the
central white matter, and have been postulated to play a role
in myelin and axonal degradation after injury (Ouardouz
et al., 2009; Tekkok and Goldberg, 2001). In support of this
hypothesis, earlier studies have reported increased expression
of glutamate transporter-1 (GLT-1) in microglia activated by
facial-nerve axotomy in vivo (Lépez-Redondo et al., 2000) or
by TBI in humans (Beschorner et al., 2007). Furthermore, mi-
croglia may be involved in structural reorganization during
recovery. A finding that microglia and sprouting neurites are
closely associated after needle injury in the sensorimotor
cortex of the rat (King et al., 2001) supports this notion, sug-
gesting that microglia may regulate axonal growth and/or
synaptic formation.

In our present exploratory study, we again utilized the non-
human primate TBI model system, and examined one sham-
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operated animal and six animals following localized lateral
motor cortex lesion. Molecular changes that might be re-
sponsible for regulating post-TBI events at the site of axonal
degeneration and/or regeneration in the cervical spinal cord
were examined using immunohistochemical techniques. To
identify reactive microglia, we employed an antibody against
major histocompatibility complex class II molecule (MHC-II),
a well-described injury-elicited phenotype of reactive micro-
glia (Popovich et al., 1997; Streit et al., 1989). Possible in-
volvement of microglia in cell survival was examined by
evaluating the activation of the extracellular signal-regulated
kinases (ERK1/2), which are downstream kinases that can
mediate BDNF signaling and have been shown to relay cell
survival cascades (Bonni et al., 1999). Changes in immuno-
reactivity to two different glutamate transporters, GLT-1 and
glutamate aspartate transporter (GLAST), were also investi-
gated for the potential role of activated microglia and/or other
glial cells in controlling local glutamate concentration. To
identify possible sites of axonal growth and synapse forma-
tion, we used antibodies against growth associated protein-43
(GAP-43) and synaptophysin, a growth cone protein and
presynaptic vesicle protein respectively. Furthermore, we in-
vestigated the expression of the Nogo-66 receptor (NgR) and
one of its ligands, Nogo A, since the receptor is thought to
control directions of axonal growth and sites of synaptic for-
mation by interacting with myelin-associated growth proteins
(Fournier et al., 2001; Schwab, 2004). Lastly, we present be-
havioral data obtained from the experimental animals before
lesion and during recovery to show their varied levels of
motor-function recovery following injury.

Methods
Materials

The mouse monoclonal anti-human MHC-II (HLA-DR)
antibody (LN3) (Lab Vision Products, Fremont, CA) was di-
luted to 1:1000 for immunostaining. The rabbit polyclonal
antibody against human phospho-p44/42 ERK1/2 (Thr202/
Tyr204; Cell Signaling Technology, Danvers, MA) for detec-
tion of phospho-ERKs (pERKs) was used at a 1:1000 dilution.
The rabbit polyclonal antibodies against GAP-43, Nogo A (H-
300) and NgR (Nogo-R, H-120; Santa Cruz Biotechno-
logy, Inc., Santa Cruz, CA) were used at 1:500, 1:500, and
1:300 dilutions respectively. The mouse monoclonal anti-
synaptophysin antibody (Chemicon International, Inc.,
Temecula, CA) was used at a 1:1000 dilution. The rabbit
polyclonal antibodies against GLT-1 and GLAST (Alpha Di-
agnostic International, Inc., San Antonio, TX) were both used
at a concentration of 5 ug/mL. The VECTASTAIN Elite ABC
kit, Vector VIP, Vector SG, Vector NovaRED, biotinylated
secondary antibodies, VectaMount mounting medium and
other immunodetection reagents were obtained from Vector
Laboratories (Burlingame, CA). ProLong Gold anti-fade re-
agent with DAPI was purchased from Molecular Probes, Inc.
(Eugene, OR). The mouse monoclonal anti-GFAP antibody,
used at a 1:500 dilution, and all the other reagents were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

Animals

Six adult rhesus monkeys (Macaca mulatta) with ages
ranging from 3.8 to 14 years (Table 1) were maintained in a
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TABLE 1. A SUMMARY OF THE EXPERIMENTAL ANIMALS USED IN THIS STUDY

Monkey Total survival time Age (years) Gender Weight (kg) Lesion side
SDM49 1 month post lesion (33 days) 3.8 Male 6.2 Left
SDM45 6 months post lesion (33 days) 54 Male 72 Left
SDM64 6 months post lesion (33 days) 14 Female 6.9 Right
SDM24 12 months post lesion (31 days) 13.5 Male 11 Right
SDM48 12 months post lesion (33 days) 7.7 Female 53 Left
SDM54 1 month post sham operation (33 days) 9 Male 9.2 N/A

Total survival time indicates the recovery periods after surgery. The numbers in parentheses to the right of the survival time period show

the survival days after neural tract tracer injection.

primate facility approved by the US Department of Agri-
culture. All experimental and surgical procedures employed
in this study were conducted in accordance with US Depart-
ment of Agriculture, National Institutes of Health and Society
for Neurosciences guidelines for the ethical treatment of ex-
perimental animals, and were approved by the Institutional
Animal Care and Use Committee at the University of South
Dakota.

Surgery

The preparation and procedure of animal surgery were
performed as previously described (Darling et al., 2006;
Morecraft et al., 2001, 2002, 2004, 2007; Nagamoto-Combs
et al., 2007; Pizzimenti et al., 2007). Briefly, each animal was
prepared for surgery by an initial administration of ketamine
hydrochloride (10mg/kg) and kept anesthetized during
cortical exposure with a continuous administration of
isofluorane (1-1.5% with surgical grade air/oxygen mixture)
with the assistance of a mechanical respirator. The frontal
motor cortices in the hemisphere contralateral to the preferred
hand were mapped electrophysiologically under intravenous
ketamine anesthesia. The primary motor cortex (M1) and
dorsolateral premotor cortex (LPMCd) in the hemisphere
contralateral to the animals preferred arm were identified
using intracortical microstimulation. A detailed description
of the intracortical microstimulation procedure has been
published previously (Darling et al., 2009; McNeal et al,,
2010; Morecraft et al., 2001, 2002), and cortical gray matter
at these sites was removed by aspiration and coagulation
(Fig. 1). Specifically, large and medium-sized arteries within
the cortical field to be resected were cauterized using a
Bovie Specialist Electrosurgical Unit (Bovie Aaron Medical,
St. Petersburg, FL), disposable electrophysiological foot-
control pencil, and needle electrode. Subpial aspiration was
performed using an angled glass pipette or angled Frazier
surgical suction tube. The pipette or suction tube was attached
to a Schuco vacuum (Model 130; Schuco Inc., Toledo, OH).
The tip was carefully placed on the cortical surface using
microscopic guidance, and the gray matter was gently re-
moved until subcortical white matter was identified. Surgery
was completed by suturing the dural opening, replacing and
anchoring the bone flap, and suturing the temporalis muscle.
The skin was closed with sterile staples. Pre-surgical and post-
surgical antibiotics (bicillin L-A or amoxicillin) were admin-
istered to all animals.

The total recovery periods after surgery were 1 month
(SDM49), 6 months (SDM45, SDM64), or 12 months (SDM24,
SDM48). For animals SDM45, SDM64, SDM24, and SDM48, a

second surgery was performed 31-33 days prior to sacrifice in
order to inject neural tract tracers into various regions of the
spared motor cortices. The neural tracers were utilized for our
separate neuroplasticity studies quantifying sprouting from
spared supplemental motor cortex, and the tract-tracing re-
sults are not discussed in the present report (McNeal et al.,
2010). One animal, SDM54, was sham-operated without
lesion, received neural tract tracer injections following in-
tracortical stimulation, and survived for 33 days (sham with
1-month survival). Specifically, the 1-month experiment was
terminated at 33 days, the 6-month experiment at 24 weeks
(168 days), and the 12-month experiment after 48 weeks (336
days) of survival (see Table 1).

Behavioral assessment

Prior to surgery, all animals were tested to determine hand
preference using a standard dexterity board. We then trained
the monkeys on two fine hand motor tasks before and after
the motor cortex lesion using two techniques that allowed
control over which hand the monkey could use for successful
task performance without constraining a limb and allowing
the monkey to be free to roam the cage. These tasks thus
permitted testing recovery of the contralesional hand fine
motor skill after the lesion. Briefly, in one task (modified
movement assessment panel - mMAP), the forces applied
while the monkey removed a carrot chip with a central hole
from a flat surface and over straight and curved rods (Darling
et al., 2006). Time to remove the carrot chip and total absolute
impulse (equation 1) were used to assess performance quan-
titatively using a performance score normalized to each
monkey’s best single-trial pre-lesion performance in terms of
both duration and impulse. The equation used to compute the
performance score is given in equation 2. In the second task
(modified dexterity board — mDB), the monkey removed
small food pellets from a Plexiglas plate (with a small dimple
to hold the pellet in place) and from 10-mm deep tapered
wells that ranged from 10-25mm in diameter routed into the
plate (Pizzimenti et al., 2007). Performance in calibrated three-
dimensional space was recorded on four video cameras,
permitting measurements of reach duration and accuracy
(fingertip position relative to pellet position), grip aperture
(distance between tips of index and thumb), manipulation
duration, and number of lost digit contacts with the pellet
during manipulation. These were used to compute an overall
performance score using an equation similar to the one used
to quantify mMAP performance on each trial (Pizzimentietal.,
2007). Performances were also qualitatively assessed to de-
termine whether monkeys used a similar strategy to perform
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FIG.1. Schematic diagrams of aspiration/coagulation lesion made in the lateral motor cortex of adult rhesus monkeys. The
size and location of lesion in each case was confirmed using histological techniques and is indicated as the blackened area
on the lateral cortical surface of the lesioned cases. The pullout shows the electrophysiological map that was generated
following cortical exposure to localize the arm area of the primary motor cortex (M1) and dorsal lateral premotor cortex
(LPMCd). A =arm, cs=central sulcus, D =digit, ecs = ectocalcarine sulcus, El = elbow, Hp =hip, ilas =inferior limb of the
arcuate sulcus, ios =inferior occipital sulcus, ips = intraparietal sulcus, L =leg, If =lateral fissure, LL =lower lip, LPMCd =
dorsolateral premotor cortex, lIs=Ilunate sulcus, M1 = primary motor cortex, N =neck, NR=no response, ps=principle
sulcus, Sh=shoulder, slas=superior limb of the arcuate sulcus, sts=superior temporal sulcus, T=toe, Th=thumb,
To =tongue, Tr = trunk, UL = upper lip, Wr =wrist.

the tasks during post-lesion trials to strategies used prior to
the lesion. Pre-lesion tests were administered approximately
weekly until performance was stable and then at weekly in-
tervals for the first 2 months post lesion, followed by tests
every 2 weeks in the following months. Skill was measured by
taking the mean performance score over five consecutive tests
sessions (last five pre-lesion test sessions, best five consecutive
post-lesion test sessions) and dividing by the standard devi-

ation of performance scores over that period. Pre- and post-
lesion skills were computed for the well with highest pre-
lesion skill on the mDB task (Pizzimenti et al., 2007) and the
curved rod mMAP task. The ratio of post- to pre-lesion skill
was used as measure of recovery of fine motor skill (i.e., this
ratio is zero if there is no recovery and equals 1 if skill returns
to pre-lesion levels). It should be noted that the animal des-
ignated as SDM24 was tested only on the mMAP task without
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aload cell to record forces, so that only duration to retrieve the
food could be measured to assess recovery of performance,
and there was no measure of recovery of skill. Also for
SDM49, the animal with 1-month post-recovery period, post-
lesion skill was not measured because of its brief recovery
period limited to having only four consecutive testing ses-
sions.

TAImp(n):/|Fx|dt+|Fy|dt+|Fz|dt @

where: TAImp (1) is the total absolute impulse of trial #; [ is
the integral over duration of trial ¢ with respect to time (d¢); F,
is the force applied in a left/right direction; F, is the force
applied in an anterior/posterior direction; F, is the force ap-
plied in a vertical direction.

If outcome >2 (i.e., successful grasp and lift/manipulation
of the carrot chip) then:

PSmmap(n) = {100 x (TAImp(n) — Min TAImp)/
TAImp range) + 100 x ((Dur(n) — MinDur)/
Dur Range)} x Outcome() )

if PSmMAp(T’Z) <200 then PSmMAP(T’Z) =200,
else:

PSpmar(n) = {100 X (MaxTAImp — TAImp(n))/
TAImp Range) + 100 x (MaxDur — Dur(n))/
Dur Range)} x Outcome(n)

if PSpaiap(n) > 200 then PSviap(17) = 200,

where: PS;,vap(n) is the performance score on mMAP trial #;
Outcome(n) is the success on trial 1 (0 for no attempt with the
correct hand, 1 for unsuccessful attempt with the correct hand,
2 if the carrot chip is successfully grasped and lifted over the
rod but then dropped and not removed from the food
chamber, 3 if the carrot chip is successfully grasped and lifted
over the rod but then dropped and removed from the food
chamber, 4 for successful acquisition without dropping the
carrot chip); MinTAImp is the minimum single trial pre-lesion
total absolute impulse within a difficulty level for either hand;
TAImp Range is the maximum single trial pre-lesion total
absolute impulse-MinTAImp; Dur(n) is the duration of trial n;
MinDur is the minimum single trial duration during pre-
lesion tests; and Dur Range is the maximum single trial du-
ration during pre-lesion tests-MinDur.

Preparation of tissue sections

At the end of the recovery period, each animal was given
an overdose of pentobarbital (50 mg/kg or higher) and ter-
minated via transcardial perfusion with solutions of 0.9%
saline followed in sequence by 4% paraformaldehyde in
0.1M phosphate buffer (PB, pH 7.2-7.4), 10% sucrose in PB
(sucrose/PB), and 30% sucrose/PB. The brain, brainstem, and
spinal cord were removed and documented before being
stored in 30% sucrose/PB for 2—4 days at 4°C. The spinal cord
was frozen sectioned at 50 um in the transverse (horizontal)
plane on a sliding microtome (American Optical AO 860;
Buffalo, NY) and collected in 0.05M PB. The spinal-cord sec-
tions within each series represented every 300 or 400 ym in-

569

tervals through each tissue block. One series was immediately
mounted on subbed slides and stained for Nissl substance as a
reference for cytoarchitectural analysis along with the sections
from the brain and brainstem (Morecraft et al., 1992, 2004).
For the purpose of this study, two to three sections per animal
per antibody from the lower cervical spinal cords at C5-C8
level were examined. Unprocessed tissue sections were stored
in a cryoprotective solution (30% glycerol, 30% ethylene gly-
col in 0.1M PB) at —80°C until use.

Immunohistological staining

Tissue sections stored in the cryoprotective solution were
first rinsed in phosphate-buffered saline (PBS) with gentle
agitation for 1h with several changes of PBS for removal of
ethylene glycol. To reduce endogenous peroxidase activity,
the washed tissue sections were then treated for 5 min at room
temperature with 0.01% hydrogen peroxide, prepared in
PBS/TritonX-100 solution (PBS-T; 0.1% v/v TritonX-100),
supplemented with 0.5% (w/v) bovine serum albumin and
10% goat serum. An additional 1-h incubation in the serum-
supplemented PBS-T followed to block non-specific tissue
interaction of the primary antibodies. Since biotinylated
neuronal track tracers were utilized in the animals to be an-
alyzed for separate neuroplasticity studies, Avidin/Biotin
Blocking Solutions (Vector Laboratories) was used according
to the manufacturer’s protocol for the purpose of this current
study to prevent potential staining of the tracers during vi-
sualization of antibodies.

Incubations of the prepared tissue sections with appropri-
ate primary antibodies were carried out at 4°C overnight, with
gentle agitation in the serum-containing PBS-T at the antibody
concentrations indicated in the Materials section. Some sec-
tions were incubated in the buffer without any primary anti-
body to determine background staining by each secondary
antibody. After the primary antibody incubation and subse-
quent rinses (10 minx3) at room temperature, tissue sections
were subjected to further 1-h incubation with a species-
specific biotinylated secondary antibody diluted to 1:2000.
The tissue sections were rinsed again then treated with the
avidin-biotin complex solution provided in the Vector ABC
Elite Kit (Vector Laboratories) for a further 1h. For visuali-
zation of the antigens, Vector VIP was used as a chromogen
(Vector Laboratories), according to the manufacturer’s pro-
tocol. Color development was terminated by rinsing the tis-
sues extensively with PBS. Alternatively, when fluorescent
double staining was utilized, the tissue sections were not
treated with 0.01% hydrogen peroxide in PBS-T prior to the
blocking procedure. Furthermore, tissues were incubated
with two primary antibodies of different animal origins si-
multaneously overnight at 4°C. The subsequent procedures
were performed as described above, except Texas Red- or
FITC-conjugated species-specific secondary antibodies were
used (Santa Cruz Biotechnology, Inc.).

The sections were mounted onto gelatin-coated glass slides
after being rinsed briefly with water. The slides mounted with
VIP-stained tissue sections were air-dried at least overnight,
and dehydrated through a series of ethanol solutions (50%,
70%, 90%, and 100%) and Histo-Clear (National Diagnostics,
Atlanta, GA), and coverslipped using VectaMount (Vector
Laboratories). The slides with fluorescent stained sec-
tions were mounted and coverslipped using ProLong Gold
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antifade reagent with DAPI (Invitrogen, Carlsbad, CA)
without the air-drying and dehydration procedures.

Microscopy and photography

In all animal subjects, the location and general size of the
lesion to M1 and LPMCd were verified as described in Figure
1. The tissue sections processed for immunohistochemical
staining were examined using a Leica DM4000B microscope
(Leica Microsystems, Nussloch, Germany) with 1.25x%, 10x,
20x,40x%, and 63 x objectives. Each light photograph was taken
using a Leica DFC300FX digital camera supported by Leica
FW4000 Software (Leica Microsystems). Confocal images of
fluorescent labeled tissue sections were obtained using the
Zeiss LSM 510 Meta confocal microscope (Zeiss, Thornwood,
NY), as previously described (Jara et al., 2007). Images were
viewed and processed using a Zeiss LSM Image Browser.
Captured photographic images were combined into each
figure and labeled using Adobe Photoshop 7.0 software. The
immunohistochemical images in the figures were adjusted
using the software so that the left panels show ipsilateral side
and the right panels show contralateral side to the lesion for
the purpose of easier comparison.

Results

Microglia/ macrophage exhibited MHC-II
immunoreactivity over a prolonged period

in the lateral corticospinal tract of the cervical
spinal cord after traumatic brain injury

of the lateral motor cortex

Phenotypes of reactive microglia can vary across different
experimental paradigms. Although our prior study demon-
strated increased immunoreactivity (IR) to a trophic factor
(BDNF) and phagocytic marker (CD68), we sought to define
the phenotype of microglia further in our TBI long-term re-
covery paradigm. In particular, expression of MHC-II is one
of the well-described characteristics of reactive microglia in
pathological conditions (Stoll et al., 2006; Streit et al., 1989),
and its increased expression signifies acquisition of antigen
presentation ability (Redwine et al., 2001) and immune-
responsiveness by microglia (Gehrmann et al., 1995). There-
fore, we investigated whether the microglia in the cervical
spinal cord increase MHC-II-IR as a general marker of reactive
phenotype in lesioned and sham-operated animals. MHC-II-
IR was observed in all the animals examined, including the
sham-operated animal (Fig. 2). The staining was primarily
found perivascularly and within the white-matter paren-
chyma, but was more widely distributed throughout the
spinal-cord sections than that of CD68-IR demonstrated in our
prior report (Nagamoto-Combs et al., 2007). More impor-
tantly, sections from lesioned animals at 1 (Fig. 2E-H), 6 (Fig.
2I-L) and 12 (Fig. 2M-P) months post lesion (m.p.l.) showed
intensely stained groups of cells in the LCST contralateral to
the lesion side, some displaying a dense clustered appearance
with stout processes (Fig. 2G,K,O, inset). This morphology
was consistent with reactive microglia, and was especially
profound in the animals sacrificed at 1 and 6 m.p.1. (Fig. 2G,K
respectively). MHC-II-IR was also found in the sham-
operated animal in the same region (Fig. 2B-D), but the
immunoreactive cells showed distinct, more ramified mor-
phology, and staining intensity was markedly less compared
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to that observed in the lesioned animals. Some densely
stained cells were apparent in the spinal gray matter of the
1-m.p.l. animal (Fig. 2F, arrowheads). Though moderate
staining was observed in the gray matter of other lesioned
(Fig. 2I-P) and sham-operated animals (Fig. 2B-D), it was less
intense, and the staining was found mostly around the central
canal and vasculature. These observations indicated that
MHC-II is basally expressed, as seen in the sham-operated
animal, and TBI induces its expression within the spinal cord
white matter for up to 12 months. Furthermore, the level of
MHC-II might be differentially regulated in the spinal white
matter compared with the gray matter.

Phosphorylation of ERK1/2 occurred within MHC-11 +,
activated microglia within the cervical spinal cord
after traumatic brain injury of the lateral motor cortex

In our previous study, we demonstrated that immuno-
reactivities to BDNF and its receptors, TrkB[gp145] and
TrkB[TK—], were increased and partially colocalized to CD68-
IR microglia in the spinal cords of lesioned animals (Naga-
moto-Combs et al., 2007). Therefore, in the current study, we
investigated whether TBI also led to activation of ERK1/2, the
major protein kinases downstream of BDNF-TrkB activation.
To assess ERK activity indirectly, cervical spinal-cord sections
from the sham-operated and lesioned animals were immu-
nostained to detect active, phosphorylated forms of ERK1/2
(pERK). Profound, apparently chronic, pERK-IR was detected
in the LCST of the lesioned animals at 1 (Fig. 3D-F), 6 (Fig.
3G-I), and 12 (Fig. 3]-L) months recovery. The morphology of
the labeled cells was similar to that of MHC-II immunoreac-
tive microglia (Fig. 3F,I,L), supporting the notion that micro-
glia had maintained their increased ERK activity for up to
12 months after the lesion. Some staining was also noted in
the LCST region of the sham-operated animal but without the
dense, cluster-like appearance observed in the lesioned ani-
mals (Fig. 3C). With the exception of the area around the
central canal, no significant staining in the spinal gray matter
was observed at these time points.

In order to verify that the immunostaining for pERK1/2
colocalized with activated microglia following TBI, we dou-
ble labeled sections from the 1-m.p.l. animal using pERK
and MHC-II antibodies (Fig. 5A-C). The pERK-IR (shown
as green signals in Fig. 5A) and MHC-II-IR (shown as red
signals in Fig. 5B) were most intensely localized in the LCST,
as shown previously, and showed clear overlap (Fig. 5C).
This observation was particularly evident in clusters of cells
as depicted in a group of the blue DAPI-stained nuclei in
Figure 5C.

Immunoreactivity to GAP-43 increased in the lateral
corticospinal tract and the ventral horn of the cervical
spinal cord after traumatic brain injury of the lateral
motor cortex

Since all of our lesioned animals recovered the use of the
TBI-afflicted contralesional hand (to varying levels in relation
to pre-lesion skill) and our prior data demonstrated increased
BDNF-IR within microglia up to 12 months post-lesion, we
next determined whether the reactive microglia in the spinal
cord after TBI were associated with axonal regrowth and/or
sprouting. To achieve this objective, actively growing nerve
endings in the sham-operated, 1-, 6-, and 12-m.p.l. animals
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FIG. 2. MHC-II immunoreactivity increased in the LCST of the lower cervical spinal cord from adult rhesus monkeys after
injury of the lateral motor cortex. (A) A schematic diagram of a transverse cervical spinal cord section. Contra/Ipsi indicates
contralateral or ipsilateral side to each animal’s lesion respectively. The rectangular boxes labeled LCST and VH indicate
approximate areas where photomicrographs were taken for the lateral corticospinal tract and spinal gray matter in the ventral
horn respectively. (B-P) MHC-II positive cells were visualized using the ABC/Vector VIP immunodetection method in the
transverse spinal-cord sections from the sham-operated control (B-D), 1- (E-H), 6- (I-L), and 12-m.p.1. (M-P) animals. The
sections have been arranged so that the left-most panels, E, I, and M show low-magnification photographs of the ipsilateral
LCST region, while F, J, and N show the contralateral side of each animal. The boxes within B, F, J, and N indicate the areas
where high-power photomicrographs, C, G, K, and O, were taken. The inset in each of these photomicrographs shows a
higher-power photomicrograph of the MHC-II-IR cell(s) designated by the arrow. Note the significant increases in MHC-II-IR
and different morphology of the stained cells within the contralateral LCST regions of the lesioned animals (G, K, and O)
compared to the sham-operated (C) animal. Panels D, H, L, and P depict MHC-II-IR within the ventral spinal gray matter

(VH) of the sham-operated, 1-, 6-, or 12-m.p.l. animals respectively. Scale bar sizes are as indicated.

were visualized using an antibody against GAP-43, a protein
found at high levels in developing and regenerating axons
and growth cones (Karns et al., 1987). We found that GAP-43-
IR was notably higher in the LSCT of all the lesioned animals,
except one of the 12-m.p.1. animals (SDM48), compared with
the sham control (Fig. 4). Particularly, in SDM49 (1m.p.L;
Fig. 4E-H), SDM45 (6 m.p.1.; Fig. 41-L), and SDM64 (6 m.p.L;
Fig. 4M-P), the staining appeared as a bushy, cluster-like
formation in the LSCT. Lesion-associated increases in GAP-
43-IR were also found in the gray matter, although there
seemed to be some individual differences. For example, the
GAP-43-IR in the gray matter of SDM49 (1 m.p.L; Fig. 4H) and
SDM24 (12 m.p.1,; Fig. 4T) appeared compatible, while that of
SDM45 (6 m.p.l; Fig. 4L), SDM64 (6 m.p.l.; Fig. 4P) showed
less intense labeling, which was still above the sham level
(Fig. 4D). In some locations within the cervical spinal gray
matter, the positive staining was especially intense around the
large oval structures that morphologically appeared to be
spinal motor neurons.

To confirm that these growth processes were associated
with the microglia in the LCST region, sections were double
labeled for MHC-II and GAP-43 (Fig. 5D-F). Confocal mi-

croscopy was utilized to obtain high-resolution images of the
immunofluorescence to localize the two labels. The GAP-43-
IR (shown in green in Fig. 5D, GAP-43) and MHC-II-IR
(shown in red in Fig. 5E, MHC-II) were closely associated, and
the merged image of the two signals showed that they were
indeed adjacent to one another (Fig. 5F, MERGE), showing
little overlap (shown in yellow). This result indicated that
MHC-II 4, reactive microglia were in close proximity to GAP-
43-expressing processes and/or growth cones.

Synaptophysin immunoreactivity modestly increased
in the lateral corticospinal tract and the ventral
spinal gray only in some lesioned animals

Because GAP-43-IR suggested changes in neurite growth
was concurrent with the reactive gliosis, we next examined a
more functional assessment of the sprouting response, syn-
aptic formation, at the 1-, 6-, and 12-month recovery periods.
Cervical spinal cords of lesioned versus sham-operated ani-
mals were compared for changes in immunoreactivity to
the pre-synaptic vesicle associated protein, synaptophysin.
Synaptophysin-immunoreactive neurites seemed slightly
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FIG.3. pERKimmunoreactivity was elevated in the LCST of the lower cervical spinal cord from adult rhesus monkeys after
injury of the lateral motor cortex. (A) A schematic diagram of a transverse cervical spinal-cord section. Contra/Ipsi indicates
contralateral or ipsilateral side to each animal’s lesion respectively. The rectangular box labeled LCST indicates approximate
area of lateral corticospinal tract where photomicrographs were taken. (B-L): The immunoreactivity to pERK was visualized
using the ABC/Vector VIP method in the transverse spinal cord sections from the sham-operated control (B and C), 1- (D-F),
6- (G-I), and 12-m.p.1. J-L) animals. The sections have been arranged so that the left-most panels, D, G, and ], show low-
magnification photographs of the ipsilateral LCST region, while E, H, and K show the contralateral side of each animal. The
boxes within B, E, H, and K indicate the areas where high-power photomicrographs, C, F, I, and L, were taken. The inset in
each of these photomicrographs shows a higher-power photomicrograph of the pERK-IR cell(s) designated by the arrow.
Robust labeling for pERK-IR was observed in the contralateral LSCT region of each lesioned animal (F, I, and L) compared to
that of the sham-operated animal (C). No significant labeling was found in the spinal gray matter. Scale bar sizes are as

indicated.

more apparent in the LCST of the 1-m.p.l. animal (Fig. 6G),
one of the 6-m.p.l. animals (SDM45; Fig. 6K), and also to a
lesser extent, one of the 12-m.p.1. animals (SDM48; Fig. 6W). In
contrast, other lesioned animals (SDM64 & 24; Fig. 60,S re-
spectively) showed more compatible levels of synaptophysin-
IR when compared to the control animal (SDMb54; Fig. 6C). In
the former group of animals, the immunopositive neurites
were associated with or were at least in close proximity to a
labeled cell or what appeared to be a cluster(s) of cells (Fig.
6G,K,W, inset). While there was evidence of clustered
synaptophysin-IR in the LCST region, note the difference in
the extent of immunostaining from that of GAP-43-IR (Fig. 4).
This relatively modest synaptophysin-IR with regard to GAP-
43-IR may indicate that sprouting neurites do not form aber-
rant functional synapses in the LCST, or such synapses
get pruned as the animals recover their motor function.
Synaptophysin-IR was also found in varying degrees through-
out the spinal gray matter of both lesioned (Fig. 6H,L,P,T,X)
and sham-operated (Fig. 6D) animals, appearing particularly
intense around motor neuron cell bodies. Such immunoreac-
tivity was more abundant in 1- (SDM49; Fig. 6H) and 12-m.p.1.

(SDM24 & 48; Fig. 6T,X respectively) animals, but not in the
6-m.p.l. (SDM45 & 64; Fig. 6L,P respectively) animals.

The level of NgR expression was elevated in the lateral
corticospinal tract, while the level of NgR ligand,
Nogo A, showed no apparent changes in the cervical
spinal cord after traumatic brain injury

The lesion-associated increases, and gradual-recovery-
period-associated decreases, in synaptophysin-IR and GAP-
43-IR in the spinal white matter after TBI suggested possible
pruning mechanisms of sprouting corticospinal axons. Since
NgR and one of its ligands, Nogo A, are now generally ac-
cepted as inhibitors of neurite outgrowth (Fournier et al.,
2001; Schwab, 2004), we next investigated changes in these
proteins as potential candidates for dysregulation causing
aberrant sprouting and/or synaptic formation. Immunohis-
tochemical staining using an antibody against NgR in the
sham-operated animal showed that there were basal levels of
NgR-IR in the LCST (Fig. 7C) and spinal gray matter (Fig. 7D),
particularly in the ventral horns (VH). From the morphology
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FIG.4. GAP-43 immunoreactivity increased in the LCST of the lower cervical spinal cord of adult rhesus monkeys after injury
of the lateral motor cortex. (A) A schematic diagram of a transverse cervical spinal-cord section. Contra/Ipsi indicates con-
tralateral or ipsilateral side to each animal’s lesion respectively. The rectangular boxes labeled LCST and VH indicate ap-
proximate areas where photomicrographs were taken for the lateral corticospinal tract and spinal gray matter in the ventral
horn respectively. (B-X) Transverse sections of the lower cervical spinal cord from the sham-operated (SDMb54; B-D), 1-
(SDM49; E-H), 6- (SDM45; I-L and SDM64; M-P), and 12-m.p.1. (SDM24; Q-T and SDM48; U-X) animals were immunostained
for GAP-43 using the ABC/Vector VIP method. The sections have been arranged so that left-most panels E, I, M, Q, and U show
low-magnification photographs of the ipsilateral LCST region, while F, J, N, R, and V show the contralateral side of each animal.
The boxes within B, F, J, N, R, and V indicate the areas where high-power photomicrographs, C, G, K, O, S, and W, were taken.
The inset in each of these photomicrographs shows a higher-power photomicrograph of the GAP-43-IR cell(s) designated by the
arrow. The panels D, H, L, P, T, and X show GAP-43-IR in the spinal gray matter within the VH region. Specific recovery-time-
dependent changes were not consistently observed. Scale bar sizes are as indicated.

of the stained cells in the VH, NgR appeared to localize in
the spinal motor neurons. Such NgR-IR in the ventral gray

labeled, cluster-like formations strikingly similar to those
already described for MHC-II-IR microglia (Fig. 7J,K). The

matter was also present in the lesioned animals (Fig. 7H,L,P),
but additional increases in the staining in the VH paren-
chyma were observed. This change was especially evident
at 1 and 12m.p.l. (Fig. 7H,P respectively), perhaps due to
individual differences across the animals, as seen in other
staining.

NgR-IR notably increased in the LCST of the lesioned ani-
mals, especially at 6 m.p.l,, with the presence of intensely

increased level of NgR-IR in the LCST was observed as early
as 1m.p.l. (Fig. 7F,G), and returned to near basal levels after
12 months (Fig. 7N,0). Importantly, this temporal pattern of
NgR expression suggests that aberrant neurite sprouting and
growth is attenuated or normalized by 12 months of recovery.

Despite the robust changes in NgR-IR in the LCST after TBI,
the immunoreactivity of its ligand, Nogo A, in this region
showed very little recovery time-dependent changes and did



574

MHC-II

MERGE

NAGAMOTO-COMBS ET AL.

GAP43

MHC-I1

MERGE

FIG. 5. MHC-II immunoreactivity overlapped that of pERK and was in proximity to that of GAP-43 within the LCST of the
lower cervical spinal cord from the 1-m.p.l. adult rhesus monkey after injury of the lateral motor cortex. Transverse cervical
spinal-cord sections from the 1-m.p.l. animal (SDM49) were processed for double immunofluorescent labeling against pERK
(A, green) or GAP-43 (D, green) in conjunction with MHC-II (red, B, E). The merged images of pERK/MHC-II and GAP-
43 /MHC-II staining are shown in panels C and F respectively (MERGE). The blue fluorescence in panel C and F depicts
nuclear labeling by DAPI. Photomicrographs were taken from the LCST region using a standard or confocal fluorescent
microscope for pERK/MHC-II staining (A-C) and for GAP-43/MHCII (D-F) respectively. Note that pERK and MHC-II labels
greatly overlap (C) while GAP-43 and MHC-II labels show little colocalization (F). Scale bar in panel C =25 um; scale bar in

panel F =20 um.

not differ appreciably from the sham-operated animal at any
recovery period (i.e., 1, 6, and 12m.p.1.; Fig. 8E,H,K respec-
tively). Intense labeling in the VH of the spinal cords was
observed in all animals examined (Fig. 8C,F,I,L), with no ap-
parent differences between ipsilateral and contralateral sides
(Fig. 8A,D,G,]). The Nogo A-IR localized within the soma of
the lower motor neurons and their dendritic processes in
the VH.

Traumatic brain injury in the lateral motor cortex
did not markedly alter astrocyte proliferation
in the cervical spinal cord

The immunohistochemical results thus far demonstrated
that microglial activation was maintained until at least 12
months post-lesion recovery, and their activation state cor-
related with increased markers of axon growth and synapse
formation not only in the VH but also the associated white
matter in the LCST. Because microglia are only one compo-
nent of a typical reactive glial response to injury, we next
assessed changes in astrocyte phenotype in our TBI paradigm.
Reactive astrocytes were assessed via changes in glial fi-

brillary acidic protein (GFAP)-IR (Fig. 9). Cervical spinal-cord
sections from 1- (SDM49; Fig. 9B,F), 6- (SDM45; Fig. 9C,G), or
12-m.p.1. (SDM24; Fig. 9D,H) animals, as well as the sham-
operated animals (SDMb54; Fig. 9A E), showed GFAP-IR as-
trocytes in both white matter (LCST; Fig. 9A-D) and ventral
gray matter (VH; Fig. 9E-H). It is noteworthy that the stain-
ing pattern within the VH formed a “basket-like” structure,
possibly surrounding the spinal motor neurons in the ante-
rior horn. We did not observe, however, obvious differ-
ences in GFAP-IR intensity or patterns in either the white
or gray matter between the lesioned and sham-operated
animals.

The glutamate transporters, GLT-1 and GLAST,
were differentially regulated in the spinal gray matter
of the spinal cord after traumatic brain injury

Although GFAP-IR showed little change in astrocytic
proliferation at the post-lesion recovery periods examined,
there can be multiple changes in astrocyte protein expression
that indicate a plethora of variations in reactive phenotype.
For example, astrocytes, as well as microglia, have been
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FIG. 6. Synaptophysin immunoreactivity showed modest increases in the LCST and ventral spinal gray matter of lower
cervical spinal cords from only some of the lesioned animals after lateral motor cortex injury. (A) A schematic diagram of a
transverse cervical spinal cord section. Contra/Ipsi indicate contralateral or ipsilateral side to each animal’s lesion respec-
tively. The rectangular boxes labeled LCST and VH indicate approximate areas where photomicrographs were taken for the
lateral corticospinal tract and spinal gray matter in the ventral horn respectively. (B-X) Transverse sections of the lower
cervical spinal cord from the sham-operated (SDM54; B-D), 1- (SDM49; E-H), 6- (SDM45; I-L and SDM64; M-P), and 12-
m.p.l. (SDM24; Q-T and SDM48; U-X) animals were immunostained for synaptophysin using the ABC/Vector VIP method.
The sections have been arranged so that left-most panels E, I, M, Q, and U show low-magnification photographs of the
ipsilateral LCST region, while F, ], N, R, and V show the contralateral side of each animal. The boxes within B, F, ], N, R, and
V indicate the areas where high-power photomicrographs, C, G, K, O, S, and W, were taken. Synaptophysin-IR neurites were
found most prominently in the spinal gray matter in all animals examined (D, H, L, P, T, and X). In the LCST region, no
striking differences were observed between the lesioned and sham-operated animals, though slightly more synaptophysin-
labeled neurites were found in SDM49 (G) and SDM45 (K), and also to a lesser extent in SDM48 (W). As depicted in panels G,
K, and W, the labeled neurites (arrowheads) appeared to be in close proximity to a lightly stained cell or cluster-like
structure(s) (arrows), which is shown at a higher power in the inset. Scale bar sizes are as indicated.

reported to increase glutamate transporter protein expression
after injury (Beschorner et al., 2007; Van Landeghem et al.,
2001). Therefore, we assessed whether alteration in glial ex-
pression of GLT-1 and GLAST would occur after TBI. Im-
munodetection of GLT-1 (Fig. 10) and GLAST (Fig. 11) in the
cervical spinal cords from the sham-operated or 1-, 6-, or 12-
m.p.l. animals demonstrated higher levels of staining for both

glutamate transporters in the LCST in the lesioned animals
than the sham-operated animal (Figs. 10 & 11G,K,O). The
expression of these glutamate transporters were also found in
the VH region, especially around the large motor neurons
(Figs. 10 & 11D,H,L,P). While basal levels of GLT-1 (Fig. 10D)
and GLAST (Fig. 11D) were observed in the sham-operated
animals, immunoreactivity for these glutamate transporters
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FIG.7. NgR immunoreactivity increased in the LCST of lower cervical spinal cords of adult rhesus monkeys after injury of
the lateral motor cortex. (A) A schematic diagram of a transverse cervical spinal cord section. Contra/Ipsi indicate contra-
lateral or ipsilateral side to each animal’s lesion respectively. The rectangular boxes labeled LCST and VH indicate ap-
proximate areas where photomicrographs were taken for the lateral corticospinal tract and spinal gray matter in the ventral
horn respectively. (B-P) Transverse sections from the lower cervical spinal cords from the sham-operated (B-D), 1- (E-H), 6-
(I-L), and 12-m.p.1. (M-P) animals were immunostained for NgR using the ABC/Vector VIP method. The sections have been
arranged so that left-most panels E, I, and M show low-magnification photographs of the ipsilateral LCST region, while F, J,
and N show the contralateral side of each animal. When compared to the sham control (C), profound NgR-IR was detected in
this region of the 1- (G) and 6-m.p.l. (K) animals, and of the 12-m.p.l. animal (O) to a lesser extent. The boxes within B, F, J,
and N indicate the areas where high-power photomicrographs, C, G, K, and O, were taken. The inset in each of these panels
shows a higher-power photograph of the NgR-immunoreactive structure indicated by the arrow. Panels D, H, L, and P show

NgR labeling in the spinal gray matter within the VH region. Scale bar sizes are as indicated.

seemed to be elevated in the lesioned animals in the environs
of motor neurons, giving rather diffused staining patterns in
the VH region (Figs. 10 & 11H,L,P). This result suggested that
glial expression of GLT-1 and GLAST increase both in the
white and gray matters of the cervical spinal cord after TBI.

Lesioned animals showed varied degrees of recovery
on the traumatic brain injury afflicted fine motor

skill following traumatic brain injury of the lateral
motor cortex

Functional recovery in the lesioned animals for specific fine
motor skills were quantified both pre- and post-lesion in order
to record physiological outcomes that accompanied the ob-
served immunohistochemical changes during the recovery
periods. Performance on the fine motor tasks showed a clear
decrement after the lesion with no attempts (performance
score equal to zero) or successful acquisitions on the first post-
lesion test in most animals on one or both tasks, followed by
increases in performance scores over the next 3-5 weeks (e.g.,
Fig. 12A,B). However, one monkey (SDM45) was successful
on all attempts in both tasks at 1 week post-lesion (Fig. 12C,D;

white bars). Performance usually improved on the second test
at 2 weeks after the lesion, as most animals had at least one
success on one or both tasks, with the exception of SDM24
(only tested on the mMAP task — Fig. 12C; gray bars) and
SDM64 (on the mDB task — no successful acquisitions until the
4th post-lesion week — Fig. 12D; gray bar). Recovery of fine
motor skill on the two tasks varied from about 50% of pre-
lesion skill (i.e., post/pre-lesion skill ratio of 0.5) to better than
pre-lesion skill (i.e., post to pre-lesion skill ratio greater than
1.0) on the two tasks (Fig. 12C,D). Notably, SDM45 recovered
to better than pre-lesion skill on both tasks, and SDM48 re-
covered to better than pre-lesion skill on the mMAP, but to
only 50% of pre-lesion skill on the mDB task. SDM64 recov-
ered to about 50% of pre-lesion skill on both tasks.

Discussion

Although TBI and stroke often result in long-term physical
and cognitive disabilities, many patients regain part of their
functional losses over time. It is without question that a rapid
and significant response occurs at the cellular/molecular level
immediately following brain trauma, which continues to
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FIG.8. Nogo A immunoreactivity did not appreciably change in the LCST or VH in the lower cervical spinal cords of adult
rhesus monkeys after injury of the lateral motor cortex. Transverse sections from the lower cervical spinal cords of the sham-
operated (A-C), 1- (D-F), 6- (G-I), and 12-m.p.l. (J-L) animals were immunostained for Nogo A using the ABC/Vector VIP
method. The sections are arranged so that left side of each photograph is the ipsilateral side to each animal’s lesion. (A, D, G,
and J) Low-power photographs. The rectangles and arrows in these panels respectively indicate where the high-power
photographs of the LCST (B, E, H, and K) and ventral spinal gray matter (C, F, I, and L) from the corresponding animals were

taken. Scale bar sizes are as indicated.

manifest throughout the first month of recovery following
brain injury (Carmichael, 2003b; Kuhtz-Buschbeck et al., 2003;
Sbordone et al., 1995; Wade et al., 1985). As a result, it is not
surprising that the majority of studies tracking neuroplastic
responses to brain injury have focused on this critical post-
injury time period. Yet, the functional recovery process can
continue for 2 or more years after TBI (Lotze et al., 2006;
Sbordone et al., 1995) or stroke (Mark et al., 2006), indicating
that long-term studies investigating the underlying neuro-
plastic responses of prolonged recovery are needed. Such in-
formation could assist in the development of long-term
treatment strategies aimed to facilitate and enhance the re-
covery process in patients with brain injury.

To study this process as it relates to the primate CNS, the
appropriate experimental model is also an important con-
sideration (Fukuda and Del Zoppo, 2003). For example, in
order to assess post-TBI recovery of fine motor skills, such as
digit coordination, non-human primates provide an excellent
and unique experimental model because they use the digits
similarly to humans to manipulate hand-held objects, and the
underlying anatomical infrastructure supporting this function
is featured only in higher-order primates (Courtine et al.,
2007; Lemon and Griffiths, 2005). In addition, we employed
the aspiration/coagulation method, rather than contusion
model, to generate a more isolated injury to the upper ex-
tremity region of the motor cortex. Thus this experimental

model not only simulates certain neurosurgical procedures
performed in human patients, it also allows investigators to
control the locus and extent of injury and to observe and
quantitatively record the functional recovery process of the
animals in great detail (Darling et al., 2006, 2009; Pizzimenti
et al., 2007). Importantly, such observations can be conducted
to study the motor-recovery process following motor cortex
injury in the absence of confounding variables resulting from
the added affect of injury to subcortical white matter path-
ways and subcortical gray matter structures. Furthermore,
histological analyses can also be used to examine structural
and molecular alterations following injury that accompany
favorable recovery of dexterous movements.

Indeed, changes in the molecular phenotype of CNS cells
after TBI may provide an insight into the underlying mecha-
nisms of pathology and recovery, and offer novel therapeutic
targets. Based on our previous finding that TBI causes pro-
longed microglia activation at a distal location from the injury
site with a persistent increase in the expression of BDNF, we
continued to characterize phenotypic changes in this vital
region of the neuraxis. Specifically, in the present study, we
investigated the possible role of reactive microglia in pro-
moting trophic (cell survival) and tropic (axonal growth)
support in the white and gray matters of the spinal cord,
where compensatory axon sprouting may occur in monkeys
who recovered motor function, by immunohistochemically
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FIG. 9. GFAP immunoreactivity did not change in the
LCST or VH in the lower cervical spinal cords of adult rhesus
monkeys at different recovery time points after injury of the
lateral motor cortex. Transverse sections of the lower cervical
spinal cords from the sham-operated (A, E), 1- (B, F), 6- (C,
G), and 12-m.p.l. (D, H) animals were immunostained for
GFAP using the ABC/Vector VIP method. The schematic
drawing of the spinal cord section indicates the orientation
of the sections and the approximate areas of lateral corti-
cospinal tract (LCST) and ventral spinal gray matter (VH)
where the photographs A-D and E-H were taken respec-
tively. Only the contralateral (Contra) sides of the sections
are shown. No significant temporal change in GFAP-IR
was detected at the examined recovery time points. Scale
bar =50 um.

assessing the levels of select proteins thought to be involved in
such events.

We previously used an antibody against CD68 to identify
the population of reactive microglia/macrophage (Nagamoto-
Combs et al., 2007). Here, we chose to use an antibody against
MHC-II that is also a common marker of reactive phenotype
changes in microglia. It has been shown that MHC-II is basally
expressed, and the level of its expression increases in activated
microglia in vivo (Redwine et al., 2001; Stoll et al., 2006; Streit
etal.,, 1989) and in vitro (Hamo et al., 2007) during diseased or
other inflammatory conditions. In addition, immunostaining
against this molecule provided a more defined profile of the
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cell morphology. As we expected from the prior CD68 stain-
ing, MHC-II expression was significantly elevated in the cer-
vical spinal cords of the lesioned animals (Fig. 2). Increases in
the number of MHC-II + cells displaying characteristic reac-
tive microglia morphology were especially striking at 1 and
6 m.p.l. in the LCST, indicating a large population of microglia
remains activated up to 12 months at a distal location from the
injury, as we had observed with CD68-IR (Nagamoto-Combs
et al., 2007).

Since TBl-activated microglia express BDNF and its re-
ceptor, TrkB (Nagamoto-Combs et al., 2007), it is reasonable to
hypothesize that the activated microglia provide neuro-
trophic support to local cells, including microglia themselves,
by secreting BDNF. The presence of pERK1/2 within the
MCH-II positive reactive microglia found in the LCST sup-
ports this hypothesis (Figs. 3&5). At the time points we ex-
amined (i.e,, 1, 6, and 12m.p.L), significant pERK1/2-IR was
not observed in the spinal gray matter or cortical neurons near
the injury site (Nagamoto-Combs, unpublished observation).
A similar result from a short-term study has been reported
in rats, describing increased ERK phosphorylation in non-
neuronal cells within the perilesional subcortical white mat-
ter, but not in neurons forming the cortical gray matter, for
up to 3 days after fluid percussion injury (Raghupathi et al.,
2003). Other studies that examined acute ERK activation in a
rat TBI model, however, have described that the neuronal
ERK activation occurs rapidly and transiently, especially in
the damaged neurons around the injury site (Clausen et al.,
2004; Otani et al., 2002a, 2002b). If this phenomenon occurs
in the non-human primate CNS, it is likely that any phos-
phorylation of neuronal ERK1/2 in our paradigm might have
occurred immediately after TBI in the cortical region perile-
sionally and /or subsided by the time of our examinations at 1,
6, and 12m.p.l. Although ERK activation has been shown to
support cell survival and differentiation (Bonni et al., 1999),
the observations that pharmacological inhibition of ERKs
leads to decreased secondary cell damage and better func-
tional outcome after TBI (Clausen et al., 2004; Enomoto et al.,
2005; Otani et al., 2007) make the role of ERKs rather complex,
requiring further investigation to identify the precise function
of these kinases in TBI, particularly within the chronically
activated microglia in our paradigm.

In order to define a potential relationship between acti-
vated microglia and axonal growth/sprouting and synaptic
formation, we examined the expression of GAP-43 and sy-
naptophysin in the cervical spinal cord after TBI. Prior work
has demonstrated that close association of reactive microglia
and sprouting neurites occurs after striatal wound in mice
(Batchelor et al., 2002) and needle injury in the sensorimotor
cortex of the rat (King et al., 2001), suggesting that activated
microglia can serve a role in promoting axonal growth and/or
synaptic formation likely by supplying trophic and/or tropic
factors, such as BDNF (Batchelor et al., 2008). In order to
assess whether microglia in our paradigm had a similar
tropic role, we first examined the state of axonal growth and
sprouting by determining the levels of GAP-43, which has
been well described for its association with presynaptic ter-
minal membranes and its ability to promote process out-
growth and synaptic connections (see review by Benowitz
and Routtenberg, 1997). Our results demonstrated that GAP-
43-IR was more prominent in the lesioned animals than the
sham-operated animal in both the white and gray matter
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FIG.10. GLT-1 immunoreactivity increased in the LCST and VH in the lower cervical spinal cord of adult rhesus monkeys
after injury in the lateral motor cortex. (A) A schematic diagram of a transverse cervical spinal cord section. Contra/Ipsi
indicate contralateral or ipsilateral side to each animal’s lesion respectively. The rectangular boxes labeled LCST and VH
indicate approximate areas where photomicrographs were taken for the lateral corticospinal tract and spinal gray matter in
the ventral horn respectively. (B-P) GLT-1 positive cells were visualized using the ABC/Vector VIP immunodetection
method in the transverse spinal-cord sections from the sham-operated control (B-D), 1- (E-H), 6- (I-L), and 12-m.p.1. (M-P)
animals. The sections have been arranged so that left-most panels, E, I, and M, show low-magnification photographs of the
ipsilateral LCST region, while F, J, and N show the contralateral side of each animal. The boxes within B, F, ], and N indicate
the areas of LCST where the high power photomicrographs, C, G, K, and O, were taken. The inset in each of these
photomicrographs shows a higher-power photomicrograph of the GLT-1 immunoreactive area designated by the arrow.
Note the presence of different morphology in the LCST of the lesioned animals, especially in the 1- and 6-m.p.l. animals (G
and K respectively) compared to the sham-operated animal (C). Panels D, H, L, and P depict GLT-1-IR within the ventral
spinal gray matter (VH) of the sham-operated, 1-, 6-, or 12-m.p.l. animals respectively. The inset photographs in these panels
also show higher-power images of the areas designated by the arrows, illustrating immunolabeling around motor neurons.

Scale bar sizes are as indicated.

(Fig. 4). Since activation of GAP-43 occurs upon phosphor-
ylation by protein kinase C, which can be activated by a
variety of extracellular signals such as growth factors and
cytokines, it is possible that BDNF secreted from the local re-
active microglia stimulates axonal processes to maintain the
growth-promoting function of GAP-43 at the nerve endings of
sprouting axons. The close association between the GAP-43-IR
and MHC-II-IR we observed in our fluorescent double stain-
ing confocal microscopy supports this possibility (Fig. 5D-F).

We also examined post-lesion changes in another presyn-
aptic protein, synaptophysin, to continue correlating the ap-
parent sprouting response with maintained microgliosis.
Although there seem to be modest increases in the LCST of
some lesioned animals, such increases were of magnitudes
that were less than what we observed with GAP-43. This
observation may suggest that the GAP-43 immunoreactive
sprouting associated with microglia was not being translated
into aberrant functional synapses consistent with the recovery
of motor function in these animals. It is feasible that the mi-
croglia offer a guidance system for the sprouting axons from

undamaged motor cortex areas. Indeed, recent data derived
from a rodent spinal cord injury model demonstrated that
increasing microglial activation and BDNF expression via
administration of interleukin-12 facilitated axon remyelina-
tion and functional recovery (Yaguchi et al., 2008). Batchelor
and colleagues (2000) have also demonstrated in a rodent
striatal injury paradigm that decreased amount of BDNF ex-
pressed in the striatum leads to decreased amount of dopa-
minergic fiber sprouting after injury. In their subsequent
studies, they showed that the sprouting fibers were closely
and intricately associated with activated microglia and mac-
rophages in the periwound area where these cells expressed
high concentrations of BDNF and GDNF, respectively
(Batchelor et al., 2002). In addition, introduction of additional
BDNF and GDNF promoted sprouting within the wound care
where sprouting did not normally occur (Batchelor et al.,
2008), further suggesting that activated microglia play a
supportive role for sprouting axons.

On the other hand, the presence of reactive microglia may
also produce neuronal dysfunction by specifically impairing
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FIG. 11. GLAST immunoreactivity increased in LCST and VH in the lower cervical spinal cord of adult rhesus monkeys
after injury in the lateral motor cortex. (A) A schematic diagram of a transverse cervical spinal cord section. Contra/Ipsi
indicate contralateral or ipsilateral side to each animal’s lesion respectively. The rectangular boxes labeled LCST and VH
indicate approximate areas where photomicrographs were taken for the lateral corticospinal tract and spinal gray matter in
the ventral horn, respectively. (B-P) GLAST-IR was visualized using the ABC/Vector VIP immunodetection method in the
transverse spinal cord sections from the sham-operated control (B-D), 1- (E-H), 6- (I-L), and 12-m.p.1. (M—-P) animals. The
sections have been arranged so that left-most panels, E, I, and M, show low-magnification photographs of the ipsilateral
LCST region, while F, ], and N show the contralateral side of each animal. The boxes within B, F, ], and N indicate the areas of
LCST where the high power photomicrographs, C, G, K, and O, were taken. Overall increases in the staining in this region
were observed in the lesioned animals (G, K, and O) compared to the sham control (C). GLAST-IR was also found in the
ventral spinal gray matter in all the animals examined (D, H, L, and P). There seem to be diffuse increases in the GLAST-IR
surrounding strongly immunopositive motor neurons, although any obvious temporal pattern in the staining intensity was

not determined. Scale bar sizes are as indicated.

axonal transport of synaptic vesicles. For example, Stagi and
co-workers (2005) demonstrated that nitric oxide derived from
activated microglia is capable of inhibiting axonal transport of
synaptophysin. This may suggest that the reactive microglia
might instead be impairing functional recovery post-lesion.
Alternatively, this inhibitory effect of reactive microglia could
be preventing sprouting axons from making inappropriate
synaptic contact en route. Since synaptic interaction between
neurons and immune cells such as macrophages have been
previously reported (Felten et al., 1987; Straub et al., 1998),
it is possible that the trophic factor-secreting microglia may
communicate reciprocally with the growing axonal terminals,
forming aberrant synaptic contact with microglia before they
reach their appropriate target during recovery. Nonetheless,
determining whether the prolonged gliosis is primarily ben-
eficial or detrimental to the recovery process will ultimately
have to be defined by manipulating microglial phenotype.
Regardless of the impact of the gliosis, the notable at-
tenuation of MCH-II-IR along with GAP-43 in the LCST after
12 months of recovery suggests that the process of axonal
regrowth/sprouting is actively regulated in this region. To
begin determining what factors may be involved, we next

examined the tissue for changes in proteins known to regulate
process outgrowth in other paradigms. In particular, we ex-
amined expression of NgR, which has been shown to interact
with myelin-associated growth proteins, such as Nogo A,
myelin-associated glycoprotein (MAG), and oligodendrocyte
myelin glycoprotein (OMgp) to inhibit axonal growth in the
CNS (see review by Schwab, 2004). Activation of NgR has
been shown to inhibit axonal growth, resulting in growth-
cone collapse (Liu et al., 2002). On the other hand, inhibition of
its activity by NgR antagonist peptides (GrandPré et al., 2002;
Li and Strittmatter, 2003) and an antibody against its ligand,
Nogo A (Bregman et al., 1995; Schnell and Schwab, 1990), is
associated with promotion of axonal growth. Although NgR
is generally observed in neurons, a recent study has found
increased levels of NgR expression within astrocytes and
microglia in the brains of multiple sclerosis patients (Satoh
et al., 2005), and has been suggested to play a role in inflam-
matory and disease conditions (David et al., 2008). Our
staining showed elevated NgR, but not Nogo A, in the LCST
in the lesioned animals, especially in the 1- and 6-m.p.1. ani-
mals (Fig. 7). This result seems contradictory with our
observations for GAP-43 and synaptophysin, but it may
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suggest a regulatory role of this receptor in restricting aber-
rant sprouting, counteracting the increased expression and/or
phosphorylation of GAP-43 and synaptophysin in the LCST.
Alternatively, the increased NgR in the LCST may contribute
to the regulation of microglia population. Another study us-
ing a peripheral nerve-crush injury paradigm reported that
NgR was expressed in migrating, phagocytic macrophages,
and plays an important role in the efflux of macrophages
from the injury site and thus resolution of inflammation (Fry
et al., 2007). Because microglia share their monocytic origin
with macrophage, they likely exploit a similar mechanism for
down-regulating activation suggesting a novel function for
NgR during microglial-mediated inflammatory changes.

Yet another important function of glial cells, particularly
post injury, is the regulation of extracellular glutamate con-
centration via glutamate transporter proteins. Excitotoxic cell
death caused by increases in the local concentration of glu-
tamate is thought to be a major cause of delayed, secondary
damage in the perilesional area after injury. Increased levels of
glutamate and other excitatory amino acids have been found
in human TBI patients (Ashwal et al., 2004; Yamamoto et al.,
1999) and in fluid percussion (Faden et al., 1989), cortical
contusion (Rose et al., 2002), and impact (Palmer et al., 1993)
injury models in rats. At a distal site from the lesion, increases
in excitatory amino acid concentration can lead to degenera-
tion of oligodendrocytes, leading to degradation of myelin
and dysfunction of myelinated axons (Matute et al., 2007).
Some studies also indicated that the degree of glutamate in-
crease after TBI is related to the severity of the injury (Faden
et al., 1989) and the patient’s clinical outcome (Koura et al.,
1998). It is therefore crucial that glial cells maintain their ca-
pability to uptake glutamate after injury in both proximal and
distal areas from the lesion site. In perilesional sites of cortical
injuries, decreases in the glial levels of GLT-1 and GLAST
have been reported within 72 h after injury (Rao et al., 1998;
Van Landeghem et al., 2001). This change in the levels of
glutamate transporters, however, is transient, perhaps due to
decreases in the number of GLT-1 and GLAST expressing
astrocytes (Van Landeghem et al., 2001). The levels of GLT-1
and GLAST increase and remain elevated thereafter, espe-
cially in ramified cortical microglia (Van Landeghem et al,,
2001). Indeed, recent studies have found increased expression
of GLT-1 in microglia activated by facial-nerve axotomy in vivo
(Lépez-Redondo et al., 2000), or by lipopolysaccharide in vitro

FIG. 12. Recovery of fine motor function after lesion to M1
and LPMC. Average performance scores from individual
testing sessions on the mMAP (A) and mDB (B) tasks for the
final five pre-lesion testing sessions and for all post-lesion
testing sessions for one monkey (SDM48). Each plotted
symbol shows the mean performance score for five trials in a
single test session in A and B (error bars are 1 standard
deviation). C and D show the post-lesion week of first suc-
cessful acquisition of the food targets (white bar) and con-
sistent successful acquisition (i.e., on all trials — black bar) for
the mMAP curved rod (C) and mDB best well (D) tasks for
each monkey. The ratio of post-lesion skill to pre-lesion skill
in the mMAP curved rod (white bar) and mDB best well
(black bar) tasks is shown in E. Note that SDM24 only per-
formed the mMAP task without the load cell. Thus, there are
no data presented for this animal on the mDB task in D and
recovery of skill is not presented for the mMAP task in E.
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FIG. 13. Hypothesized contribution of prolonged microglial activation to surviving neuron sprouting and functional re-
covery. Potential events following injury to the upper motor neuron in the primary motor cortex or lateral premotor cortex
(M1/LPMC) are schematically presented. Injury-mediated loss of the cortical motor neuron (shown as the neuron with dotted
outline) causes degeneration of its descending axon and activation of microglia in the spinal cord. These reactive microglia
may promote neurite sprouting from spared neurons of the supplemental motor cortex (Suppl. Ctx) by supplying trophic
factors such as BDNF as well as by preventing aberrant synapse formation. They may also participate in maintenance of local
environment by facilitating glutamate uptake and phagocytosis.

(Persson et al., 2005), or by TBI in humans (Beschorner et al.,
2007), suggesting a role for microglia as a regulator of local
glutamate concentrations. In our GLT-1/GLAST immuno-
detection study, it was therefore our intention to substantiate
this particular role of microglia, or possibly other glial cells, in
our non-human primate TBI model at a site distant from the
injury site where degeneration of axons from the damaged
cortical neurons and sprouting from neighboring cortical
area cells took place. Since oligodendrocytes, the component
of myelin, are also susceptible to glutamate excitotoxicity
(Matute et al., 1997), controlling glutamate concentration at
a distal site could be imperative in the maintenance of favor-
able conditions for axonal regeneration. The elevated GLT-1/
GLAST-IR we observed in the LCST and VH regions after TBI
indeed supports this idea. However, the specific cell types
elevating glutamate transporter levels in response to injury
still need to be identified.

Although activation and proliferation of astrocytes are
major events often observed after CNS injury, we did not
detect significant changes in GFAP-IR in the lesioned animals
we examined. This lack of indication for astrocyte activation/
proliferation in the lesioned animals may be due to their rel-
atively long-term recovery periods. It is possible that astro-
cytic activation/proliferation occurs more transiently in the
spinal cord after cortical damage.

Our present immunohistochemical study was conducted as
an exploratory investigation and was reported qualitatively.
The animals utilized in this study were also part of previous

and ongoing studies (Darling et al., 2009; McNeal et al., 2010),
and the limitation of tissue availability, as well as animal
number, did not allow quantitation of specific immuno-
reactivities. Therefore, representative images are necessarily
presented in each Figure. Nevertheless, robust immunoreac-
tivity profiles for microglial activation, active ERK levels,
GAP-43, glutamate transporters, and Nogo R present a pro-
vocative, albeit preliminary, set of observations describing
ongoing changes that occur in the distal spinal cord for up to
1 year following cortical lesion. The fact that these observa-
tions were also performed in a primate model of injury with
a specific controlled lesion lends importance to the possi-
bility of future extrapolation to human recovery-associated
changes. Moreover, at the very least, these observations de-
fine a starting point for subsequent, mechanistic studies. For
example, although the limitation of animal number in the
current study prevented a comparison of recovery of perfor-
mance scores with the immunohistochemical changes, this
model provides a powerful means of fine motor recovery
assessment compared to microglial phenotype manipulation
in future study.

Taken together, our present results qualitatively support
the hypothesis that prolonged gliosis, in particular reactive
microgliosis, after TBI is supportive of functional and struc-
tural recovery. Continued quantitative collection of data de-
tailing the gliosis and synaptic responses in this paradigm will
offer clearer evidence of a specific trophic/tropic role for
microglia up to atleast 1 year post lesion. Prolonged microglia
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activation may facilitate recovery by continuously supplying
trophic/tropic factor(s), including BDNF, to guide sprouting
axons, while also preventing aberrant synaptic formations
and/or increasing the efficacy of local glutamate removal. A
schematic drawing illustrating this hypothesized function of
long-term microgliosis after injury is presented in Figure 13.
Future efforts to manipulate microglial phenotype by either
promoting or inhibiting their activation state at specific times
post lesion will determine whether their function impairs or
improves regeneration and recovery. This knowledge could
translate into specific temporal strategies of anti-inflamma-
tory therapy following TBIL
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