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Abstract

Populations of neural stem cells (NSCs) reside in a number of defined niches in the adult central nervous system (CNS)
where they continually give rise to mature cell types throughout life, including newly born neurons. In addition to the
prototypical niches of the subventricular zone (SVZ) and subgranular zone (SGZ) of the hippocampal dentate gyrus, novel
stem cell niches that are also neurogenic have recently been identified in multiple midline structures, including cir-
cumventricular organs (CVOs) of the brain. These resident NSCs serve as a homeostatic source of new neurons and glial
cells under intact physiological conditions. Importantly, they may also have the potential for reparative processes in
pathological states such as traumatic spinal cord injury (SCI) and traumatic brain injury (TBI). As the response in these
novel CVO stem cell niches has been characterized after stroke but not following SCI or TBI, we quantitatively assessed
cell proliferation and the neuronal and glial lineage fate of resident NSCs in three CVO nuclei—area postrema (AP),
median eminence (ME), and subfornical organ (SFO) —in rat models of cervical contusion-type SCI and controlled
cortical impact (CCI)-induced TBI. Using bromodeoxyuridine (BrdU) labeling of proliferating cells, we find that TBI
significantly enhanced proliferation in AP, ME, and SFO, whereas cervical SCI had no effects at early or chronic time-
points post-injury. In addition, SCI did not alter NSC differentiation profile into doublecortin-positive neuroblasts, GFAP-
expressing astrocytes, or Olig2-labeled cells of the oligodendrocyte lineage within AP, ME, or SFO at both time-points.
In contrast, CCI induced a pronounced increase in Sox2- and doublecortin-labeled cells in the AP and Ibal-labeled
microglia in the SFO. Lastly, plasma derived from CCI animals significantly increased NSC expansion in an in vitro
neurosphere assay, whereas plasma from SCI animals did not exert such an effect, suggesting that signaling factors
present in blood may be relevant to stimulating CVO niches after CNS injury and may explain the differential in vivo
effects of SCI and TBI on the novel stem cell niches.
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Introduction contribute to repair in response to perturbations such as neurode-
generative disease, traumatic injury, and stroke.”™"’
Recent evidence suggests that in addition to these prototypi-

ONGOING NEUROGENESIS OCCURS in the adult mammalian
cal stem cell niches, there are other sites of adult neurogenesis

central nervous system (CNS). In particular, the lateral sub-

ventricular zone (SVZ) and the subgranular zone (SGZ) of the
hippocampal dentate gyrus are widely accepted as multi-potent
neural stem cell (NSC) niches within the adult brain. NSCs residing
within these areas continually give rise to specific classes of newly
born neurons (i.e., peri-glomerular and granule cells in the olfac-
tory bulb and granule cells of the dentate gyrus) under intact
physiological conditions.'™ In addition, these stem cell niches can

along the third and fourth ventricles. The circumventricular organs
(CVOs) constitute a midline series of novel stem cell niches in the
adult brain,'®'® which include organum vasculosum of the lam-
ina terminalis (OVLT), subfornical organ (SFO), median eminence
(ME), pineal gland (PG), subcommissural organ (SCO), area post-
rema (AP), and the choroid plexus. These structures share many
characteristics with SVZ and SGZ. NSCs within CVO niches show
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a similar expression profile as those in the traditional stem cell
niches. For example, CVO cells express the NSC markers Sox2
and nestin, the class III intermediate filament protein vimentin, the
marker for germinal astrocytes GFAP, as well as the cell-cycle
regulation marker Ki67. Similar to SVZ and SGZ, CVO stem cells
have the ability to proliferate and give rise to neurons and glial
cells in vitro and in vivo and after transplantation into the adult
brain.'®1° Additionally, similar to SVZ, CVOs have a network of
permeable fenestrated capillaries and lack the intact blood—brain
barrier that is present in the rest of the brain; therefore, CVOs are
able to interact with extrinsic cues present in the blood and are often
referred to as “‘windows of the brain.”?%%?

In the quiescent state, cell proliferation and differentiation into
mature neural lineages in SVZ, SGZ, and CVOs occur at relatively
low levels. In response to ischemic injury (i.e., experimental stroke)
or infusion of a NSC mitogen (bFGF), there are significant and
long-lasting increases in proliferation and differentiation in the
SVZ and in three CVOs (AP, ME, and SFO).?>** Injury-related
cues are possibly transmitted to these CVO niches via permeable
fenestrated capillaries, and may serve as a mechanism for promoting
the generation of new neurons and glia to facilitate brain repair.

Neurogenesis arising from NSCs that originate in the traditional
stem cell niches has been studied in traumatic brain injury (TBI)
models.>>~*” Similarly, NSC changes within the SVZ and SGZ
have been examined in animal paradigms of traumatic spinal cord
injury (SCI).%®2° However, these analyses have not been extended
to the novel CVO niches for either SCI or TBI.

Enhancing the response of NSCs and directing their differen-
tiation fate at the site of trauma has become a long-standing ther-
apeutic target for various types of CNS injury. SCI and TBI are
debilitating conditions that exert their most devastating effects on
proximal cellular structures located within the spinal cord and near
the site of brain injury, respectively. This can include the degen-
eration of a variety of CNS cell types, as well as damage to axons
traveling through and/or near the lesion site. Despite being trau-
matic events that occur focally within the spinal cord and brain,
SCI and TBI also exert widespread changes throughout the CNS
neuraxis. For example, damage to axons passing through a SCI site
can induce significant retrograde atrophy of neuronal cell bodies or
even overt death of neurons located in supraspinal structures.*
Stem cells residing in CVO niches near these vulnerable cells located
distant to the injury represent a potentially powerful replacement
source of newly born neurons. Similarly, changes in critical glial
cell populations of the brain such as astrocytes and oligodendro-
cytes occur after SCI and TBI®!; therefore, the importance of the
stem cell response in these novel niches is not restricted solely to
neurogenesis. To address these important issues relevant to repair
following spinal cord and brain trauma, we examined the response
of endogenous NSCs that reside in three CVO stem cell niches (AP,
ME, and SFO) in rat models of both SCI and TBI.

Methods
Cervical contusion SCI

All procedures were approved by the Thomas Jefferson Uni-
versity IACUC. Adult female Sprague-Dawley rats weighing 275—
300 g were anesthetized with a cocktail of ketamine (100 mg/kg),
xylazine (5 mg/kg), and acepromazine (2mg/kg). The skin and
underlying muscle layers between the base of the skull and the top
of the shoulder blades were incised and the cervical spinal column
was exposed. Spinal cord was exposed by right-side unilateral la-
minectomy above spinal cord level C4. Unilateral C4 contusion
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was induced with the Infinite Horizon impactor (Precision Systems
and Instrumentation, Lexington, KY) using a 1.5-mm tip at an
impact force of 395 kdyn.3 233 The same surgical procedure, except
for the administration of the contusion injury, was performed on
laminectomy-only control animals. Following the completion of
the injury procedure, the muscle and skin incisions were closed
with sterile 4-0 silk suture and sterile wound clip, respectively.
Animals were injected with lactated Ringers solution and 0.1 mg/kg
of buprenorphine (buprenorphine HCI). Daily post-operative moni-
toring continued until sacrifice.

Controlled cortical impact (CCl)

While heavily anesthetized with isoflurane (3% induction and 2—
2.5% maintenance), male Sprague-Dawley rats received a CCI
injury using an electromagnetic impactor device (Leica Biosystems
Inc.) at pre-determined parameters described previously by our
laboratory.***> Briefly, CCI was induced on the right side at 1 mm
to the right of the sagittal suture and 1 mm posterior of bregma (at a
depth of 1 mm; impact velocity of 3 m/sec; 100 msec dwell time)
using a 5-mm impactor tip. Craniotomy-only controls underwent
all procedures (including the same exposure to isoflurane), with the
exception of the impact injury.

Bromodeoxyuridine injections

For both SCI and TBI, rats were injected with bromodeoxyur-
idine (BrdU) solution (Fisher Scientific; 100 mg/kg body weight)
prepared in sterile saline. Intraperitoneal injections were performed
in a pulse-chase manner twice per day, starting 2 days prior to
cervical contusion (or laminectomy-only) or cortical impact (or
craniotomy-only) and continuing until 3 days post-injury (or
laminectomy/craniotomy) for a total of 6 days of injections. The
injections were given approximately 12 h apart on a particular day
to space out the timing of BrdU pulsing. The animals were then
sacrificed at 4 days post-injury, a time-point based in part on our
previous data combined with findings for novel stem cell niches in a
stroke model.>* Follow-up experiments were performed at 28 days
post-injury or laminectomy only in the SCI model.

Tissue processing for histology

At 4 or 28 days post-surgery, animals were transcardially per-
fused with 0.9% saline, followed by 4% paraformaldehyde. Brains
were harvested and post-fixed in 4% paraformaldehyde at 4°C for
24-36 h, washed with 0.1 M phosphate buffer, and cryoprotected in
30% sucrose at 4°C for 3 days. Tissue was then embedded in op-
timal cutting temperature (OCT) freezing medium (Tissue-Tek,
Sakura, Japan) and flash-frozen. Coronal brain sections were cut at
30 um for SCI and 20 um for TBI tissues on a cryostat and collected
onto glass slides. Slides were then stored at —20°C.

Immunohistochemistry

Slides were thawed on a heating block at 37°C for 1h and re-
hydrated with 0.1 M phosphate-buffered saline (1x PBS). Follow-
ing an antigen-retrieval step, slides were incubated in blocking
buffer containing 0.1% Triton X100 and 5% normal donkey serum
(NDS) in 1x PBS (pH 7.4). Slides were then incubated in primary
antibodies for 48h at 4°C, washed, and incubated in secondary
antibodies for 2 h at room temperature in blocking buffer. Images
were acquired with a Zeiss Imager M2 upright fluorescence micro-
scope. High-resolution confocal images were obtained using a
FluoView FV1000 confocal microscope (Olympus, Center Valley,
PA) for SCI tissues or using a Leica TCS SP8w with a Leica Hybrid
Detector for TBI tissues. For BrdU immunostaining, sections were
incubated in 2N HCI for 20 min at 37°C. Sections were then washed
with 1x PBS, followed by incubation for 10 min at room temperature
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in 0.1 M borate buffer (pH 8.5). Sections were then washed with PBS
and processed for immunohistochemistry as described above.

Antibodies and reagents

The following primary antibodies were used for immunohisto-
chemistry: mouse anti-GFAP (Millipore, 1:300), mouse anti-nestin
(Millipore, 1:200), rabbit anti-doublecortin (Cell Signaling, 1:390),
mouse anti-Sox2 (R&D Systems, 1:1000), rat monoclonal anti-BrdU
(Accurate Chemical, 1:200), rabbit anti-Olig2 (Millipore, 1:500),
and rabbit anti-Iba-1 (WAKO, 1:600). All secondary antibodies
were AlexaFluor-conjugated from Invitrogen and included donkey
anti-rabbit 647, donkey anti-mouse 594, and donkey anti-rat 488.

Quantitative analysis

All BrdU-positive nuclei in each CVO region (i.e., SFO, ME,
AP) were counted using unbiased stereological methods by an
observer blinded to experimental conditions,*® using methods
modified from those previously described by our laboratory.>’% A
blinded observer counted cells with a visible BrdU-labeled nucleus.
Eight to 20 sections per CVO or SVZ region for the BrdU-labeled
sections were counted; cell counts for the ME were restricted to
sections randomly selected from —2.56 to —2.80 mm posterior to
bregma. Three to four sections per animal were counted for double-
labeling of BrdU with Sox2, DCX, GFAP, Olig2, and Ibal. Cell
counts for all sections were averaged and reported as the mean and
standard error of the mean (SEM).

Neurosphere assay

SVZ from embryonic rat brain (E15.5) was dissected out and
dissociated into single cells with Papain (Roche, 1 mg/mL) and
DNasel (Roche, 1 mg/mL). Primary neurosphere cultures were
cultured in NEP basal medium with 0.36 units/mL heparin sodium
plus 20 ng/mL bFGF and 20 ng/mL EGF (PeproTech), as described
previously.***° Plasma was obtained from anti-coagulated cardiac
blood samples from TBI, SCI, and control group rats before per-
fusion on day 4. Plasma was aliquoted and snap-frozen with liquid
nitrogen for later use. After the formation of primary neurospheres,
spheres were dissociated by Accutase (Sigma) and total cell num-
bers were counted using a Countess Automated Cell Counter (In-
vitrogen). On 24-well plates, 10,000 cells were seeded per well for
the secondary neurosphere assay.*' For secondary neurosphere
assays, cultures were incubated in NEP basal medium with heparin
and grown under the following experimental conditions: control
groups: low EGF and bFGF (1 ng/mL) plus 0.5% normal plasma;
experimental groups: low EGF and bFGF (1 ng/mL) plus 0.5%
plasma from TBI or SCI animals. For quantification of the sec-
ondary neurospheres, images were taken and total spheres were
counted from each well after 7 days when secondary neurospheres
formed. After quantification, spheres from each group were
dissociated and total cell numbers were obtained immediately
following dissociation, and 10,000 cells/well were seeded onto 24-
well plates for the tertiary neurosphere assay. Similar to the sec-
ondary neurosphere assay, the tertiary neurosphere assay cultures
were treated with plasma from experimental (TBI or SCI) or control
groups and quantified as described above. The plasma used in our
study was collected by two authors (one using the CCI model and
one using the SCI model) following the exact same published pro-
tocol. All batches of neurospheres, their treatment with plasma and
growth factors, as well as all cell counting and data analysis, were
performed for all experiments by two independent investigators.

Statistical analysis

All data are presented as the mean+ SEM. The statistical sig-
nificance of the mean was calculated by Student’s 7 test to compare
injured and control groups by regions of interest at matched end-

2197

points. Statistics were computed with GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA). A p value <0.05 was considered to be
significant: *p <0.05, **p <0.01, ***p <0.001.

Results

Cervical contusion SCI did not alter cell proliferation
in CVO or SVZ stem cell niches

To assess the supraspinal stem cell response in three CVO niches
of the adult brain (AP, ME, and SFO), we employed a cervical
contusion rat model of SCL***** SCI is not a single disease, but is
instead a heterogeneous set of conditions that differ on a patient-to-
patient basis depending on the neuroanatomical location, type and
severity of trauma, as well as on the consequent functional deficits
produced.*> We chose to use the cervical contusion model because
the majority of SCI patients suffer contusion-type trauma to the
cervical region.*® We subjected adult, female Sprague-Dawley rats
to unilateral cervical contusion at the C4 spinal cord level using the
Infinite Horizon spinal impactor. This SCI model resulted in de-
generation of a significant portion of the hemi-cord at the level of
the contusion, whereas the contralateral hemi-cord was completely
intact (at least based on analysis of neuronal degeneration and
overall spinal cord structure; Fig. 1B—C). Further, we previously
showed that the degeneration on the side of the contusion SCI was
restricted to approximately only one spinal cord segment in the
rostral-caudal axis.*”*®

To label populations of proliferating cells including multi-potent
NSCs and lineage-restricted neural progenitors in ME, AP, SFO,
and SVZ, we injected both laminectomy-only uninjured control
rats and C4 contusion SCI rats with BrdU. BrdU is permanently
incorporated into the DNA of any cell that is dividing at the time of
injection and, importantly, into any progeny of these cells (even if
they are no longer proliferating and have differentiated from their
immature stem/progenitor cell state). The control animals received
laminectomy only, meaning that they underwent the exact same
surgical procedure as SCI animals, but were not subjected to the
contusion injury. The inclusion of the laminectomy control group
allowed us to determine the effects specifically of SCI on the su-
praspinal stem cell response.

We conducted the BrdU-labeling experiment in a “‘pulse-chase”
fashion (Fig. 1A). We first pulsed rats twice daily starting 2 days
prior to injury and continuing twice daily until 3 days post-injury.
We stopped administering BrdU at 3 days post-injury and then
allowed the animals to live for either 4 days post-injury (i.e., one
day after the final day of BrdU administration) or 28 days post-
injury. This design allowed us to selectively track the response of
stem cells that were proliferating at and/or close to the time of SCI
and then to follow their localization and differentiation out to either
an early time-point post-injury (4 days) or a chronic time-point
(28 days; n=4-6 per group per time-point). Sacrificing the rats at
these two distinct time-points allowed us to temporally follow the
stem cell response and provided adequate time by 28 days for mat-
uration of the stem/progenitor cells residing in these novel niches.

We quantitatively assessed the response of BrdU-labeled cells at
4 and 28 days post-injury or post-laminectomy by performing
immunohistochemistry on brain sections using anti-BrdU antibody.
We observed significant numbers of BrdU-positive cells in all
three niches and at both time-points in both SCI and uninjured
rats (Fig. 2A-F). The finding of cell proliferation in the uninjured
condition was not unexpected as these niches contain populations
of slowly dividing NSCs even in the intact situation. Interestingly,
we did not find any statistically significant differences in the numbers
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FIG. 1.

Experimental paradigm. Time line of BrdU pulse-chase protocol for both the control animals that received laminectomy/

craniotomy-only and experimental animals that received unilateral C4 contusion or CCI (A) Animals received two daily injections of
BrdU for 6 consecutive days (the first injection starting 2 days prior to the surgery) and were sacrificed either 4 days or 28 days after the
surgery. Cresyl-violet staining of transverse spinal cord section from laminectomy-only control (B) and C4 contusion SCI (C). BrdU,
bromodeoxyuridine; CCI, controlled cortical impact; SCI, spinal cord injury.

of BrdU-labeled cells between uninjured and SCI groups in SFO,
ME, or AP at either 4 or 28 days post-surgery (Fig. 2I).

These data demonstrate that SCI does not alter the overall cell
proliferation response in these three CVO niches, unlike the robust
response elicited in a model of forebrain stroke.”> We also quan-
tified numbers of BrdU-labeled cells in SVZ surrounding the lateral
ventricles, a prototypical niche for endogenous NSCs in adult brain.
Similar to results obtained in SFO, ME, and AP, C4 contusion did
not induce any changes in BrdU cell numbers in SVZ compared
with laminectomy-only control at 4 days or 28 days post-surgery
(Fig. 2G-H, J).

Cervical contusion SCI did not alter NSC
differentiation in CVO stem cell niches

Though we observed no differences in BrdU-positive cell num-
bers in the CVO niches in response to SCI, it is still possible that
SCI altered the stem cell response in these areas. For example,
without boosting overall NSC numbers (which was assayed with
BrdU-labeled cell counts in all dividing cell populations), SCI may
have instead altered NSCs only or the phenotypic trajectory of their
differentiation response (i.e., proportion of neurons, astrocytes, and
oligodendrocytes derived from BrdU-labeled neural stem/progenitor
cells). Such an outcome would still have profound effects on the
ability of the niche response to alter cellular makeup of impor-
tant brain areas. To address this question, we performed double-
immunohistochemistry for BrdU with a panel of lineage-specific
antibodies to ascertain the phenotypic identity of these BrdU-
positive cells that were proliferating around the time of injury/
laminectomy. We performed these analyses on both laminectomy-
only and C4 contusion animals at 4 and 28 days post-surgery.

We first identified multi-potent NSCs with the marker Sox2
(Fig. 3A,B). Approximately 35-45% of BrdU-labeled cells in all
three niches were Sox2-expressing at both time-points. SCI did not
alter numbers of BrdU-Sox2 double-labeled cells in any region or at
either time post-injury (Fig. 3E). We next assessed the neurogenic
responses in these CVO niches after cervical SCI using doublecortin/
Dcx, a marker of immature neurons/neuroblasts (Fig. 3C,D).

Approximately 10% of BrdU-labeled cells in all three niches were
Dcx-positive at both time-points. Similar to the Sox2 quantifica-
tion, SCI did not alter numbers of BrdU-Dcx double-labeled cells
in any region or at either time post-injury (Fig. 3F). These findings
demonstrate that SCI did not alter the population of multi-potent
NSCs residing in these CVO niches, nor did it modulate their neu-
ronal differentiation.

As the differentiation response in these CVO niches is not re-
stricted to solely neurogenesis, we also examined differentiation of
BrdU-labeled cells into astrocytes and along the oligodendrocyte
lineage. Of BrdU-labeled cells, 10-15% in all three CVO regions
and at both time-points were GFAP-positive astrocytes (Fig. 4A,B),
whereas 20-30% of BrdU-labeled cells were lineage-restricted
oliogendrocyte progenitor cells expressing Olig2 (Fig. 4C,D). Si-
milar to the analyses with Sox2 and Dcx, SCI did not alter differ-
entiation along either glial lineage in the SFO, ME, or AP at either
time-point, as assessed by numbers of BrdU-GFAP (Fig. 4E) and
BrdU-Olig2 (Fig. 4F) double-labeled cells.

Cervical contusion SCI did not change the microglia/
macrophage response in CVO niches

It is important to note that labeling of a cell with BrdU does not
necessarily mean that it is still in a neural stem/progenitor cell state
or that it was derived from a NSC that was proliferating at the time
of SCI/BrdU pulsing. For example, already-mature cell types of the
CNS such as microglia (that are of a non-ectodermal myeloid lin-
eage) can revert back to a proliferative state in response to nervous
system trauma.*’ In addition, cells from outside the CNS such as
activated, proliferating monocyte-derived macrophages can infil-
trate CNS parenchyma after SCI.”° In such cases, the BrdU-labeled
population in the SFO, ME, and AP would not necessarily be all
NSCs or their progeny. To address this possibility, we performed
double-immunohistochemistry for BrdU with the pan-microglia/
macrophage marker Ibal on our brain section samples (Fig. 5A,B).
We found that a significant percentage of BrdU-labeled cells in all
three niches were Ibal-positive; however, there were no differences
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FIG. 2. Cervical contusion SCI did not alter cell proliferation in
CVO and SVZ stem cell niches. Distribution of BrdU-labeled
cells in the CVO regions: SFO (A, B), ME (C, D), and AP (E, F)
at 4 days after laminectomy (A, C, E) and 4 days after SCI (B, D,
F). Distribution of BrdU-labeled cells in the SVZ region at
28 days after laminectomy (G) and SCI (H). (I) Quantification of
BrdU-labeled cells in the CVO regions at 4 and 28 days after
laminectomy or SCI. (J) Quantification of BrdU-labeled cells in
the SVZ at 4 and 28 days after laminectomy or SCI. Data are
expressed as mean+SEM. AP, area postrema; BrdU, bromo-
deoxyuridine; CVO, circumventricular organs; ME, median emi-
nence; SCI, spinal cord injury; SEM, standard error of the mean;
SFO, subfornical organ; SVZ, subventricular zone.

in the number of BrdU+ cells co-expressing Ibal between unin-
jured control and contusion groups at either time-point (Fig. 5C).

Controlled cortical impact enhanced NSC proliferation
in CVO stem cell niches

To examine the effects of TBI on CVO and traditional stem
cell niches, we use a CCI model in adult rats, a paradigm of
mild cortical injury. Compared with craniotomy-only control
(Fig. 6A,B), CCI delivered at a 1-mm depth of impact using an
electromagnetically controlled device induced slight tissue loss in
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FIG. 3. Cervical contusion SCI did not alter NSC numbers or
neuronal differentiation in CVO stem cell niches. (A, A’”) Expres-
sion of NSC marker Sox2 by BrdU-labeled cells in AP at 28 days
after laminectomy. Arrowheads point to an example of BrdU-labeled
cell not expressing Sox2. (A”””) Higher magnification image showing
co-localization of Sox2 and BrdU in laminectomy tissue. (B, B”**)
Expression of Sox2 by BrdU-labeled in AP at 28 days after SCIL.
(B’””) Higher magnification image showing co-localization of Sox2
and BrdU in SCI tissue. (C, C”’) Expression of immature neuron/
neuroblast marker Dcx by BrdU-labeled cells in AP at 28 days after
laminectomy. Arrowheads point to an example of BrdU-labeled cell
that is not expressing Dcx. (C’’’) Higher magnification image
showing co-localization of Dcx and BrdU in laminectomy tissue.
(D, D) Expression of Dcx by BrdU-expressing cells in AP at
28 days after SCI. (D*”’) Higher magnification image showing co-
localization of Dcx and BrdU in SCI tissue. (E) Number of BrdU-
labeled cells expressing Sox2 in CVO regions at 4 days and 28 days
after laminectomy or SCI. (F) Number of BrdU-labeled cells ex-
pressing Dcx in CVO regions at 4 days and 28 days after lami-
nectomy or SCI. AP, area postrema; BrdU, bromodeoxyuridine;
CVO, circumventricular organs; Dcx, doublecortin; NSC, neural
stem cell; SCI, spinal cord injury; SVZ, subventricular zone. Color
image is available online at www .liebertpub.com/neu

the superficial cortical layers along with hyperchromic, shrunken
neurons throughout the cortical layers on the side of injury at 4 days
post-CClI (Fig. 6C-F). Our CCI model shows a similar mild tissue
loss in the rat that has been reported for a similar CCI model using
mice.”"5% After CCI, the lesion progressively develops, in which
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FIG. 4. Cervical contusion SCI did not alter astrocyte or oli-
godendrocyte lineage differentiation in CVO stem cell niches. (A,
A”’) Expression of astrocyte marker GFAP by BrdU-labeled cells
in ME at 28 days after laminectomy. (A’”’) Higher magnification
image showing co-localization of GFAP and BrdU in laminectomy
tissue. (B’, B’’) Expression of GFAP by BrdU-labeled cells in ME
at 28 days after SCI. Arrowheads point to an example of BrdU-
labeled cell not expressing GFAP. (B’”’) Higher magnification
image showing co-localization of GFAP and BrdU in SCI tissue.
(C, C”’) Expression of oligodendrocyte lineage marker Olig2 by
BrdU-labeled cells in AP at 28 days after laminectomy. Arrowheads
point to an example of BrdU-labeled cell that is not expressing
Olig2. (C’”’) Higher magnification image showing co-localization
of Olig2 and BrdU in laminectomy tissue. (D, D*”) Expression of
Olig2 by BrdU-labeled cells in AP at 28 days after SCI. (D*”)
Higher magnification image showing co-localization of Olig2 and
BrdU in SCI tissue. (E) Number of BrdU-labeled cells expressing
GFAP in CVO regions at 4 days and 28 days after laminectomy or
SCIL (F) Number of BrdU-labeled cells expressing Olig2 in CVO
regions at 4 days and 28 days after laminectomy or SCI. AP, area
postrema; BrdU, bromodeoxyuridine; CVO, circumventricular or-
gans; ME, median eminence; SCI, spinal cord injury. Color image
is available online at www .liebertpub.com/neu

cells continue to degenerate up to 7-14 days post-injury, resulting
in a necrotic injury core. Hyperchromatic neurons observed in the
neocortex and hippocampus in models of TBI are indicative of
pursuant cell death or present damage. Hyperchromic, shrunken
neurons showed marked condensation of cytoplasm, mitochondrial
swelling, and particularly aggregation of the nuclear chromatin.

FALNIKAR ET AL.

We quantitatively assessed the response of BrdU-labeled cells at
4 days post-CCI or after craniotomy-only control in AP, ME, SFO,
and SVZ (n=4-5 per group per time-point), as described for
the SCI experiments. CCI increased numbers of BrdU-labeled
cells compared with craniotomy-only in the SFO (Fig. 7A,B), ME
(Fig. 7C,D), AP (Fig. 7E,F), and SVZ (Fig. 7G,H) at 4 days post-
injury (p<0.01 and p <0.05, respectively; quantification in Fig. 71).
We performed histological analyses only at 4 days post-injury for
the CCI model. Because we observed a robust response at 4 days in
the CVO niches after CCI, we did not extend our analysis to the
delayed 28-day time-point as we had after SCI (a paradigm in
which we observed no changes at 4 days).

Controlled cortical impact altered lineage profiles
in CVO stem cell niches

Unlike the results obtained in the cervical SCI model in which no
effect of spinal cord trauma was noted in any CVO region, our
BrdU quantification data demonstrate significant increases in cell
proliferation in all three CVO stem cell niches following TBI.
Given this response, we next sought to identify potential effects
on the lineage fate of NSC-derived cells in the AP, ME, and SFO
post-CCIL. We used the same panel of lineage-specific markers as
described above for the SCI model to identify Sox2+ NSCs
(Fig. 8A,B), Dcx+ immature neurons/neuroblasts (Fig. 8C,D),
GFAP+ astrocytes (Fig. 9A,B), Olig2+ cells of the oligodendrocyte
lineage (Fig. 9A,B), and Ibal+ microglia/macrophages (Fig. 9E,F).
At 4 days post-surgery, there was a significant increase in numbers
of Brdu+/Sox2+ double-labeled cells only in the AP after CCI
(p<0.05; Fig. 8E), demonstrating that CCI increased the pool of
NSCs in this CVO niche. There was a significant increase in BrdU/
Dcx co-labeling in CCI compared with craniotomy-only in AP
(p<0.05) and a trend toward an increase in BrdU+/Dcx+ counts
after CCI in both the ME (p <0.06) and SFO (p <0.053; Fig. 8F),
demonstrating that CCI alters the neurogenic fate of NSCs in
CVO niches, particularly in the AP. CCI did not affect the num-
bers of BrdU-labeled cells co-expressing GFAP compared with
craniotomy-only at 4 days post-surgery in SFO, ME, or AP (p=0.6,
0.1, and 0.5, respectively; Fig. 9C), although we noted a robust
astrogliosis response characterized by changes in astrocyte mor-
phology and intensity of GFAP expression in the SFO region
(Fig. 8B’), but not in ME or AP (not shown). Similarly, CCI did not
alter differentiation along the oligodendrocyte lineage in any CVO
location, as assessed by quantification of co-labeling with BrdU and
Olig2 (Fig. 9D). These Olig2 and GFAP results show that CCI did
not alter glial differentiation in the CVO niches. Lastly, co-labeling
of Ibal and BrdU showed a robust increase in proliferating mi-
croglia/macrophages in the SFO following CCI, but not in the AP
or ME (Fig. 9E-G).

Diffusible signals from plasma derived from TBI
rats—but not SCl—promoted neural stem cell
proliferation

To begin to evaluate the ability of blood-derived factors to in-
fluence NSC properties in brain niches, we harvested plasma from
laminectomy-only, C4 contusion, craniotomy-only and CCI rats at
4 days post-surgery for all groups. We then applied these plasma
samples in vitro to cultures of neurospheres derived from rat SVZ to
quantify effects on NSC proliferation. In preliminary studies, we
determined proliferation efficiency with various concentrations of
normal plasma. A final plasma concentration of 0.5% in the cul-
ture medium resulted in no obvious differentiation; therefore, we
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FIG. 5. Cervical contusion SCI did not alter the microglia/macrophage response in CVO niches. (A, A’’) Expression of microglia/
macrophage marker Iba-1 by BrdU-labeled cells in ME at 28 days after laminectomy. Arrowheads point to an example of a BrdU-
labeled cell that is not expressing Iba-1. (A”*”) Higher magnification image showing co-localization of Iba-1 and BrdU in laminectomy
tissue. (B, B”’) Expression of Iba-1 by BrdU-labeled cells in ME at 28 days after SCI. (B’*”) Higher magnification image showing co-
localization of Iba-1 and BrdU in SCI tissue. (C) Number of BrdU-labeled cells expressing Iba-1 in CVO regions at 4 days and 28 days
after laminectomy or SCI. BrdU, bromodeoxyuridine; CVO, circumventricular organs; ME, median eminence; SCI, spinal cord injury.

Color image is available online at www.liebertpub.com/neu

selected this concentration for our assay. We found a significant in-
crease in the total number of neurospheres with TBI plasma added to
the medium compared with craniotomy-only control, but we observed
no effects with plasma derived from SCI animals compared with their
laminectomy-only control (Fig. 10). As blood-derived signaling fac-
tors may be responsible for providing instructive cues to stem cell
niches in the brain in response to various types of CNS trauma, the
differential ability of TBI-derived plasma to stimulate NSC expansion
in vitro may in part explain the robust in vivo changes observed in the
CVO niches in the TBI model—but not in the SCI paradigm.

Discussion

We report that the proliferation and differentiation response of
NSCs in three novel CVO niches of the adult brain were differ-
entially affected in rodent models of SCI and TBI. TBI induced an
early and robust activation of this response that included both in-
creased NSC proliferation and an enhanced neurogenesis profile,
whereas SCI exerted no effects on NSC mobilization or differen-
tiation at either early or late time-points post-trauma.

Absence of response in CVO stem cells niches
of the brain to SCI

Our results in the SCI model are in contrast to those obtained in a
rodent model of forebrain stroke®* and in the current study with TBI.
However, the CNS damage associated with stroke and TBI (in-
cluding many forms of the human condition, as well as the matching

animal models) likely induces more profound changes than SCI in
the ME, AP, and SFO because of the irrelatively close proximity and
possibly also due to greater severity. Whereas SCI can be incredibly
devastating to patients on a functional level,*® the severity of the
trauma itself (due to the relative small size of the spinal cord and the
restricted nature of the lesion)—as well as its significant distance
from the brain—Ilikely reduce its impact on these supraspinal niches.

Given that SCI can exert profound supraspinal changes in the
brain such as retrograde neuronal atrophy and even overt cell
death,*® we originally hypothesized that we would observe an in-
crease in the number of BrdU-positive cells (suggestive of an ac-
tivation of stem cell niches) and an alteration in the differentiated
fate of these stem cells. However, our results may not be surprising
given the relatively large distance between the SCI site and these
brain niches, especially if proximity is playing a key role in stem
cell activation. This proximity issue may be relevant if, for ex-
ample, the injury-induced stimulating factor(s) are traveling
through CNS parenchyma and not via some other mode such as
through the vasculature and/or cerebrospinal fluid. We calculated
the approximate distances between each of the three CVO niches
and both the SCI site (SCI-to-SFO: 27.7 mm; SCI-to-ME: 26.2 mm;
SCI-to-AP: 15.0 mm) and the CCI site (CCI-to-SFO: 5.0 mm; CCI-
to-ME: 10.1 mm; CCI-to-AP: 15.1 mm). In general, the SCI is
significantly farther from the niches than the CCI. The AP is a
similar distance from both injury locations, raising the possibility
that contributions such as directionality of cerebrospinal fluid flow
may play a role. It is most likely that the stimulus for inducing
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FIG. 6. Cresyl-violet stained sections showing craniotomy and
controlled cortical impact (CCI) injury brains at 4 days post-
injury. Ipsilateral and contralateral cortices are shown for
craniotomy-only control (A, B) and CCI injured (C-F) brains.
CCI brains at the center of the injury site at lower magnification
show minimal necrotic tissue loss in the superficial cortical layers
(arrowheads in C), whereas hyperchromic neurons are observed
throughout all cortical layers on the side ipsilateral to CCI (C)
when compared with few hyperchomic neurons appearing in the
medial layers of the contralateral cortex (D). There is a lack of
injured/dying hyperchomic neurons observed in cortex of the
craniotomy-only rats (A, B). Higher magnification images show
hyperchromic neurons in the ipsilateral cortex after CCI (E) and
normal cresyl-violet stained neurons in the contralateral cortex of
CCI animals (F). Scale bars: 500 um (A-D); 20 um (E-F). CCI,
controlled cortical impact.

(or not) a stem cell response in these CVO niches is multi-factorial.
At present, we do not understand the mechanism(s) responsible for
conveying the injury stimulus into a supraspinal stem cell activa-
tion response. Interestingly, our neurosphere results demonstrate a
differential ability of TBI-derived and SCI-derived plasma to
promote NSC expansion, suggesting that signaling factors present
in blood may be critical for stimulating these CVO niches after
CNS injury and that the blood-transmitted stimulus is significantly
weaker with spinal cord damage compared with TBI.

Our current results in the cervical contusion are in line with
previous work in SCI animal models that demonstrated minimal-to-
no NSC responses in SVZ and SGZ niches. Using similar BrdU and
Dcx analysis as our study, Felix and colleagues showed that cer-
vical hemi-section SCI at the C2 level transiently reduced BrdU
counts in the dentate gyrus and olfactory bulb and persistently
reduced neurogenesis in the dentate gyrus.”® In a model of thoracic
contusion SCI, BrdU counts and neurogenesis were not altered in
the SVZ or hippocampus out to 6 weeks post-injury.?> These
findings show that SCI induces minimal effects on supraspinal stem
cell niches (and even reduced neurogenesis in some conditions),
including the prototypical SVZ and SGZ niches and the novel CVO
niches examined in the current work.
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FIG. 7. Controlled cortical impact (CCI) enhanced cell prolif-
eration in CVO niches. Distribution of BrdU-labeled cells in the
CVO regions: SFO (A, B), ME (C, D), and AP (E, F) at 4 days
after craniotomy (A, C, E) or CCI (B, D, F). Distribution of BrdU-
labeled cells in the SVZ at 4 days after craniotomy (G) or CCI
(H). Quantification of BrdU-labeled cells in the CVO and SVZ
regions at 4 days after craniotomy or CCI (I). Data are expressed
as meant SEM. AP, area postrema; BrdU, bromodeoxyuridine;
CVO, circumventricular organs; ME, median eminence; SEM,

standard error of the mean; SFO, subfornical organ; SVZ, sub-
ventricular zone.

Total # of Brdu cells/mm

Response in CVO stem cells niches to TBI

The mild cortical contusion model of TBI resulted in a signifi-
cant increase in NSC proliferation in all examined niches. In ad-
dition, we observed changes in NSC numbers, neurogenesis, and
microglial/macrophage response at some of these CVO locations.
As we found no effects of cervical SCI at SFO, ME, AP, or SVZ,
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FIG. 8. Controlled cortical impact (CCI) increased NSC numbers and neurogenesis in AP. Expression of Sox2 by BrdU-labeled cells at
4 days after craniotomy (A, A”’) or CCl injury (B, B””). Higher magnification image showing co-localization of Sox2 and BrdU in craniotomy
(A”””) or CCl tissue (B”*”). White arrow indicates BrdU-labeled cell that does not co-express Sox2, whereas arrowhead identifies BrdU+ cell
double-labeled with Sox2 (A’’’). Expression of Dcx by BrdU-labeled cells in SFO at 4 days after craniotomy (C) or CCI (D), along with higher
magnification images (C’, D’). BrdU-labeled cells expressing Dcx in the SVZ of craniotomy (C””) or CCI (D’’) animals. Higher magnification
inset shows cells co-labeled with BrdU and Dex (D’’). Number of BrdU-labeled cells expressing Sox2 (E) or Dex (F) in CVO regions at 4 days
after craniotomy or CCI. AP, area postrema; BrdU, bromodeoxyuridine; CVO, circumventricular organs; Dcx, doublecortin; ME, median
eminence; SFO, subfornical organ; SVZ, subventricular zone. Color image is available online at www.liebertpub.com/neu

these data suggest that injury severity may be involved in the stem
cell niche response. In our previous work, we showed that exper-
imental stroke produces extensive damage with respect to neuro-
anatomical area of tissue degeneration and promotes robust
changes in BrdU counts, along with Sox2 and Dcx responses in all
three CVO niches.>* On the contrary, the mild CCI model results in
significantly less tissue damage, as shown in previous studies,*
than the stroke paradigm, and in turn promoted changes in cell
differentiation profiles at only a subset of the CVO locations and
with only select lineage markers. To further address the impact of
injury severity on CVO niches, we could test CCI models of dif-
ferent severity in future work.

As an alternative explanation to injury severity, our data support
the notion that proximity of the CVO niche to the injury site may
affect the stem cell response. Although BrdU counts were increased
in all three CVO niches after CCI, we observed more pronounced
increases in the SFO and AP compared with the ME. The differ-
ential effects of CCI on cell proliferation in the three niches may be
associated with the dorsal nature of the CCIL, considering that the
ME lies more ventrally in the brain than SFO and AP. In addition,
we found increased CCI-induced NSC numbers and neurogenesis

only in the AP, which is the CVO location most distal to the CCI
site. Conversely, we observed a robust neuroinflammatory micro-
glia/macrophage response in the SFO, the most proximal niche.

It is possible that increases in proliferating microglia and/or
infiltrating macrophages after cortical contusion may have sup-
pressed neurogenesis in the more proximal stem cell niches (SFO,
ME),>* whereas CCI induced a robust NSC and neurogenic re-
sponse in the AP because of a minimized effect of CCI on in-
flammation at greater distances. Prolonged inflammation has been
found to suppress Dcx-positive cells in the SVZ and SGZ in a rat
CCI model.>® The inflammatory second messenger, inducible nitric
oxide synthase, released from microglia cells was found to impair
NSC proliferation.>* Previously, our laboratory reported microglia
activation and increases in iNOS signaling proximal to the injury,
which encroaches on regions such as the SFO and SVZ.> Astro-
gliosis was also evident in the SFO near the site of impact, as
has been reported in cortical and subcortical structures previously
by our laboratory.>® Astrocytes represent an additional potential
source of inflammation or other anti-neurogenic signaling media-
tors, possibly accounting for the lack of robust changes in the stem
cell response in this niche.
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FIG. 9. Controlled cortical impact (CCI) increased microlial proliferation in SFO, but did not alter astrocyte or oligodendrocyte
lineage differentiation in any of the CVO stem cell niches. Expression of GFAP by BrdU-labeled cells in AP at 4 days after craniotomy
(A) or in SFO after CCI (B). Higher magnification image showing co-localization of GFAP and BrdU in craniotomy (A’) or CCI (B’)
tissue. Expression of Olig2 by BrdU-labeled cells in SFO at 4 days after craniotomy (A’’) or CCI (B”’). Higher magnification image
showing co-localization of Olig2 and BrdU after craniotomy (A’’’) or CCI (B’”’). White arrowhead indicates BrdU-labeled cell co-
expressing Olig2. Number of BrdU-labeled cells expressing GFAP (C) or Olig2 (D) in CVO regions at 4 days after craniotomy or CCIL.
Expression of Ibal by BrdU-labeled cells in SFO at 4 days after craniotomy (E, E*’) or CCI (F, F”’). Higher magnification image
showing co-localization of Ibal and BrdU in craniotomy (E’”’) or CCI (F*”’) tissue. Number of BrdU-labeled cells expressing Ibal in
CVO regions at 4 days after craniotomy or CCI (G). AP, area postrema; BrdU, bromodeoxyuridine; CVO, circumventricular organs;
SFO, subfornical organ; SVZ, subventricular zone. Color image is available online at www.liebertpub.com/neu

Our results with the in vitro neurosphere assay demonstrate that
plasma derived from CCI (but not SCI) animals significantly en-
hances NSC expansion. Therefore, all three CVO niches were
subjected to plasma-derived signals in the CCI animals, but dif-
ferential inflammatory responses at each niche location may have
altered the response of NSCs to these plasma signals in vivo. One
future approach to address the contribution of niche proximity
would be to alter the CCI location such that the injury is placed
closer to the AP than the SFO; we could hypothesize that this would
result in opposite effects on Sox2, Dcx, and Ibal changes in the
CVO niches compared with the current study.

The potential of the traumatized brain to repair itself with respect
to the traditional stem cell niches has been well studied in TBI
research models, including NSC generation in the SVZ and hip-

pocampal neurogenesis.”>>” One study demonstrated that a dimin-
ished stem cell pool compromised recovery in a model of TBI.%S Our
findings support therapeutic strategies that combine enhancements
in the NSC pool concomitant with anti-inflammatory or targeted
immune cell therapies.

It is important to note that we used only females for the contusion
SCI paradigm and only males for the CCI model. As sex-specific
differences play a critical role across biological processes, it is possible
that our results are missing the potential impact of sex on CVO stem
cell niche responses to SCI and CCI, especially considering that pre-
vious work has revealed the effects of sex-related factors such as
sex steroids on the properties of various stem cell populations.”’>

Interestingly, we noted differences in the control conditions of
laminectomy versus craniotomy. Focusing on the total BrdU counts
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FIG. 10. Diffusible signals from plasma derived from TBI rats—
but not SCI—promote neural stem cell proliferation. No differ-
ences in secondary or tertiary neurosphere expansion were noted
between cultures treated with plasma derived from SCI and
laminectomy-only control animals. Significant increases in the
total number of neurospheres per well were observed in cultures
treated with TBI plasma compared with craniotomy-only control
group. CCI, Controlled cortical impact; SCI, spinal cord injury;
TBI, traumatic brain injury.

in the two models, we found that these baseline counts were similar
between laminectomy-only and craniotomy-only conditions in both
the SFO and AP, but were significantly different in the ME. This
effect may be due to the inherent differences in these sham sur-
geries. For example, we and others have previously shown that
in brain injury models craniotomy alone causes tissue injury, in-
flammation, and transient gliosis.”>° It is possible that differences
in the degree to which craniotomy and laminectomy induce these
types of changes affect the stem cell response in CVO niches (in
particular the ME).

We chose to BrdU-pulse animals in both injury models tempo-
rally at and close to the time of trauma given that this is the time
frame contributing to the greatest degree of tissue degeneration. For
example, we have quantified the time course of ‘‘secondary injury”’
in this C4 contusion SCI model; we find that, although some cel-
lular loss and overall tissue degeneration does continue to occur
after the first 3 days post-injury, the majority occurs during the first
several days post-injury.*’*® Despite this continued process of
ongoing degeneration, we did not want to pulse with BrdU for an
extended time window because then we would not have much
temporal resolution to understand when these CVO stem cell niches
are being activated relative to the time of trauma. Therefore, we
choose to deliver BrdU during the early time frame following SCI
and CCI. Given that both the SCI and CCI models involve con-
tinued evolution over days, weeks and possibly even longer fol-
lowing the initial insult, it will be important in future work to
examine the CVO stem cell niche responses at later time-points.

Conclusion

In summary, we report that SCI and TBI promote differential
responses in CVO stem cell niches of the brain. Characterizing the
nature of these changes is critical for designing interventions to
boost the mobilization of NSCs within these important niches and,
importantly, to instruct their differentiation along desired pheno-
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typic lineages. Though we have not observed effects of SCI on
stem cell responses in the AP, ME, or SFO, future studies could be
geared toward attempts at therapeutically enhancing and/or altering
the stem cell response in these novel niches after SCI. Such a
strategy could have profound effects on pathological changes oc-
curring in the brain after distant focal trauma to the spinal cord. Our
findings suggest that location of the traumatic event (i.e., spinal
cord versus brain, as well as dorsal-ventral and rostral-caudal po-
sition within the brain) may be involved in determining the CVO
niche response. Further, our neurosphere expansion results support
the notion that signaling factors transmitted in the blood play a role
inregulating NSCs in CVO niches and that differences in this blood
signal may in part underlie the differential responses we observed
in our SCI and TBI models.
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