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Abstract—Harnessing the regenerative capabilities of

endogenous precursor cells in the spinal cord may be a use-

ful tool for clinical treatments aimed at replacing cells lost

as a consequence of disease or trauma. To better under-

stand the proliferative properties and differentiation poten-

tial of the adult spinal cord after injury, we used a mouse

model of compression spinal cord injury (SCI). After injury,

adult mice were administered BrdU to label mitotic cells

and sacrificed at different time-points for immunohisto-

chemical analysis. Our data show that the rate of prolifera-

tion increased in all regions of the spinal cord 1 day after

injury, peaked after 3 days, and remained elevated for at

least 14 days after injury. Proliferation was greater at the

injury epicenter than in rostral and caudal adjacent spinal

segments. The number of proliferative cells and rate of pro-

liferation varied between dorsal and ventral regions of the

spinal cord and between the gray and white matter. Newly

generated cells expressed markers for progenitor cells (Nes-

tin and Olig2), oligodendrocytes (Sox10), astrocytes (S100b

and glial fibrillary acidic protein), and microglia (Iba1), but

not neuronal markers (Map2 and NeuN). Marker expression

varied with regard to the dorso-ventral region, rostro-caudal

proximity to the injury epicenter, and time after injury. At

early time-points after injury, BrdU+ cells mainly expressed

microglial/macrophage and astrocytic markers, while at

these same time-points in the control spinal cord the mitotic

cells predominately expressed oligodendrocyte and oligo-

dendrocyte progenitor cell markers. The profile of prolifera-

tion and cell fate marker expression indicates that after

moderate compression, the spinal cord has the capacity to

generate a variety of glial cells but not neurons, and that this

pattern is space and time specific. Future studies should
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focus on ways to control proliferation and cell fate after

injury to aid the development of cell replacement treatments

for SCI. � 2013 IBRO. Published by Elsevier Ltd. All rights

reserved.
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INTRODUCTION

After spinal cord injury (SCI), a process of neuronal and

glial cell death begins immediately (Grossman et al.,

2001). This process also induces the release of

cytokines, growth factors, and cytotoxic amino acids

(Zai et al., 2005; Eftekharpour et al., 2008; Ruff et al.,

2008), resulting in further cell death and damage. The

consequences of SCI include impairments in sensation

and motor function and a host of clinical complications

(Hawryluk et al., 2008). Despite the initial degenerative

responses, the mammalian spinal cord is capable of

some repair through endogenous mechanisms such as

axonal sprouting (Weidner et al., 2001; Menet et al.,

2003; Fouad et al., 2004; Liebscher et al., 2005; Gensel

et al., 2006; Okano et al., 2007) and proliferation of

precursor cells (Vaquero et al., 1981, 1987; Johansson

et al., 1999; Namiki and Tator, 1999; Horner et al.,

2000; McTigue et al., 2001; Takahashi et al., 2003;

Mothe and Tator, 2005; Zai et al., 2005; Zai and

Wrathall, 2005; Horky et al., 2006; Lytle and Wrathall,

2007; Meletis et al., 2008; Sellers et al., 2009; Barnabe-

Heider et al., 2010).

Previous studies reported the existence of ependymal

cell proliferation after SCI (Vaquero et al., 1981, 1987;

Beattie et al., 1997; Mothe and Tator, 2005; Meletis

et al., 2008; Barnabe-Heider et al., 2010). More recent

studies have focused on proliferation within other

regions of the spinal cord, particularly the subpial white

matter (Horner et al., 2000; Petit et al., 2011). As there

may be two, or more, populations of cells responding to

injury, the precise identity and niche of precursor cells

remain unclear. We know that glial progenitor cells,

which proliferate in both intact and injured spinal cord

tissue, are scattered throughout the spinal cord and

contribute to the recovery of oligodendrocyte and

astrocyte numbers after injury (Horner et al., 2000;

Barnabe-Heider et al., 2010). The potential to modulate

the proliferation and differentiation of endogenous

precursor cells represents an attractive therapeutic
d.
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target for SCI. Although recent human clinical trials have

demonstrated safe transplantation of stem cells into the

human spinal cord (Karussis et al., 2010; Mazzini et al.,

2010; Glass et al., 2012), the introduction of allogeneic

stem cells still raises safety and ethical concerns. The

capacity to modify endogenous precursor cell properties

is thus a good alternative to stem cell transplantation.

Previous studies on progenitor cell properties after

SCI have quantified levels of cell proliferation within

specific areas of the spinal cord or the overall

proliferation of specific progenitor cell types. In the

current study, we investigated the level of proliferation

and cell fate of newly generated cells within specific

anatomical regions – dorsal and ventral portions of the

white and gray matter – and specific segments – rostral

and caudal to the injury site. Distinct cell populations,

located within different regions of the spinal cord, fulfill

specific functions. For example, the dorsal gray matter

(DGM) is populated by sensory interneurons whereas

the ventral gray matter (VGM) contains the motor

neurons, and both regions contain glial cells (Watson

et al., 2009). The white matter of the spinal cord

consists primarily of oligodendrocytes and bundles of

axons organized into distinct tracts with specific

functions (Watson et al., 2009). Specific cell populations

may be the result of distinct pools of precursor cells with

distinct differentiation potentials, thus generating

differential responses across anatomical regions of the

spinal cord. Successful regenerative therapies will need

to account for the anatomical organization of the spinal

cord and the unique needs of each region for repair.

Prior work in this field has focused on transection or

contusion models of SCI, whereas the proliferative

response to the lateral compression injury model of SCI

has not been previously characterized to the same

extent. The compression model of SCI is widely used

because of its ease of use, low cost, reproducibility, and

pathological features which closely mimic clinical cases

of SCI in humans (Plemel et al., 2008; Marques et al.,

2009). We hypothesize that precursor cell proliferation

after a moderate compressive SCI in mice follows a

specific temporal and spatial pattern for proliferation and

cell fate. By labeling cells undergoing mitosis in

response to injury with BrdU, we tracked precursor cell

proliferation levels, and using immunohistochemistry for

specific cell markers we determined cell fate and

population dynamics, throughout the first 14 days after

injury. We observed that proliferation was greater at the

injury epicenter than in adjacent rostral and caudal

spinal segments. Additionally, we found that at early

time-points after injury, BrdU+ cells mainly expressed

microglial/macrophage and astrocytic markers, while at

these same time-points in the control spinal cord, the

mitotic cells predominantly expressed markers for

mature oligodendrocytes and oligodendrocyte precursors.
EXPERIMENTAL PROCEDURES

Spinal cord compression injury

We anesthetized female Swiss Webster adult mice (25–

35 g, 6–8 weeks old; Charles River, Wilmington, MA)
with isoflurane (4% to induce and 2% to maintain;

Phoenix Pharmaceutical, Inc., Burlingame, CA, USA).

After disinfection of the dorsal area between the neck

and hind limbs, we made a midline incision to expose

the spinal column at the level of T8–T11, and a

laminectomy on the 10th thoracic vertebra. We laterally

compressed the spinal cord to a thickness of 0.35 mm

and held for 15 s using one pair of modified forceps

(Plemel et al., 2008). After injury, we sutured the

muscles and closed the skin. Post-operatively, we

administered saline and prophylactic Baytril (85 mg/kg/

day; Bayer) and maintained the animals on an

isothermic pad until alert and mobile. The analgesic we

administered was pharmaceutical grade bupronepherine

(0.05 mg/kg), given every 12 h post-operatively. We

expressed the animals’ bladders manually twice daily

until the animals were capable of self-voiding. We

continually evaluated animals for weight loss,

dehydration, discomfort, infection, and autophagia, with

appropriate veterinary care administered as needed.

The experimental study was designed following National

Institutes of Health (NIH) guidelines and with the

approval of the University of California, Davis

Institutional Animal Care and Use Committee (IACUC).
Behavioral testing
Basso Mouse Scale (BMS). The BMS for locomotion

was performed as previously described (Basso et al.,

1996).

Rotarod. Animals were placed on a Rotamex with a

starting speed of 0 rpm. The speed increased by

intervals of 0.5 rpm every 5 s and the time that the

animal fell off was recorded.

Von Frey hair test. To test for sensory function after

injury, we performed the von Frey hair test as previously

described (Chaplan et al., 1994). The minimal amount of

force, in grams, that elicited a withdrawal response was

recorded.

Ethyl chloride test. A spray of ethyl chloride was

applied to animal’s hind paws. A score of 1 indicated no

response; a score of 2 indicated withdrawal and licking

of the paw, and sometimes a vocalization; a score of 3

demonstrated a marked response with withdrawal,

jumping, and multiple vocalizations. The trial was

repeated three times on each paw, with a time period of

5 min between each trial to prevent desensitization to

the stimulus.
5-Bromodeoxyuridine labeling

To determine cell proliferation and fate during the acute

phase of injury, we injected mice immediately after

surgery with 50 mg/kg of body weight BrdU (Sigma, St.

Louis, MO, USA) intra-peritoneally and then

administered follow-up injections of BrdU every 12 h

until perfusion 1, 3, 5, 9, or 14 days after injury.
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Immunocytochemistry

We administered Avertin (IP 0.2 ml/10 g of body weight;

Sigma, St. Louis, MO, USA) to adult mice and perfused

intracardially with room temperature phosphate-buffered

saline (PBS) followed by ice-cold 4% paraformaldehyde

(PFA). We removed the spinal cords, post-fixed them

for 24 h in PFA, and then embedded segments in 3%

agarose. After embedding, we cut 50-lm coronal slices

on a vibratome (Leica, Wetzlar, Germany). To allow

BrdU antibodies to bind to their target in the cell nuclei,

we post-fixed free-floating tissue in 4% PFA for 15 min,

washed in PBS, and then incubated at 37 �C in 2 N HCl

for 30 min. We then blocked sections in 10% donkey

serum (Gibco, Grand Island, NY, USA) and 0.1% Triton

X-100 (Sigma, St. Louis, MO, USA) and incubated

tissue for 24 h at room temperature in primary

antibodies which include: rat anti-BrdU conjugated to

FITC or TexasRed (Abcam, Cambridge, MA, USA,

1:200), goat anti-Olig2 (R&D Systems, Minneapolis, MN,

USA, 1:1000), chicken anti-neuronal specific nuclear

protein (anti-MAP2; Millipore, Billerica, MA, USA,

1:1000), mouse anti-GFAP (Sigma, St. Louis, MO, USA,

1:400), mouse anti-Nestin (Chemicon, Billerica, MA,

USA, 1:50), mouse anti-neuronal nuclei (anti-NeuN;

Millipore, Billerica, MA, USA, 1:1000), rabbit anti-Iba1

(Wako, Richmond, VA, USA, 1:500), and rabbit anti-

S100b (Abcam, Cambridge, MA, USA, 1:500). Following

incubation in the primary antibodies, we rinsed sections

in PBS and incubated them for 1 h with appropriate

secondary antibodies: Dylight-488, Dylight-555, or

DyLight-649 conjugated polyclonal donkey anti-mouse/

goat/rabbit/chicken antibodies (Jackson Lab., West

Grove, PA, USA, 1:100). We diluted all antibodies in

incubation buffer containing 1% donkey serum (Gibco,

Grand Island, NY, USA) and 0.01% Triton X-100

(Sigma, St. Louis, MO, USA). As a control, we omitted

the first antibody for each experiment. We used the

nuclear marker DAPI (Molecular Probes, Grand Island,

NY, USA, 1:1000) for cytoarchitectural reference.
Nissl staining

Tissue was mounted on slides and incubated overnight in

a 1:1 solution of 100% ethanol and chloroform. Slides

were then put in a solution of 100% ethanol for 1 min,

transferred to 95% ethanol for 1 min, transferred to 70%

ethanol for 1 min, and then put in de-ionized water for

1 min. Slides were then transferred to a Crystal Violet

solution for 5–10 min to achieve optimal staining. After

Crystal Violet incubation, slides were dipped in de-

ionized water, then 70% ethanol, and incubated in 100%

ethanol for 2 min. The tissue was checked to ensure it

did not need further staining with Crystal Violet, then

washed twice in 100% ethanol for 5 min and washed

twice in xylene for 5 min.
Cell quantification

We performed all imaging on a Nikon C-1 confocal

microscope using Nikon EZC1 3.0 software (Nikon,

Melville, NY, USA). After imaging, we exported data to
Adobe Photoshop CS4 (Adobe, San Jose, CA, USA) for

quantification of cells. We quantified on the basis of the

BrdU immunostaining colocalizing with DAPI. Once we

counted BrdU+ cells, we assessed their colocalization

with other markers. We characterized cells as either

dorsal or ventral using the middle of the central canal

(CC) as a determining landmark. Furthermore, we

characterized cells as located within the gray or white

matter (Fig. 1A). We counted BrdU+ cells in the CC as

a separate category, and only cells that were clearly

contacting the CC were included in this group. Upon

removal of the spinal cord and prior to sectioning, we

cut 2-mm blocks of the spinal cord: the epicenter, which

comprised of ±1 mm of the compression; rostral, which

consisted of the spinal cord 1–3 mm rostral of the injury

site; and caudal, which was the segment of the spinal

cord 1–3 mm caudal of the injury location (Fig. 1B). We

quantified three 50-lm slices from each region (rostral,

epicenter, caudal) for each data set. Three mice were

used for each time point and we pooled results for

analysis.
Statistical analysis

We analyzed data with Microsoft Excel 12.1 and

GraphPad Prism 5. We expressed values as

means ± SEM. We assessed significance of the

differences between means by one-way analysis of

variance (ANOVA) followed by the Bonferroni test. A

probability of less than 5% (P< 0.05) was considered

to be statistically significant.
RESULTS

The lateral compression SCI model

The calibrated forceps compression model of SCI was

created by Plemel et al. (2008) and has been validated

and utilized by others (Marques et al., 2009). We

compressed the mouse spinal cord to a diameter of

0.35 mm. We found that doing so generated a

reproducible injury, as assessed by histological and

behavioral studies (Fig. 1). Histology demonstrates

marked cytoarchitectonic disruptions, yet the boundary

between the white and gray matter could still be

distinguished even in the injury epicenter (Fig. 1A, B).

We performed motor and sensory behavioral testing

prior to surgery and again 1–4, 6, 8, 10, and 12 weeks

after injury or laminectomy. After injury, animals

demonstrated impaired motor and sensory function

compared to control animals, which received a

laminectomy only. On the BMS for locomotor function,

injured animals reached an average score of 4.5 ± 0.7

after three weeks, and their performance score

remained constant at later time points, compared with a

score of 9 for animals which received a laminectomy

only, indicating this latter group was unaffected by the

procedure (Fig. 1C). Furthermore, when tested on the

rotarod, injured animals consistently fell off at earlier

times than laminectomy-only animals (Fig. 1D; p-

value < 0.05). Prior to injury, the average duration a

mouse could stay on the rod was 194 ± 19 s. One



Fig. 1. Characterization of the lateral compression injury model. (A) Transverse section of Nissl-stained spinal cord 7 days after injury. (B) Sagittal

section of Nissl stained spinal cord 7 days after injury. (C–F) Behavioral testing data over a twelve week period, with control animals indicated in blue

and injured animals indicated in red. (C) Basso Mouse Scale score in animals after compressive spinal cord injury or laminectomy. (D) Performance

on the rotamex after injury or laminectomy. (E) Von Frey hair test to assess sensitivity after laminectomy or injury. (F) Ethyl chloride test to detect

sensory function after injury or laminectomy. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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week after surgery, those that had received a

compression injury had an average duration of

146 ± 14 s compared to laminectomy-only animals that

had an average duration of 228 ± 29 s. After 2 weeks,

injured animals could stay on the rod for an average of

152 ± 15 s compared to laminectomy-only animals that

could stay on the rod an average of 221 ± 21 s. At the

3 and 4 week time-points, injured animals had averages

of 142 ± 26 s and 143 ± 24 s, respectively. At these

same time-points, control animals averaged 209 ± 15 s

and 214 ± 21 s. At a later time-point of 10 weeks,

injured animals averaged a duration of 133 ± 25 s

compared to 196 ± 27 s for controls. Injured animals

also had impaired sensory function as measured by the

von Frey hair test (Fig. 1E; p-value < 0.05), in which a

greater force had to be applied to their hind paws to

elicit a withdrawal response than the control group.

Control animals at all time points responded to a force

of approximately 1.8 ± 0.2 g, whereas injured animals

responded to an average force of 8.0 ± 1.8 g. Similarly,

injured animals demonstrated reduced sensitivity to the

application of ethyl chloride to their hind paws (Fig. 1F;

p-value < 0.05). Control animals responded to the

application of ethyl chloride by withdrawing and licking

affected paws (score of 2), whereas injured animals
generally demonstrated a non-response (score of 1).

Overall our behavioral data indicates that a plateau of

locomotor and sensory function is reached after three

weeks and the injury is consistent among multiple

animals.
Proliferation in the intact spinal cord

We first examined proliferation in the intact spinal cord.

We performed a laminectomy at the level of the tenth

thoracic vertebra (T10) and administered BrdU

immediately after surgery. To identify newly generated

cells during the acute injury phase and follow them

throughout the study, we administered intraperitoneal

BrdU the day of the injury and each day thereafter until

the animals were sacrificed for analysis. We sacrificed

animals 1, 3, 5, 9, and 14 days after SCI. To quantify

the rate of proliferation, we cut 50-lm traverse sections

of spinal cord spanning from 3-mm rostral to 3-mm

caudal of the injury epicenter. We classified these

sections as specific rostro-caudal segments; we

consider sections within ±1 mm from the center of the

injury as epicenter, sections within 1–3 mm caudal of

the injury as caudal, and sections within 1–3 mm rostral

of the lesion center as rostral (Fig. 2B). We



Fig. 2. Scheme depicting the spinal cord regions used for BrdU+ cell

number quantification. (A). BrdU+ cells were quantified based on

localization in the dorsal or ventral region of the spinal cord using the

midline of the central canal as the boundary landmark. Cells were

further classified by localization within the white or gray matter. We

quantified cells within five distinct anatomical regions: dorsal gray

matter (DGM), dorsal white matter (DWM), ventral gray matter

(VGM), ventral white matter (VWM), and central canal (CC). (B) We

classified the injury epicenter as the tissue spanning ± 1 mm from

the center of the lesion. Rostral sections of tissue were 1–3 mm

rostral from the center of the lesion, and caudal sections were 1–

3 mm caudal from the center of the lesion.
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characterized cells within each of the slices as either

dorsal or ventral using the CC as the boundary

landmark. Furthermore, we characterized cells based on

location in the gray or white matter (Fig. 2A). We

classified CC cells as BrdU+ cells with a soma that was

clearly contacting the CC. We quantified the number of

BrdU+ cells in three slices of spinal cord from each

segment and averaged the total number of each cell

type within each segment/region.

The rate of proliferation was low in the parenchyma of

laminectomy-only (control) spinal cords. After 1 day of

BrdU labeling, we quantified an average of 6.0 ± 0.50

cells in a 50-lm-thick spinal cord transversal section.

The average number of BrdU+ cells was 18.8 ± 1.0

cells per section on day three, 72.7 ± 6.7 cells on day

5, 205 ± 8.9 cells on day 9, and 414 ± 12.7 on day 14.

The increase in the average number of cells per section

in the control spinal cord was approximately linear

through time (Fig. 3A). Across the three rostro-caudal

segments – rostral, epicenter, and caudal – the rate of

proliferation was similar at all time-points (Fig. 3C; p-
values > 0.05). Distribution of BrdU+ cells within the

intact spinal cord across anatomical regions was not

homogeneous; the VGM of the control spinal cord

consistently had fewer BrdU+ cells than other regions of

the spinal cord at all time-points except at 14 days

(Fig. 3D; p-values < 0.05). Cumulative proliferation in

the CC of uninjured spinal cord tissue was low, ranging

from an average of 0.13 ± 0.04 to 0.55 ± 0.09 cells

during the first 5 days. This number increased to

2.0 ± 0.22 cells at day 9 and was similar after 14 days

of BrdU administration (Fig. 3B).
Proliferation in the parenchyma of the injured spinal
cord

The increase in the number of BrdU+ cells was greater in

injured than in the control spinal cord. One day after

injury, there was an average of 48.7 ± 4.0 cells per
50-lm section, an increase of 8.2-fold compared to the

control spinal cord at the same time-point. Three days

after injury, the number of BrdU+ cells increased 11.8-

fold from the previous time-point to an average of

577 ± 37 cells per 50-lm section. The rate of

proliferation slowed by 5 days, when there was an

average of 938 ± 68 cells per 50-lm section, an

increase of 1.6-fold from the 3-day time-point. The rate

of increase in BrdU+ cells showed a slowing trend

between 9 and 14 days, where we quantified averages

of 1234 ± 58.0 and 1430 ± 60.8 BrdU+ cells,

respectively. The apparent rate of increase in the

number of BrdU+ cells between 9 and 14 days was

similar between control and injured spinal cord (Fig. 3A).

We found the greatest number of BrdU+ cells at the

injury epicenter during early time-points; at later time-

points the number of BrdU+ cells in the caudal sections

increased and became comparable to values found in

the epicenter (p-values > 0.05) and significantly

increased compared to rostral areas (Fig. 3C0; p-
values < 0.05).

The distribution of BrdU+ cells across anatomical

regions after injury varied over time, following a pattern

different from the control spinal cord. One day after

injury, the number of BrdU+ cells in the VGM, DGM,

and dorsal white matter (DWM) were comparable (p-
values > 0.05), but differed significantly from the ventral

white matter (VWM) (p-value < 0.0001). At days 3, 5,

and 9, the VGM had significantly fewer cells than the

VWM and DGM (p-values < 0.05), but was comparable

to the DWM (p-values > 0.05). 14 days after injury the

trend of fewer BrdU+ cells in the VGM was restored,

although there was still a significant difference between

the dorsal white and gray matter that was not observed

in control tissue (p-value < 0.05).
Proliferation in the CC of the injured spinal cord

One day after injury, there was an average of 0.25 ± 0.05

BrdU+ cells at the CC. Statistical analysis indicated that

this small increase was significant compared with the

control spinal cord (p-value = 0.02). After injury, the

number of BrdU+ cells at the CC continued to increase

(Fig. 3B). Three days after injury, the number of BrdU+

cells increased 10-fold to 2.5 ± 0.27 cells, and 5 days

after injury the number increased 1.4-fold compared to

the previous time-point, reaching an average of

3.4 ± 0.37 cells. Between 5 and 9 days, there was an

increase of 1.7-fold, and between 9 and 14 days an

increase of 1.3-fold. Thus, cell proliferation of the CC

followed a similar time-course as that of parenchymal

proliferation, with the greatest increase occurring

between 1 and 3 days after injury. However, unlike the

parenchymal proliferation, which showed a leveling off

or return to control rates of proliferation between 9 and

14 days, proliferation at the CC was still occurring at an

increased rate compared with the control spinal cord.
Cell fate of newly generated BrdU+ cells

We performed double and triple immuno-labeling to

determine BrdU+ cell marker expression at each



Fig. 3. Average number of BrdU+ cells per 50-lm-thick slice categorized by injury proximity and spinal cord region. (A) Average number of BrdU+

cells over time in the spinal cord parenchyma. The average number of BrdU+ cells increased linearly in control tissue, whereas there was an initially

exponential increase in the number of positive cells in injured tissue. (B) Average number of BrdU+ cells over time in the central canal of the spinal

cord. The average number increased very slowly in control tissue and rapidly after injury. (C) Average number of BrdU+ cells by proximity to the

laminectomy site. The average number was homogeneous across segments (p-values > 0.05). (C0) Average number of BrdU+ cells by proximity to

the injury site. During early time points the average number of cells increased in the epicenter, followed by an increase in cell proliferation caudal of

the injury site. Bars and black ⁄ indicate significance in ANOVA, whereas red ⁄ indicates significance in post hoc tests. (D) Average number of

BrdU+ cells by anatomical region in the control tissue. At nearly all time points, there were fewer BrdU+ cells in the ventral gray matter (VGM) (p-
values < 0.05). (D0) Average number of BrdU+ cells by anatomical region in injured tissue. The numbers of BrdU+ cells were lower in the ventral

gray matter and the dorsal white matter of injured than in the control spinal cord. Bars and black ⁄ indicate significance in ANOVA. (For interpretation

of the references to color in this figure legend, the reader is referred to the web version of this article.)
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time-point. We found that BrdU+ cells expressed a variety

of markers for precursor cells, such as Nestin (Fig. 4A)

and Olig2 (Fig. 4B), oligodendrocytes (Sox10; Fig. 4C),

mature astrocytes (glial fibrillary acidic protein (GFAP)

and S100b; Fig. 4D, E), microglia (Iba1; Fig. 4F), and

for mature and immature neurons (MAP2 and NeuN,

respectively). No BrdU+ cells at any time-point in the

control spinal cord (17,075 BrdU+ cells) or in the injured

spinal cord (115,024 BrdU+ cells) expressed MAP2

and/or NeuN, indicating that none of the newly

generated cells acquired neuronal fates.

The number of BrdU+ cells that expressed specific

markers differed among segments and regions of the

spinal cord, but there was a significant increase in both

the total number of BrdU+ cells after injury, as well as

the total number of BrdU+ cells that were also positive

for specific markers. We reasoned that comparing the

total numbers of cells would not sufficiently describe cell

fate dynamics of specific cell populations after injury.

Additionally, differences in total cell numbers between

segments and regions would be influenced by variations
in the area of each segment and region of interest. To

elucidate meaningful cell fate dynamics after injury, we

therefore analyzed the percentage of BrdU+ cells that

also expressed a specific marker within each segment

and region of the spinal cord. Although total cell

numbers increased with time, for some cell populations

the proportion of BrdU+ cells expressing a specific

marker was unaltered by injury, while for other cell

populations this proportion changed markedly over time.

Focusing on the proportion of double-positive cells

compared to the total number of BrdU+ cells at each

time point in the various segments and regions of the

intact and injured spinal cord allowed us to evaluate

changes in cell populations over time and draw

conclusions about the progenitor cell response to SCI.

Co-expression of the progenitor marker Nestin with

BrdU varied significantly between control and injured

spinal cord at early time points, but at intermediate

times (5 and 9 days), the percentage of double-positive

cells between the two conditions approached similar

values (Fig. 5A). In the control spinal cord,



Fig. 4. Representative images of BrdU+ cells within the injured spinal cord 3 days after injury. All images were taken from a rostral section of the

spinal cord in the ventral white matter 3 days after injury. BrdU+ cells (red) colocalized with a variety of markers (green) for progenitor cells (Nestin –

(A) and Olig2 – (B)), oligodendrocytes (Sox10 – C), astrocytes (GFAP – (D) and S100B – (E)), and microglia (Iba1 – (F)). Arrows point out a single

representative BrdU+ cell expressing the marker of interest, although other examples are present in the images. Scale bar = 100 lm. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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BrdU+/Nestin+ cells were not present until after 5 days of

continuous BrdU administration. However, 1 day after

injury, 15.7 ± 1.7% of BrdU+ cells were Nestin+. The

proportion of double-positive cells after injury fluctuated

little through time. The proportion varied between

5.35 ± 0.41% and 17.02 ± 0.99% during the
experiment. In the control spinal cord, the distribution of

BrdU+/Nestin+ cells was homogeneous between

rostral, epicenter, and caudal segments (p-
values > 0.05; Fig. 5B). After injury, there was a large

increase in the proportion of BrdU+/Nestin+ cells at the

injury epicenter (Fig. 5B0), where 21.4 ± 3.0% of BrdU+



Fig. 5. Proportion of BrdU+ cells colabeling with Nestin in control and injured spinal cord. (A) No BrdU+/Nestin+ cells were present in control tissue

before 5 days, but within 1 day after injury there were double-positive cells present. The proportion of BrdU+/Nestin+ cells after injury showed a

downward trend toward 5 days, followed by a later upward trend. (B) Proportion of BrdU+/Nestin+ cells was homogeneous with respect to the

location of the laminectomy (p-values > 0.05). (B0) The proportion of double-positive cells increased at the epicenter 1 day after injury, then levels

decreased across all regions. Bars and black ⁄ indicate significance in ANOVA, whereas red ⁄ indicates significance in post hoc tests. (C) Control

tissue had a higher proportion of double-positive cells in the ventral and dorsal white matter. (C0) The proportion of double-positive cells in different

anatomical regions varied greatly after injury, though showed a similar trend of increasing in the ventral and dorsal white matter. Bars and black ⁄

indicate significance in ANOVA. (D, D0) Overall the proportion of BrdU+/Nestin+ cells was greater in the white matter than the gray matter of the

spinal cord (p-values < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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cells co-expressed Nestin compared to 13.2 ± 1.7% and

12.4 ± 2.9% in adjacent segments. At later time-points,

the difference in proportion of BrdU+/Nestin+ cells

between rostro-caudal segments in the injured spinal

cord decreased and was non-significant. In the control

spinal cord, a higher percentage of double-positive cells

were present in the ventral and DWM (Fig. 5C), a trend

that was re-established after 5 days in the injured spinal

cord (Fig. 5C0). Overall, a greater percentage of BrdU+/

Nestin+ cells were present in the white matter than in

the gray matter, both in intact and injured spinal cord

(Fig. 5D, D0).

The predominant marker co-expressed by BrdU+

cells in the control spinal cord was Olig2, a marker for

oligodendrocyte precursor cells, which may also be
transiently expressed by astrocytes (Chen et al., 2012).

Expression of this marker was drastically reduced after

injury (Fig. 6A). After 1 day of BrdU labeling, the

proportion of BrdU+/Olig2+ cells was 90.8 ± 3.8% per

slice in the control spinal cord, whereas 1 day after

injury the proportion was 41.5 ± 4.59%. This proportion

decreased over time to a low of 19.4 ± 1.05% at 9 days

after injury, and displayed an upward trend at 14 days.

In the control spinal cord, the proportion of BrdU+/

Olig2+ cells also decreased significantly between 5 and

9 days.

The proportion of BrdU+ cells expressing Olig2

across segments and regions was homogeneous in the

control spinal cord (rostro-caudal: p-values > 0.05;

dorso-ventral: p-values > 0.05; gray-white matter:



Fig. 6. Proportion of BrdU+ cells colabeling with Olig2 in control and injured spinal cord. (A) Proportion of double-positive cells at all time points and

conditions. The percentage of double-positive cells decreased over time for both groups, but was drastically lower 1–5 days after injury. The

proportion of cells returned to nearly control levels after 9 days. (B) The proportion of BrdU+/Olig2+ cells was homogeneous with respect to the

location of the laminectomy (p-values > 0.05). (B0) However, the proportion of double-positive cells decreased at the injury epicenter 3 days after

laminectomy. Bars and black ⁄ indicate significance in ANOVA, whereas red ⁄ indicates significance in post hoc tests. (C) There was no variation

within anatomical regions in control tissue (p-values > 0.05). (C0) The proportion of double-positive cells decreased in the ventral white matter after

3 days and remained low through 9 days after injury. Bars and black ⁄ indicate significance in ANOVA. (D) The proportion of double-positive cells in

the white and gray matter was equal after laminectomy (p-values > 0.05) (D0) After injury, there were more BrdU+/Olig2+ cells in the gray matter

than the white matter (p-values < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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p-values > 0.05; Fig. 6B–D). However, it varied 3 days

after injury (Fig. 6B0), when there was a lower proportion

in the epicenter (24.0 ± 5.4%) relative to the rostral and

caudal segments (38.7 ± 4.6% and 41.5 ± 3.8%,

respectively). At later time-points, there was a

continuous difference in the proportion of BrdU+/Olig2+

cells in the rostral spinal cord compared with other

segments (p-values < 0.05; Fig. 6B0). The proportion of

BrdU+/Olig2+ cells decreased noticeably in the VWM

3 days after injury (26.0 ± 1.5%) relative to the other

regions, a change that was sustained through 9 days

(Fig. 6C0). There was an increase in the proportion of

BrdU+/Olig2+ cells in the gray matter from 3 days after
injury until the end of the time-course, which did not

occur in the control spinal cord (Fig. 6D, D0).

The proportion of BrdU+ cells expressing Sox10, a

marker of cells committed to the oligodendrocyte

lineage, followed a similar time-course as BrdU+/Olig2+

cells. There was an initial decrease after injury in the

proportion of Sox10-expressing BrdU+ cells that ranged

from 79.2 ± 3.6% to 51.6 ± 3.7%. However, it took

14 days for the proportion of Sox10+ cells (Fig. 7A),

and only 9 days for the proportion of BrdU+/Olig2+

cells, to recover to near control levels (Fig. 6A). The

proportion of Sox10+ cells was equal across the rostro-

caudal segments and dorso-ventral regions of the



Fig. 7. Proportion of BrdU+ cells colabeling with Sox10 in control and injured spinal cord. (A) Proportion of double-positive cells at all time points

and conditions. The percentage of BrdU+/Sox10+ decreased over time for both groups, but was drastically lower 1 day after injury. The proportion

of cells returned to nearly control levels after 14 days. (B) Proportion of BrdU+/Sox10+ cells was homogeneous with respect to the location of the

laminectomy (p-values > 0.05). (B0) The proportion of double-positive cells decreased in most spinal cord regions after injury, but was slightly

elevated in the caudal spinal cord 3 days after injury and slightly decreased in the rostral spinal cord after 14 days. Bars and black ⁄ indicate
significance in ANOVA, whereas red ⁄ indicates significance in post hoc tests. (C) There was no variation when proportions were compared across

anatomical regions in the control tissue (p-values > 0.05). (C0) However, the proportion of double-positive cells decreased in the ventral spinal cord

after 3 days. Bars and black ⁄ indicate significance in ANOVA. (D)There was little variation in proportions of BrdU+/Sox10+ cells between white and

gray matter in the control spinal cord. (D0) After injury there were approximately equal proportions of Sox10+ cells in the white and gray matter

except for a transient increase in the gray matter after 9 days. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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control spinal cord (Fig. 7C) (p-values > 0.05). After

injury, there was variation in the distribution of BrdU+/

Sox10+ cells within the rostro-caudal axis. Three days

post-injury, there was a higher percentage of double-

positive cells in the caudal spinal cord (27 ± 1.6%)

compared with other segments (rostral = 20 ± 1.6 and

epicenter = 17 ± 0.55%), and all three segments had

varying proportions of BrdU+/Sox10+ cells at 14 days

(Fig. 7B0). Three days after injury, there were more cells

in the dorsal than the ventral spinal cord (Fig. 7C0), but

otherwise BrdU+/Sox10+ cells were evenly distributed

through the spinal cord after injury. These data showed
less anatomical and temporal variability in the

population of BrdU+/Sox10+ cells than was observed in

BrdU+/Olig2+ cells after injury. However, there were

similarities between the two populations, such as little

variation observed between the distribution of BrdU+/

Olig2+ cells between the gray and white matter regions

after injury (p-values > 0.05, Fig. 6D, D0).

Of particular interest was the astrocyte response,

which is a component of the inflammatory response

initiated after injury. To assess the generation of new

astrocytes after injury, we performed immunostaining

with two separate markers for astrocytes, GFAP and



Fig. 8. Proportion of BrdU+ cells colabeling with GFAP in control and injured spinal cord. (A) The percentage of double-labeled cells peaked 5 days

after injury. (B) The proportion of BrdU+/GFAP+ cells was homogeneous with respect to the location of the laminectomy at time points after 3 days

of continuous BrdU administration (p-values > 0.05). (B0) The proportion of double-positive cells increased at the epicenter relative to the caudal

spinal cord 1 day after injury, then increased drastically at the epicenter after 3 days (p-values < 0.05). Bars and black ⁄ indicate significance in

ANOVA, whereas red ⁄ indicates significance in post hoc tests. (C) Control tissue had a higher proportion of BrdU+/GFAP+ cells in the ventral and

dorsal white matter than other regions. (C0) This trend was maintained after injury. Bars and black ⁄ indicate significance in ANOVA. (D, D0) Overall

the proportion of BrdU+/GFAP+ cells was greater in the white matter than the gray matter of the spinal cord under both conditions. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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S100b. There was a transient increase in the proportion of

BrdU+ cells expressing GFAP that peaked 5 days after

injury at 35.9 ± 3.2%, and decreased to near control

levels 9 days after injury (Fig. 8A). There was a fair

amount of variation in the control spinal cord after 1 day

of BrdU administration with regard to the rostro-caudal

axis and anatomical region of interest (Fig. 8B, C). In

the control spinal cord, there were more BrdU+/GFAP+

cells in the white matter than in the gray matter

(p-values < 0.05; Fig. 8D). This trend remained

constant after injury (Fig. 8D0), however the difference

between the white and gray matter narrowed and was

non-significant 9 days after injury (p-value > 0.05). One

day after injury, the proportion of BrdU+/GFAP+ cells

was greater in epicenter segments (29.5 ± 3.5%)
relative to caudal segments (17.3 ± 2.3%). After 3 days,

there was a more pronounced increase in the number of

BrdU+/GFAP+ cells at the epicenter (Fig. 8B0). As

overall GFAP levels decreased after 5 days, expression

of GFAP decreased in all segments. Once again, the

proportion of BrdU+/GFAP+ cells increased slightly at

14 days in all segments except in the caudal spinal cord

(p-values < 0.05). The distribution of double-positive

cells after injury across dorso-ventral regions was

similar to that in intact spinal cord (Fig. 8C0).

The proportion of BrdU+/S100b+ cells remained

relatively unchanged between control and injured spinal

cord (Fig. 9A). One day after injury, the percentage of

BrdU+/S100b+ cells did not differ significantly between

control and injured spinal cord (p-value > 0.05). A



Fig. 9. Proportion of BrdU+ cells colabeling with S100b in control and injured spinal cord. (A) The proportion of BrdU+/S100b+ cells remained

relatively unchanged between control and injured tissue. (B) The distribution of BrdU+ cells in different segments of the spinal cord relative to the

site of laminectomy was homogeneous in control tissue (p-values > 0.05). (B0) Five days after injury the proportion of double-positive cells

increased at the injury epicenter and remained elevated (p-values < 0.05). Bars and black ⁄ indicate significance in ANOVA, whereas red ⁄

indicates significance in post hoc tests. (C) In control tissue, the proportion of BrdU+/S100b+ cells in the ventral gray matter was significantly lower

than all other anatomical areas of the spinal cord (p-values < 0.05). (C0) After injury, the proportion of BrdU+/S100b+ cells in the ventral gray matter

was significantly less than some other areas, but not at all time points. Bars and black ⁄ indicate significance in ANOVA. (D, D0) More BrdU+/

S100b+ cells were present in the white matter than the gray matter in both injured and control spinal cords. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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modest decrease from 5.7%± 1.2% to 3.0%± 0.48%

occurred between 1 and 3 days after injury, and this

proportion increased after 5 days to 4.9%± 0.42%.

However, these fluctuations were not statistically

significant changes, and they did not significantly vary

from the proportions of double-positive cells observed in

the control spinal cord at the same time-points (p-
values > 0.05).

Five days after injury, there was a difference in the

proportion of BrdU+/S100b+ cells between the

epicenter and adjacent segments of the spinal cord (p-
value < 0.0001), with the epicenter (7.1 ± 0.61%)

showing a higher proportion of double-positive cells than

the rostral (3.0 ± 0.66%) or caudal (4.6 ± 0.53%)
segments (Fig. 9B0). This trend was maintained at 9 and

14 days, but not in the control spinal cord (Fig. 9B).

After injury, the proportion of BrdU+/S100b+ cells in the

VGM was significantly less than in other regions, but not

at all time-points (Fig. 9C). This trend echoed that seen

in the control spinal cord (Fig. 9C). After 3 days of BrdU

administration, there was a statistically significant

difference between the proportions of BrdU+ cells

expressing S100b in the white and gray matter, with a

higher proportion of BrdU+ co-expressing S100b in the

white matter, and this was maintained throughout

14 days (p-values < 0.05; Fig. 9D). Similarly, injured

spinal cord displayed this same significant difference

and pattern between the white and gray matter,
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although the difference between the two regions was

lower and not significant 14 days after injury (p-
value = 0.1939; Fig. 9D0).

After 1 day of BrdU administration, control spinal cord

did not have BrdU+/Iba1+ cells. BrdU+ cells first

expressed Iba1 after 3 days of daily BrdU administration

at a proportion of 1.1 ± 0.61% of BrdU+ cells. This

proportion increased modestly to 3.5 ± 0.19% after

5 days, and significantly after 9 days to 22.2 ± 2.0% (p-
value < 0.0001). After this time-point, the percentage of

double-positive cells leveled off in the control spinal cord

(p-value > 0.05; Fig. 10A). In contrast to this behavior

in the control spinal cord, 1 day after injury the

percentage of BrdU+/Iba1+ cells was 52.4 ± 3.5%.
Fig. 10. Proportion of BrdU+ cells colabeling with Iba1 in control and injured s

conditions. (B) The proportion of BrdU+/Iba1+ cells with respect to the locati

proportion of BrdU+/Iba1+ cells with respect to the location of the compressio

in ANOVA, whereas red ⁄ indicates significance in post hoc tests. (C) The

anatomical regions except for the dorsal gray matter after 9 days of BrdU lab

after injury showed a preference for the ventral and dorsal gray matter at 5 day

Data from graphs D and E pooled for gray and white matter showed a slight t

this did not approach significance. (For interpretation of the references to colo

article.)
This indicates that Iba1+ microglia/macrophages

initiated a very swift proliferative response to injury.

After 3 days, the proportion of BrdU+/Iba1+ cells

decreased significantly to 37.1 ± 4.0% (p-
value < 0.05), but remained elevated compared with

the control spinal cord for the duration of the experiment

(p-values < 0.05). In the control spinal cord, the

distribution of BrdU+/Iba1+ cells was homogeneous

with regard to rostro-caudal segments (p-values > 0.05;

Fig. 10B) and mostly homogenous with regard to dorso-

ventral region (p-value < 0.05; Fig. 10C). After injury,

the distribution of BrdU+/Iba1+ cells was mostly

homogeneous within the rostro-caudal segments as

well. Exceptions to this were an increase in the number
pinal cord. (A) Proportion of double-positive cells at all time points and

on of the laminectomy was homogeneous (p-values > 0.05). (B0) The

n injury varied on days 1 and 5. Bars and black ⁄ indicate significance

proportion of BrdU+/Iba1+ cells showed near homogeneity across

eling. (C0) The proportion of BrdU+/Iba1+ cells by anatomical regions

s after injury. Bars and black ⁄ indicate significance in ANOVA. (D, D0)

rend toward a higher proportion of BrdU+/Iba1+ cells after injury, but

r in this figure legend, the reader is referred to the web version of this
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of BrdU+/Iba1+ cells in the caudal spinal cord 1 day after

injury, and a decrease at the epicenter 5 days after injury

(p-values < 0.05; Fig. 10B0). One day after injury, the

proportion of BrdU+/Iba1+ cells in the DWM was lower

than in other regions (p-values < 0.05), while at 3 days

this proportion was non-significant across most regions

(p-values > 0.05). After 5 days of BrdU administration,

both the ventral and DGM in the injured spinal cord had

an elevated proportion of double-positive cells compared

with the ventral and DWM (p-values < 0.05; Fig. 10C0-

9D0). Other than these instances, BrdU+/Iba1+ cells

among white and gray matter was homogeneous in the

control and in the injured spinal cords (p-values > 0.05;

Fig. 10D, D0).
DISCUSSION

The pattern of proliferation and cell fate acquisition was

distinct for control and injured spinal cord. In the control

spinal cord, the majority of BrdU+ cells expressed the

immature glial markers Olig2 or Sox10, while a small

number of BrdU+ cells expressed the astrocyte markers

S100b and GFAP. This agrees with previously

published data showing that the majority of cells

proliferating in the uninjured adult spinal cord are glial

progenitor cells that primarily differentiate into

oligodendrocytes (Horner et al., 2000). There were no

BrdU+/Nestin+ or BrdU+/Iba1+ cells present at early

time-points in the control spinal cord, and the proportion

of BrdU+ cells expressing these markers after multiple

days of BrdU administration was low. That these cell

types do not appear to proliferate in the uninjured spinal

cord until after a few days of BrdU administration

indicates that inflammatory processes were not initiated

after the laminectomy was performed and instead

represent endogenous, baseline levels of proliferation of

Nestin+ cells and Iba1+ microglia. These cells have

been reported to proliferate at a significantly reduced

rate in the intact spinal cord compared with other glial

populations (Horner et al., 2000). After injury, the

proportion of BrdU+ cells expressing Olig2 or Sox10

decreased drastically, while the proportion of BrdU+

cells expressing Iba1, GFAP, or Nestin increased

significantly. Interestingly, the proportion of BrdU+/

S100b+ cells changed little after injury. Changes in the

proportions of each cell population over time may be a

consequence of distinct time-courses of differentiation

specific to each cell type, to a temporal loss of marker

expression, and/or of temporal changes in the cytokine

or trophic factor profile of the post-injury spinal cord

(Sellers and Horner, 2005; Stammers et al., 2012).

Our findings agree with those published for contusion

models, which feature a distinct distribution of cell types

between the injury epicenter and surrounding spinal

segments. In our study, the cell fate of BrdU+ cells

often varied between the lesion epicenter and adjacent

rostro-caudal segments of the spinal cord, and between

the various dorso-ventral regions. In previously

published studies on contusion injuries, macrophages

were the predominant dividing cell type within the lesion

and the majority of dividing cells in surrounding tissues
were Ng2+ glial precursor cells, followed by

oligodendrocytes and astrocytes (Zai and Wrathall,

2005; Lytle and Wrathall, 2007). Similarly, Nestin+ and

GFAP+ cells were upregulated in response to contusive

injury (Takahashi et al., 2003). These previous reports

on responses to contusive injury match our findings for

the lateral compression model of SCI. We observed an

initial increase in the proportion of BrdU+ cells

expressing Nestin, GFAP, or Iba1 as early as 1 day

after injury and these populations fluctuated

independently over time, but generally began to

decrease as the study progressed into later time-points.

Additionally, our data indicate that the greatest

proliferation after a compression injury occurs 3 days

after injury, with a larger proliferative response at the

injury epicenter. This agrees with previously published

time-courses of cellular proliferation in contusion models

of SCI (Namiki and Tator, 1999; McTigue et al., 2001;

Zai and Wrathall, 2005; Lytle and Wrathall, 2007). In

comparison with another study examining cellular

proliferation and neuroprogenitor cell response to

compressive SCI (Ke et al., 2006), we found no

evidence for neuronogenesis after compressive injury. If

neuronogenesis is occurring after injury, it may be

occurring in cells that did not enter S-phase, and thus

was not observed in our study.

In the control spinal cord, we observed fewer BrdU+

cells in the VGM than in the other anatomical regions.

This may be due to differences in area between the

VGM and the other spinal cord regions, particularly the

extensive VWM. However, we observed that after injury,

there were similar numbers of BrdU+ cells in the VGM

as in other regions of the spinal cord, and that the

average number of BrdU+ cells per slice in the VGM

was often not statistically significant compared with

other regions, particularly at later time-points after injury.

Prior work indicates that in the intact spinal cord,

proliferation most frequently occurs along the outer

circumference of the spinal cord (Horner et al., 2000),

which excludes the VGM and includes all other regions

of interest in our study. Our finding that at early time-

points after injury, but not at later time-points, there is a

statistically significant difference in the number of BrdU+

cells between the VGM and VWM, may be due to an

increased rate of mitosis of precursor cells in the subpial

white matter and to further rounds of mitosis after

migration and arrival at the ventral horn.

Numerous studies have demonstrated that

ependymal cells of the spinal cord rapidly proliferate in

response to various models of SCI and disease

(Vaquero et al., 1987; Beattie et al., 1997; Takahashi

et al., 2003; Danilov et al., 2006; Horky et al., 2006; Ke

et al., 2006; Tu et al., 2010; McDonough and Martinez-

Cerdeno, 2012). We find a discrepancy between the

total number and the fold increases in cell division at the

CC between our model and those reported in other SCI

models. We hypothesize that the discrepancy between

our data and the data from other studies is due to an

injury type specific proliferative response of the

ependymal cells. For instance, a lateral compressive

force or incision would trigger low levels of ependymal
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proliferation (Takahashi et al., 2003), but a direct injury of

the ependymal cell processes by a dorsal contusive force

or dorsal incision would generate a more robust mitotic

response of the ependymal cells (Johansson et al.,

1999). This has been suggested in another study, which

compared ependymal proliferation after an incision in

different regions of the spinal cord; the dorsal funiculus

incision injury resulted in a greater increase in

ependymal cell proliferation than a lateral incision injury

(Meletis et al., 2008). Admittedly, our model only

accounts for the BrdU+ cells currently located within the

CC at the time of perfusion and analysis. With our

method, we cannot differentiate between mitotic cells

located near the ependymal layer in the gray matter and

cells that were born at the CC and migrated outward

into the gray matter.

It is generally agreed that the rat response is more

similar to humans after SCI than mice. For example,

neither rats nor humans will regain the ability to void

their bladder voluntarily after injury (Lee et al., 2013),

but mice are capable of recovering micturition (Plemel

et al., 2008). Furthermore, rats develop a cavity after

SCI that resembles syringomyelia in humans (Basso

et al., 1996; Beattie et al., 1997), whereas injury in mice

typically results in a fibrous lesion (Zhang et al., 1996;

Jakeman et al., 2000; Inman et al., 2002; Plemel et al.,

2008; Piltti et al., 2013). Despite these pathological

differences, the Wrathall group has published papers on

the proliferative response to contusive SCI in both

mouse and rat which indicate that the proliferative

response is largely conserved between the two species

(Zai and Wrathall, 2005; Lytle and Wrathall, 2007).

Our data provide further insight into the dynamics of

cell fate marker expression after SCI. We demonstrate

that after injury there are marked differences in the fate

of the newly generated cells between dorso-ventral

regions and rostro-caudal segments, and also over time.

This is in contrast to our observations in the control

spinal cord, which indicate that the proportion of cells

expressing specific markers changes little along the

rostro-caudal or dorso-ventral axes. These data should

be a consideration in the development of transplantation

therapies. Data from other groups agree that the

microenvironment of the spinal cord after injury

influences cell fate, at least of transplanted cells

(Nakamura et al., 2003; Nishimura et al., 2013), which

may also have an effect on endogenous proliferating

cells in the spinal cord. These same studies indicate

that the inflammatory responses are greatest at early

time points and begin to subside after one to two

weeks. As our data show, the compression injury

epicenter elicits a large proliferative response of cells

expressing microglial/macrophage markers, and this

persists through the first 14 days of injury. Furthermore,

stem cell transplantations were more successful when

cells were administered 9 days after injury (Parr et al.,

2007; Tarasenko et al., 2007; Li et al., 2011; Piltti et al.,

2013). The choice of this time point was chosen based

on other studies indicating a reduced inflammatory

response, which may signify a more permissive

environment for stem cells to survive in (Nakamura
et al., 2003; Nishimura et al., 2013). At this time-point

our data indicate that the rate of proliferation in

endogenous progenitors has slowed to near control

levels and the number of newly generated cells

expressing Nestin or GFAP has decreased, although

the proportion of BrdU+/Iba1+ cells remained elevated

relative to the control spinal cord.

Our finding that the fate of proliferative cells varies

among dorso-ventral regions and over time indicates a

need for further research into the patterns of cytokine

and pro-inflammatory molecule expression after injury

within discrete regions of the spinal cord, particularly the

white and gray matter. Furthermore, our data imply that

regenerative therapies may not be applicable to the

entire spinal cord because of variations in the

extracellular environment in the gray matter and in the

white matter; one cocktail of cytokines and transcription

factors may be needed to modulate cell differentiation in

the gray matter, but an entirely different combination

may be necessary to modulate the environment of the

white matter. Our data also indicate that the Plemel SCI

model of calibrated forceps compression (Plemel et al.,

2008) generates a very similar phenotype to published

models of contusion injury generated using other

methods.
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