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Abstract Ependymal cells (EC) in the spinal cord central

canal (CC) are believed to be responsible for the postnatal

neurogenesis following pathological or stimulatory condi-

tions. In this study, we have analyzed the proliferation of the

CC ependymal progenitors in adult rats processed to com-

pression SCI or enhanced physical activity. To label

dividing cells, a single daily injection of Bromo-deoxyuri-

dine (BrdU) was administered over a 14-day-survival

period. Systematic quantification of BrdU-positive epen-

dymal progenitors was performed by using stereological

principles of systematic, random sampling, and optical

Dissector software. The number of proliferating BrdU-

labeled EC increased gradually with the time of survival

after both paradigms, spinal cord injury, or increased

physical activity. In the spinal cord injury group, we have

found 4.9-fold (4 days), 7.1-fold (7 days), 4.9-fold

(10 days), and 5.6-fold (14 days) increase of proliferating

EC in the rostro-caudal regions, 4 mm away from the epi-

center. In the second group subjected to enhanced physical

activity by running wheel, we have observed 2.1–2.6 fold

increase of dividing EC in the thoracic spinal cord seg-

ments at 4 and 7 days, but no significant progression at

10–14 days. Nestin was rapidly induced in the ependymal

cells of the CC by 2–4 days and expression decreased

by 7–14 days post-injury. Double immunohistochemistry

showed that dividing cells adjacent to CC expressed astro-

cytic (GFAP, S100beta) or nestin markers at 14 days. These

data demonstrate that SCI or enhanced physical activity in

adult rats induces an endogenous ependymal cell response

leading to increased proliferation and differentiation pri-

marily into macroglia or cells with nestin phenotype.
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Introduction

For a long time, the medical science believed that adult

mammalian central nervous system (CNS) could not repair

itself and that the numbers of postnatal neurons are final,

showing a decreasing tendency with physiological aging or

after various pathological insults (Mercier et al. 2002).

However, the last 30 years of research has documented that

the creation of new functional neurons in the adult mam-

malian, including human CNS actually occurs in two

discrete locations: hippocampus and subventricular zone

(SVZ) (Gage 2000; Lie et al. 2004). Moreover, stem cells

with the potential to give rise to new neurons reside also in

other different areas of the adult CNS, indicating to the

possibility that endogenous sources of neural stem cells

(NSCs) can be mobilized from different regions to replace
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the dying neurons in neurodegenerative diseases or CNS

injuries (Palmer et al. 1999; Yamamoto et al. 2001; Nunes

et al. 2003; Minger et al. 2007; Koson et al. 2008).

Despite extreme effort given to research of basic stem

cell biology, it has been disscussed for a long time whether

ependymal cells adjacent to the SVZ of the lateral ventri-

cles retain the characteristics of NSCs (Johansson et al.

1999; Doetsch et al. 1999). Importantly, a recent study of

Coskun et al. (Coskun et al. 2008) documents, that this may

be the case, since the subpopulation of ependymal cells,

CD133?/CD24-, exhibit features of quiescent NSCs

in vitro, i.e., self-renewal and multipotency as well as

participation in neurogenesis in vivo after various patho-

logical conditions. Thus, this finding throws a new light to

the knowledge of the regenerative capacity and possible

importance of the periventricular progenitors in the CNS.

Furthermore, the occurrence of ependymal cell layer cov-

ering CNS ventricular system including the areas around

the third, fourth ventricles, and the CC of the spinal cord

supports suggestion, that also these regions may retain

similar quiescent NSCs as those which were identified in

the lateral ventricles (Weiss et al. 1996). Therefore, the

posible appearance of the quiescent ependymal neural stem

cells within the CC and understanding their biological

regulations may explain their function and open new

approaches toward treating spinal cord injury.

Many previous studies have documented that ependyma

in the spinal cord plays a crucial role in regenerative pro-

cesses after injury in lower vertebrates (Nordlander and

Singer 1978), but not in adult mammals, where activated

ependymal cells contribute primarly to the glial scar for-

mation (Mothe and Tator 2005). However, under in vitro

conditions, stem cells isolated from spinal ependyma give

rise to functional neurons or oligodendroglia (Yamamoto

et al. 2001). These contradictory findings of ependymal

neurogenic fate are often explained in regard to beneficial

(in vitro) or inhibitory (in vivo) conditions directly influ-

encing neuronal differentiation (Weiss et al. 1996).

Furthermore, many previous studies provide evidence that

in adult rat spinal cord a significant number of neural pro-

genitors are activated after several types of injury not only in

ependyma, but also in other regions of the parenchyma

(Yamamoto et al. 2001; Horner et al. 2000; Kehl et al. 1997).

On the other hand, compelling evidence has shown that

also physiological stimulation as enrichment enviroment or

physical activity may be beneficial for neurogenesis in the

CNS. Previous experiments have shown that mice provid-

ing systematic excercise in a running wheel, had twice

more new hippocampal neurons than controls (Gomez-

Pinilla et al. 2001). Beside this, it has been shown that

voluntary exercise can increase levels of brain-derived

neurotrophic factor (BDNF) and other growth factors,

which stimulate neurogenesis, and improve learning and

mental performance (Gomez-Pinilla et al. 2001). Further-

more, active exercise may mobilize gene expression

profiles that could be beneficial for CNS plasticity pro-

cesses (Neeper et al. 1995).

Thus, the goal of this study was to assess the proliferative

potential of the CC ependymal progenitors in adult rats

processed to compression SCI or enhanced physical activity

and compare the impact of those two different pathological

vs physiological paradigms on ependymal proliferation.

The existence of dividing cells was determined by admin-

istration of bromodeoxyuridine (BrdU) over a 14-day-

survival period. Systematic quantification of BrdU-positive

ependymal progenitors was performed by using an unbiased

stereological principles and optical Dissector of Elipse

software. In addition, we have examined the differentiation

fate of BrdU-positive cells. Our data indicate, that the

number of proliferating BrdU-labeled EC increased grad-

ually with the time of survival after both paradigms, spinal

cord injury, or increased physical activity. However,

dividing population of cells revealed macroglial or imma-

ture neural or unknown phenotype.

Materials and Methods

Spinal Cord Injury

The spinal cord injury (SCI) was induced by modified

balloon-compression technique in adult male Wistar rats

(n = 16) weighting between 290 and 310 g, according to

our previous study (Vanicky et al. 2001). In brief, animals

were anesthetized with 2% halothane in room atmosphere

in an induction box and were maintained with 1–1.5%

halothane delivered by an inhalation mask. For the core

temperature measurements, a thermal probe was inserted

into the rectum. Afterward, the shaved skin was cut and the

paravertebral muscle overlying the L1-Th8 vertebrae were

freed from the attachments, and the soft tissue and corre-

sponding spinous processes were removed. Using a dental

drill a small hole was performed in vertebral arch of Th10,

and a 2-French Fogarty catheter was inserted into the

dorsal epidural space through this hole, aiming cranially to

Th8-9 of the spinal level. After stabilization of the body

temperature at 37�C, the balloon was inflated with 11.0 ll

of saline for 5 min. Then, the catheter was deflated,

removed from epidural space, the soft tissue and skin were

sutured in anatomical layers, and finally animals were

disconnected from anesthesia. All experimental rats

were hydrated with cc 5–10 ml of Ringer’s solution and

were allowed to recover in warmed cages and kept in pairs

during survival. Manual bladder expression was required

for 7–14 days after injury, until bladder reflex was estab-

lished. The antibiotic treatment was performed in all rats
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by four daily applications of gentamicin in low dose 2 mg/

kg to prevent urinary tract infections. The SCI group

contained 16 rats (n = 16: n = 4/4d, n = 4/7d, n = 4/10d,

n = 4/14d), and the control group (C-sham operated SCI)

contained 12 rats (n = 12: n = 3/3d, n = 3/7d, n = 3/10d,

n = 3/14d).

Behavioral Testing of Motor Function (BBB Scoring)

Animals were evaluated before surgery and at 1, 4, 7, 10,

and 14 days after surgery. Each rat was tested for 5 min by

two blinded examiners. The motor performance was tested

by using the Basso–Beattie–Bresnahan (BBB) 21-point

open field locomotor scale. BBB scores, which categorize

combinations of rat hindlimb movements, trunk position

and stability, stepping, coordination, paw placement, toe

clearance, and tail position, where 0 represents no loco-

motion and 21-normal motor function was analyzed.

Excercise Experiment

Adaptation to Running Wheels

Rats (n = 18) were placed in the standard large cage wih

running wheel (RW) 2 days before the onset of the

experiment. Each rat was placed to the RW, which was

closed, to prevent rats from escaping from RW. Afterward,

they were observed for 15 min for ability to adjust to new

enviroment, learn to move forward on mashed surface, and

begin voluntary physical activity such as walking and

running. This procedure was repeated next day, and only

those rats that showed adaptation and running activity were

selected for the next experiment.

Running Experiment

Selected rats n = 16 were placed in standard housing con-

ditions with free access to runnin wheel. Afterward, the rats

were placed to the RW, which was closed for 30 min, during

the time 3.00–3.30 pm, daily during 14 days’ survival.

Besides this involuntary period, for the rest of the time, the

entrance of the RW was opened, and thus the rats had free

access to RW at anytime, especially at night, when rats

showed highest physiological activity. The excercise group

contained 16 rats (n = 16: n = 4/4d, n = 4/7d, n = 4/10d,

n = 4/14d). The control group (C-PhA) (no exercise), which

was housed in pairs under standard conditions contained 12

rats (n = 12: n = 3/4d, n = 3/7d, n = 3/10d, n = 3/14d).

In Vivo Labeling of Dividing Spinal Progenitors

In all the experimental animals: spinal injury (SCI), exc-

ercise (E) and control (C-sham, C-PhA) group, 50 mg/kg

i.p. of 5-bromo-2-deoxyuridine (BrdU, Sigma, St. Louis,

MO) was administered once daily, using a sterile stock

solution of 10 mg BrdU dissolved in 0.9% (w/v) NaCl

solution, for each survival interval (4 days, 7 days, 10 days

and 14 days).

Tissue Processing

At the end of the survival, all the animals were deeply

anesthetized with a ketamine–xylozine cocktail (6 mg/kg

of xylozine, 60 mg/kg of ketamine) and transcardially

perfused with saline, followed by 4% paraformaldehyde in

0.1 M phosphate buffer (PB). Spinal cords were removed,

post-fixed in the same fixative overnight at 4�C, and

cryoprotected in PB containing 30% sucrose.

SCI and C-Sham Group

Frozen spinal cords sections (40 lm thick) were taken from

a 1.2-cm-long spinal cord centered on the injury epicenter,

embedded in tissue teck, dissected into three blocks (ros-

tral/A, epicenter/B, caudal/C each 0.4 cm thick) and stored

at -20�C. Cryostat spinal cord sections cut from rostral (A)

and caudal (C) regions were immersed in PB solutions

(floating–staining method); the sections cut from epicenter

(B-lesion site) were mounted directly onto slides (Color

Frost/Plus; Fisher, Pittsburgh, PA) (Fig. 1). Sections from

each segment in 1-mm distance were processed for Luxol

Fast Blue histochemistry to visualize spared white and gray

matter tissue (Fig. 3A–C).

Excercise Group and C-PhA

Frozen cryostat spinal cords sections (40 lm thick) were

taken from a 1.2-cm-long spinal cord centered at the

thoracic segments (Th8-10), dividing into 3 9 4 mm seg-

ments (A, B, and C similar as SCI group), and serially cut

sections (200-lm intervals) were immersed in PB solutions

(floating–staining method).

Representative slides (10 sections/per each block/4 mm,

30 sections/1.2 cm segment/rat) of all the groups were

selected for both BrdU immunohistochemistry and immu-

nofluorescence labeling for neural markers. For the

stereological quantitation of BrdU-labeled cells, cryostat

sections were stained for light microscopy, using diami-

nobenzadine (DAB) immunohistochemistry.

Immunohistochemistry

For immunohistological detection of the incorporation of

BrdU, pretreatment of tissues was performed as described

in Cizkova et al. (2006). For immunocytochemical detec-

tion of BrdU, DNA was denaturated to expose the antigen.
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Free floating spinal cord sections were incubated in 1 N

HCl at 37�C for 30 min. Sections were subsequently rinsed

for 10 min at 25�C in 0.1 M boric acid (pH 8.5), followed

by appropriate rinsing in PBS and incubation with 0.6%

H2O2 in PBS for 30 min in the dark. Tissue was rinsed in

PBS and incubated with primary antibody, rat anti-BrdU

(1:500, AbD Serotec) for 24 h at 4�C. All the blocking

steps were performed in 1 9 PBS/0.3% Triton-X (TX-100)

1–10% normal goat serum. After primary antibody incu-

bation, sections were rinsed in PBS and secondary antibody

goat anti-rat biotinilated antibody (1:250 Vector Labora-

tories, Burlingame, CA) was applied for 2 h at room

temperature. Sections were then rinsed three times in PBS

for 5 min and 1-h incubation with avidin–biotin complex

(ABC–Elite) was perfomed. BrdU labeling was then visu-

alized using DAB (0.25 mg DAB, 0.009% H2O2, and

0.04% NiCl in PBS) for up to 7 min. DAB incubation was

terminated by rinsing in tap water, and slides were then

dehydrated through alcohols and coverslipped. Sections

were processed for multiple markers to determine the cel-

lular phenotype of BrdU-labeled nuclei. Primary antibodies

were chosen, that recognize immature and mature astro-

cytes (S-100b polypeptide), immature neurons, mature

neurons, (bIII tubulin, NeuN), mature astrocytes glial

fibrillary acidic protein (GFAP), and oligodendrocytes

(NG2, O4, RIP). Control sections were processed to

identical staining procedure, but the primary antibodies

were omitted. After staining, sections were dried at RT and

covered by Prolong—antifade mounting medium. Stained

slides were analyzed using Olympus Light or Fluorescence

microscope (Olympus BX 40) and captured by Olympus

digital camera. Overlaid images were prepared with

Photoshop 7.0 and digitally stored for further processing

procedure. Stained slides were analyzed using Olympus

Light or Fluorescence microscope (Olympus BX 50) and

captured by Olympus digital camera.

Stereological Quantification of BrDU-Positive Profile

Quantitative Analysis

We applied stereological technique on every tenth section

taken from each SC segment (4 mm). Available 30 sec-

tions/each rat were processed to dissector and a stack of ten

optical sections (OS) obtained by controlled Motorized

Z-stage movement (2 lm) for each section were used for

stereological analysis.

The number of proliferating BrdU nuclei was counted

within CC area frame (100 9 80 lm)/10 OS/40 lm sec-

tion/10 sections within each SC segment (A, B, and C,) for

SCI and C-sham group and within thoracic segments for

PhA group and controls, by using stereological principles

of, systematic random sampling and optical Dissector

Elipse software (Kakinohana et al. 2004). The BrdU-

positive nuclei were counted within the wall of the epen-

dymal cell layer forming CC, in the ependymal cells with

more than 50% of their perimeters in apposition to cell-

forming periventricular wall. The optical images (2-lm

thick) were obtained by Olympus microscope using

immerse 1009 oil objective with numeric aperture 1.3. The

optical images were captured using digital camera Olym-

pus DP 50 and Olympus DP software supplied with

controlled motorized Z stage (Ellipse) (Fig. 2).

We have estimated total number of BrdU-positive nuclei

counted on each 40-lm section/10 sections/1 segment/

4000 lm (complete 30 sections/3 segments/rat); the total

counts of positive profiles were multiplied by the ratio of

reference volume to sampling volume in order to obtain the

estimated number of BrdU-positive cells.

Statistical Analysis

Behavioral data determined by BBB scores were averaged

across hind limbs and differences between the experi-

mental groups were analyzed by using student t-test and

one-way ANOVA tests. All the data are presented as mean

values ± SEM. Differences between groups were consid-

ered statistically significant if *P \ 0.1.**P \ 0.05.

Fig. 1 Spinal cords processed to SCI were cut into three 4-mm

coronal segments (Arostral/ R, B central lesion /L, C-caudal to the

lesion site/C, complete 1.2-cm-long segment) and embedded in

O.C.T. mounting medium. Blocked spinal cord segments were

serially sectioned at 200-lm intervals. Coronally cut cryostat

40-lm-thick sections taken from B segment were mounted on slides,

whereas sections from A, C segments were immersed in PB solutions

and serially stored in a 24-well plates. Slides representative of all

groups were selected for both BrdU immunohistochemistry and

immunofluorescence labeling
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Results

Tissue Damage and Functional Outcome in SCI Group

The balloon-induced contusion SCI model used in this

study is characterized by a central hemorrhagic necrosis

that spreads radially and rostrocaudally, resulting in vari-

ously shaped cystic cavities. The lesion conditions (volume

of 11.0 ll) that were applied to generate injury mainly

preserved distribution of the CC ependymal zone and

adjacent area, but resulted in extensive destruction of

remaining surrounding tissue. The morphological and

pathological changes at site of injury (Fig. 3B), and adja-

cent to the epicenter cranially (Fig. 3A) and caudally

(Fig. 3C) of the lesioned spinal cord are shown by the

Luxol Fast Blue (LFB) staining, commonly used to observe

myelin, where myelin fibers appear blue, neurophil pink,

and nerve cells purple (Fig. 3A, B, C). The balloon

compression created a lesion at the Th 8–9 vertebral level

with a central lesion area spanning to the gray matter (pink

and purple). However, the CC ependymal layer was pre-

served and surrounded by residual gray matter. In addition,

the spinal cord section from the lesion site (B segment)

processed for BrdU immunoreactivity showed preserved

CC ependymal cell layer containing proliferating progen-

itors (Fig. 3D, D0).

Locomotor Recover (BBB Score)

Animals tested prior to surgery did not show any functional

deficits, BBB score = 21. However, spinal cord injury

caused in all the rats flaccid hindlimb paralysis with BBB

score = 0 at 24 h; however, a gradual recovery of hind-

limb locomotion was seen over the next 2 weeks in all the

SCI rats (n = 15) (BBB = 0/1D, BBB = 3.5 ± 0.7/4D,

BBB = 7.7 ± 0.8/7D, BBB = 10.7 ± 1.4/10D, BBB =

Fig. 2 The principle of BrdU nuclei stereological quantification

method by using optical Dissector Ellipse software. Stack of ten

optical sections (OS) obtained by controlled Motorized Z-stage

movement (2 lm) for each 40-lm section were used for stereological

analysis. The BrdU–positive nuclei were counted within the wall of

the ependymal cell layer forming CC, outlining constant area frame

(100 9 80lm)/10 OS applied with optical Dissector, which counted

complete BrdU nuclei-green dots and excluded incomplete nuclei-red

dots. The 3D reconstruction of BrdU-positive nuclei shows the

distribution of counted-green bars vs excluded-red bars representing

BrdU nuclei within 40-lm section
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12.2 ± 1.1/14D (Fig. 4). Function recovery of hindpaws

evaluated with open field test (BBB score) correlated with

our behavioral data obtained in similar groups, which were

processed to identical SCI model (volume 10.0–12.5 ll),

but without BrdU injections. This confirmed that system-

atic daily dose of BrdU, used in this experiment did not

cause side effects or toxicity, which could influence func-

tional recovery.

Adaptation to Voluntary Physical Activity

The rats selected for running experiment showed some

variations in regard to voluntary physical activity. How-

ever, most of them (14 out of 16 rats) were enjoying the

environment of RW and were running or walking during

30-min forced period, with short-resting interruptions.

Although, the rats under constantly applied forced periods

had unlimited access to the running wheels, it appeared that

use of the wheels mainly occurred during the active, night

phase of the animals.

BrdU Labeling and Immunohistochemistry

To assess the proliferative activity of ependymal cells, we

have administered BrdU in the two control and two

experimental groups, at 4 h after SCI and 4 h after applied

forced physical activity in the RW. The daily injection of

BrdU (50 mg/kg, i.p.) during 14 days had no side effects;

we did not register anorexia, loss of weight, or apathy (data

not shown).

SCI Experiment

BrdU Positivity in the Ependymal Cells of Central

Canal in Control Rats

In the sham-operated (control) spinal cord, dividing, BrdU-

positive cells in the ependymal zone constitute a very minor

population: 807 ± 205/1.2 cm segments (4 days); 960 ±

385/1.2 segments (7 days); 1195 ± 230/1.2 cm segments

Fig. 3 The morphological changes in coronal spinal cord sections at

the central lesion (B), rostral (A), and caudal (C) segments processed

to Luxol Fast Blue (LFB) staining, The balloon compression creates a

lesion at the Th9 vertebral level with a central lesion area spanning

most of the gray matter (pink and purple) with CC ependymal layer

surrounded by residual gray matter (blue). In addition, the spinal cord

section from the lesion site (B segment) processed for BrdU

immunoreactivity showed preserved CC ependymal cell layer con-

taining proliferating progenitors. Scale bar = 500 lm in A–D,

D0 = 50 lm
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(10 days); 1200 ± 278/1.2 cm segments (14 days). As

shown in Fig. 5A, 10A only few BrdU-positive nuclei per

40-lm thick section within the ependymal cell layer could be

identified.

BrdU Positivity in the Ependymal Cells of Central

Canal After SCI

In the spinal injury group, the BrdU-positive nuclei increased

gradually with the time, 4.9 fold (4 days), 7.1-fold (7 days),

4.9 fold (10 days), and 5.6-fold (14 days) when compared

with sham operated group (Fig. 5B–E). The first significant

upregulation of BrdU-positive nuclei was seen at 4 days

(4032 ± 695), when increased number of proliferating cells

were moreover restricted to the CC ependyma (Fig. 5B).

Furthermore, a progressive enhancement of BrdU-positive

profiles was detected at longer survival, at 7–14 days, when

some of the proliferating nuclei were tending to migrate out

from the ependymal layer Fig. 5C–E. Serial Z-projections of

the optical sections (2-lm distance) were stacked to reveal

cellular profile and to quantify number of BrdU-positive

nuclei in counterstained sections with the nuclear dye

hematoxylin and DAB (Fig. 5D) or with DAB enhancer

(NiCl) (Fig. 5E). Round, oval, or elongated BrdU-positive

Fig. 4 Locomotor function after moderate spinal cord injury (gen-

erated by 11 ll volume of epidural balloon) indicated by black full

line and sham operation indicated by intermitted black line during

14 days’ of survival (BBB score). Note a progressive recovery of

hindlimb motor function over the next 2 weeks in all SCI rats. Sham-

operated controls showed minimal divergence from the reference line

(score 21) indicating normal locomotor performance with no

observable neurological deficits

Fig. 5 The representative coronal sections taken from Th8 spinal

cord (A segment) showing BrdU positive ependymal labeling in

control-sham SCI rats at 4 days (A), in rats after spinal cord injury at

4 days (B), 7 days (C), 10 days (D), and 14 days (E). Note, only few

BrdU-positive nuclei in the CC region of sham controls (A). SCI

significantly increased BrdU positivity limited to the CC ependyma at

4 days, followed by progressive upregulation at 7–14 days (C–E). The

counterstained sections with the nuclear dye hematoxylin in combi-

nation with DAB (D) or with DAB enhancer (NiCl) (E) revealed

round, oval, or elongated BrdU-positive nuclei restricted to the basal

ependymal layer (A0, C0, arrow) or BrdU-positive nuclei found

outside of the CC (B0, D0 arrowhead). (A0, B0, C0, D0 reveal details of

BrdU nuclei in E). Scale bar = 50lm, Abbreviations: SCI, spinal

cord injury; BrdU, 5-bromodeoxyuridine; CC, central canal
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nuclei (diameter 4 9 4 lm, 4 9 8 lm) were found either

within (A0, C0, D0) or out (A0, B0) of the ependymal layer. This

confirms the medio-lateral migratory stream of dividing

BrdU-positive cells after longer survival. Furthermore, the

majority of BrdU-labeled nuclei tend to migrate toward

lession site (Johansson et al. 1999). Thus, the highest con-

centration of BrdU-labeled cells analyzed by means of

stereological quantification was restricted to the ependymal

zone of the CC at 7–14 days time points, as depicted in the

bar graph in Fig. 6. Furthermore, utilizing the method of

segmental sampling (A, B, and C segments) and applying the

stereological principles of quantification of BrdU–IR pro-

files, we have detected the time-dependent gradual increase

of proliferating ependymal cells in the rostral-A segment

(4 mm) away from the lesion epicenter Fig. 7, 8 (A seg-

ment). On the contrary, the caudal C segment moreover

showed an opposite effect of epedymal proliferation, when

number of BrdU-positive nuclei in ependyma from day 7

progressively decreased with survival time Fig. 7, 8 (C

segment). The proliferation activity of ependyma in the

central lesion B segment showed constant high levels during

7–14 days Fig. 7, 8 (B segment). In addition, the presence of

labeled cells near the CC as well as in the pial layers was also

noted, but their numbers were not included in the quantitative

assessments.

BrdU Positivity in the Ependymal Cells of Central

Canal After Increased Physical Activity

In the second group, which was subjected to enhanced

physical activity by running wheel, we have observed

a significant 2.1-and 2.6-fold increases of BrdU IR cells in

the thoracic spinal cord at 4 and 7 days. However, at longer

period of survival, no significant increase (1.5–1.7 fold) of

BrdU IR at 10–14 days in comparison to controls was

detected (Fig. 9). The immunohistochemical detection of

BrdU by specific antibodies showed a prominent number of

BrdU-positive nuclei localized bilaterally within the epen-

dymal lining in running group at 4 and 7 days (Fig. 10E–H)

when compared with controls (not exposed to running

wheel) (Fig. 10A–D). The distribution of densely stained

elongated BrdU-positive nuclei (2 9 8–12 lm of diameter)

was particularly concentrated to the medial portion of the

ependymal region (Fig. 10E, F, indicated by intermitted

line and arrows). The ventral and dorsal tip (floor and roof

plate region referred to the embryonic stage) of the epen-

dymal lining was mainly free of BrdU labeling, revealing

only occasional BrdU nuclei (Fig. 10E). The anatomical

appearance of enhanced number of BrdU positive nuclei

within the medial region of the CC ependymal layer may

resemble proliferative activity of neural progenitors local-

ized in similar area of the neural tube, most probably giving

rise to interneurons and motoneurons (Fig. 11).

Phenotype of BrdU-Positive Cells After SCI

Nestin positivity was detected around the CC by 4 days,

and it further increased at 7 days, spreading toward medial

dorsal horn margins, surrounding the lesion site. (Fig. 12).

Afterward, nestin positivity slightly declined by 10 D, thus

only limited Nestin labeling around lesion site could be

seen at 14 D (Fig. 13).

Despite the high density of BrdU labeling in the CC and

in close vicinity, a careful search for BrdU and NeuN

Fig. 6 SCI significantly increases the number of BrdU-positive

nuclei in the CC ependymal layer compared with sham-operated

control in time dependent manner. The highest concentration of

BrdU-labeled cells analyzed by means of stereological quantification

was restricted to the ependymal zone of the CC at 7–14 days time

points (n = 4 rats, 12 sections per rat, *P \ 0.1 and **P \ 0.05,

Student’s t test). Abbreviations: SCI, spinal cord injury; BrdU, 5-

bromodeoxyuridine; CC, central canal

Fig. 7 Quantification of BrdU nuclei in the ependyma of the rostral

(A), central lesion (B), and caudal (C) spinal cord segments (4 mm

long) after SCI. Note, the gradual increase of proliferating ependymal

cells in the rostral-A segment (4–14 days), whereas decreasing

tendency in the caudal C segment from (7–14 days). The central

lesion segment B showed stable significant elevation of BrdU-positive

cells from 7–14 days compared to sham-controls *P \ 0.1 and

**P \ 0.05, Student’s t-test. Abbreviations: SCI, spinal cord injury;

BrdU, 5-bromodeoxyuridine; CC, central canal
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colocalization yielded no definitive associations (data not

shown). However, some nestin-positive cells coexpressed

GFAP, while others did not (Fig. 14C). However, many

nestin-positive cells with undefined phenotype occurred in

the close vicinity to the CC region at the most rostral spinal

cord segments (Fig. 15A–D and 16). These data demon-

strate that SCI in adult rats induces an endogenous

ependymal cell response leading to their increased prolif-

eration and differentiation primarily into macroglial

phenotype as well as into cells of unknown phenotype.

Discussion

In this study, we have compared the impact of two different

paradigms: pathological spinal cord injury vs physiological

stimulation on the proliferation activity of the CC epen-

dymal progenitors in adult rats. Our results confirm and

extend those of a set of previous studies indicating that the

number of proliferating BrdU-labeled EC increases grad-

ually with the time of survival after both paradigms;

however, some important differences were documented

and will be further clarified in the discussion (Zai and

Wrathall 2005; Mothe and Tator 2005; Yamamoto et al.

2001; Danilov et al. 2006).

The most prominent response of ependymal progenitor

cells was found after spinal cord injury at 7–14 days. This

confirms that the selected mild spinal cord injury seems to

be more powerful stimuli for proliferation of spinal NSC

than physiological activation. Although, voluntary running

or exposure to an enriched environment may increase

neurogenesis in distinct regions of the adult mammalian

CNS (Brown et al. 2003; van Praag et al. 1999), the

spontaneous adaptation may lead to contradictory effect.

We believe that this might be the explanation for rapid

decrease of mitogenic activity, observed in the PhA group.

Rats, that were performing daily exercise seemed to

adaptate after 4 days, showing lower physical activity,

mainly resting in the running wheel. Therefore, this might

be a simple explanation for a spontaneous attenuation of

the mitogenic activity in the spinal cord. This obstacle

could be prevented by applying special treadmill equip-

ment, with adjustable speed, thus performing standard

running conditions for each rat.

It is well documented that the multipotent neural stem

cells are found in many regions of the adult CNS, but the

fundamental question of their precise origin (subventricu-

lar, ependymal, parenchymal), the induction signals

essential for proliferation, migration, or differentiation

remain still unresolved, and in many experimental studies

apparently contradictory results have been reported (Rice

et al. 2003; Horner et al. 2000; Ke et al. 2006). Therefore,

Fig. 8 Coronal spinal cord sections taken from A, B, and C segments

at 14 days after SCI, revealing the highest number of BrdU nuclei in

A rostral segment, slight decrease in B segment, and the lowest

number of BrdU profiles found in C segment. Scale bar = 50lm.

Abbreviations: SCI, spinal cord injury; BrdU, 5-bromodeoxyuridine;

CC, central canal

Fig. 9 Quantitative analysis of the BrdU nuclei in the ependyma of

the thoracic spinal cord segments Th7-9 (1.2 cm long) after physical

activity. Note, the significant increase of proliferating ependymal

cells labeled with BrdU at 4 days and the maximal significant

elevation of BrdU incorporation observed at 7 days. At the longer

period of survival, 10-14 days, no significant increase of BrdU

positive nuclei occurred, when compared to sham-controls. *P \ 0.1

and **P \ 0.05, Student’s t-test. Abbreviations: SCI, spinal cord

injury; BrdU, 5-bromodeoxyuridine; CC, central canal
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due to growing evidence that these cells may originate

from the periventricular region along the entire ventricular

axis, particularly including the forebrain SVZ (Weiss et al.

1996; Coskun et al. 2008), the ependymal layer of the CC

has been considered as the target anatomical region in this

study. Thus, we have confirmed, that majority of equally

distributed BrdU-labeled nuclei occurred in the ependymal

layer after SCI (Mothe and Tator 2005). Furthermore, some

dividing cells migrate from the CC ependyma laterally, or

dorsally towards the lesion site (Johansson et al. 1999),

most probably giving rise to macroglial elements

(Johansson et al. 1999). However, after physical activity of

running, a high number of BrdU-positive nuclei were

restricted to the medial region of the CC, while the dorsal

or ventral tip of the CC remained almost free of division.

This phenomenon resembles the distribution pattern of the

neuronal progenitors occurring in the neuroepithelial zones

(the basal, intermediate, and alar plates) which are

hypothesized to generate neurons during embryogenesis of

rat (Altman and Bayer 1984). For example, the basal plate

Fig. 10 Representative coronal spinal cord sections cut throughout

the thoracic segment Th8 in control rats at 4–14 days (A, B, C, and

D), and rats after physical activity (running) at 4–14 days (E–H).

Only few occasional BrdU nuclei could be seen in controls (A, B, C,

and D, indicated by arrows). After physical activity, a significantly

higher number of BrdU labeled nuclei at 4 and 7 days were seen

mainly within the lateral, or occasional dorsal portion of the

neuroepithelium (E, F, indicated by arrows) compared with controls.

Lower number of BrdU-positive nuclei was seen at 10 days (G) and

14 days (H). Scale bar = 20 lm. Abbreviations: SCI, spinal cord

injury; BrdU, 5-bromodeoxyuridine; CC, central canal
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Fig. 11 Comparison of the

BrdU–IR in the CC of the

thoracic spinal cord segment

after physical activity at 4 days

(A), or 7 days (C), with the

schematic drawing of the main

neuroepithelial zones, the basal

plate (bp), intermediate plate

(ip), and alar plate (ap), where

rat neurons during

embryogenesis are generated.

Abbreviations: roof plate (rp)

floor plate (fp). Scale

bar = 10 lm

Fig. 12 Time course of nestin expression following spinal cord

injury at 4, 7, or 10 days. Immunofluorescence of nestin positivity

(green) was detected in the region around the CC (circle) by 4 days

that further increased at 7 days, spreading toward medial dorsal horn

margins, surrounding the lesion site. Nestin immunoreactivity

declined by 10 days, thus a limited nestin labeling was found, around

CC. Arrows indicate the highest nestin labeling. CC, central canal.

Scale bars at 10 days as indicated at 4 and 7 days
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is considered to be the source of macroneurons—motor

neurons, the intermediate plate the source of mesoneurons,

i.e., intermediate-relay neurons and finally the alar plate,

the source of microneurons, i.e., interneurons of the dorsal

horn that are produced last. Due to this hypothesis, we

might suggest that BrdU-positive profiles located in the

medial part of CC after running may correspond rather to

the neuronal than macroglial fate (Altman and Bayer

1984). In addition, many BrdU positive profiles were found

also in the surrounding gray and white matter after both,

SCI and physical activity, confirming that the NSCs occur

also in the parenchyma of the spinal cord (Yamamoto et al.

2001). Moreover, an interesting and challenging observa-

tion has been documenting that the spinal cord white matter

contain not only axonal tracts but also neuronal population

(Abbadie et al. 1999).

Furthermore, utilizing the method of segmental sam-

pling and applying the stereological quantification of

BrdU–IR profiles, we have detected the time-dependent

region-specific difference in the number of BrdU positive

cells rostral vs caudal to the injury epicenter. The pro-

gressive increase of proliferating ependymal cells was

found in the rostral segment at 7 days, \4 mm away from

the lesion epicenter. On the contrary, the caudal segment

showed moreover an opposite effect, when the number of

BrdU-positive nuclei in CC decreased. It is well docu-

mented that in the rostral segments, the spared spinal cord

tissue still contains intact or partially lesioned descending

(ventro-–lateral–medial region) or ascending pathways.

Therefore, the endogenously occurring neuregulins or other

factors produced by activated axons may provide trophic

support, or may directly influence mitotic activity of local

progenitors cells (Fernandez et al. 2000; Barres and Raff

1999). This might lead to higher proliferation of NG2

positive cells, which stimulate oligodendroglial production,

remyelination of damaged axons, and regeneration (Zai and

Wrathall 2005). On the other hand, at the lesion site or at

caudal segments, the severed axons release inhibitory

molecules, including pro-mitotic factors that induce

proliferation in the spared glia and together with macro-

phages-microglia, may contribute to formation of glial scar

(McGee and Strittmatter 2003; Schwab 2004; Yamashita

et al. 2005).

Furthermore, although a number of various pools of

neural progenitors differing from original stem cells have

been found in adult CNS, the lineage phenotypic plasticity,

Fig. 13 Nestin expression after spinal cord injury at 14 days in A

segment (A) at 14 days. Note, the absence of nestin labeling (green)

around the CC (B); however, limited amount of positive fibers and

cell bodies around the medial dorsal horn margins occurred (B),

higher magnifications taken from boxed area from (A) were detected.

Scale bars: A = 100 lm, B = 50 lm

Fig. 14 Double labeling of SC

section taken from A segment,

following spinal cord injury at

14 days with GFAP (A, C),

nestin (B), antibodies (C). Note,

colocalization of GFAP/Nestin

immunoreactivity at the lesion

site (white matter of dorsal

funiculi, single-bolted arrow),

while adjacent nestin-positive

cell body wilth long process did

not colocalize with GFAP

labeling (C, two arrows pointing

to long process). Scale bars: A–

C = 50 lm
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relationship, or independency among them have not yet

been completely characterized (Kondo and Raff 2000;

Palmer et al. 1999; Palmer et al. 2001). However, one

group of studies strongly suggests, that a significant num-

ber of both parenchymal and ependymal neural progenitors

are present in the adult spinal cord and contribute to de

novo neurogenesis following CNS injury (Ke et al. 2006)

(Danilov et al. 2006), while others moreover describe

restricted gliogenesis and regret the possibility of neuronal

differentiation (Zai and Wrathall 2005). Since there is a

close relationship between the ependymal cells and type C

astrocytes, which both originate from the radial glia, it is

essential to suggest that these cells may also function as

neural stem cells in adult CNS (Spassky et al. 2005).

Another possible mechanism explaining neurogenesis in

adult CNS system is unexpected phenotypic plasticity of

progenitors, thus non-neurogenic progenitors may change

their properties under certain conditions (Horner et al.

2000).

In this study, we have demonstrated the rapid expression

of nestin in the ependymal cells of the CC at 1 week, which

further decreases by 14 days post-injury. This may

Fig. 15 Occasionally occurring nestin-positive cell bodies with processes, found in the close vicinity to the CC gray matter (A, B, D) or dorsal

horn, adjacent to lesion site (C), or in the ventral horn (H). Scale bars: A, C, D, H = 100 lm, B, F, G = 50 lm

Fig. 16 Schematic illustration

of BrdU IR in the thoracic

spinal cord section (Th8) of the

control, SCI or PhyA group.

Note, the highest BrdU

expression in the CC canal, and

around the lesion site of SCI

group, compare different

distribution patterns of BrdU-

positive nuclei in the ependyma

between SCI and PhA group,

and increased BrdU response in

the parenchyma of the SC in

both groups. Below each

schematic drawing, a panel

revealing BrdU–IR in the

corresponding ventral white

matter is performed. Scale bars:

A–C = 100 lm
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correlate particularly with the upregulation of macroglia

(Johansson et al. 1999); however, scattered nestin-positive

cells with bipolar or multipolar morphology could be found

in the close vicinity to the CC region, in the dorsal and in

ventral horn at 14 days. Unfortunately, we were not able to

identify their phenotype, since they did not coexpress

available developmental neuronal (DCX, Tuji, NeuN) or

glial markers (NG2, O4, RIP, Iba, and GFAP). Thus, we

assume that these nesting-positive cells may represent

some developmental stages of NSC. Although the high

mitotic activity in the CC was documented after SCI, no

BrdU/NeuN colocalization could be confirmed. Thus, the

majority of the dividing cells expressed glial phenotype

(GFAP) or nestin. Taken together, these data, as do our

results, confirm that SCI as well as physical activity in

adult rats induces an endogenous ependymal cell response,

which deserve further studies.
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