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Abstract Exercise enhances neuronal stem cell (NSC)
proliferation and neurogenesis. However, the effect of
exercise on NSC proliferation surrounding the area of
damage after traumatic brain injury (TBI) is unknown.
Here, we investigate the effect of running on NSC prolif-
eration following TBI in the rat. Wistar rats received TBI
and were randomly divided into two groups: (1) non-
exercise group and (2) exercise group. The exercise group
ran on a treadmill for 30 min/day at 22 m/min for 7 con-
secutive days. Immunohistochemistry was used to monitor
NSC proliferation around the damaged area, and ex vivo
techniques were used to isolate NSCs from the damaged
region in both groups. The number of nestin- and Ki67-
positive cells observed at 3 and 7 days after TBI was
significantly greater in the exercise group than in the
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non-exercise group (P < 0.01). Furthermore, most nestin-
positive cells in the exercise group co-localized with Ki67-
positive cells. In ex vivo studies, spheres could be isolated
from injured brain tissue from the exercise group at 3 and
7 days following TBI, but at only 3 days in the non-exer-
cise group. The number of spheres isolated from injured
brain tissue was greater in the exercise group than in the
non-exercise group. Spheres were immunopositive for
nestin and comprised NSCs that could differentiate into
neurons and glia. Exercise increases the proliferation of
NSCs around the damaged area following TBI. Therefore,
exercise therapy (rehabilitation) in the early phase fol-
lowing TBI is important for recuperation from cerebral
dysfunction induced by TBI.

Keywords Exercise - Neural stem cell - Traumatic brain
injury - Nestin - Neurosphere

Introduction

Traumatic brain injury (TBI) occurs as a result of a
mechanical insult to the brain, which induces degeneration
and death in the central nervous system (Chirumamilla et al.
2002; Rice et al. 2003). Following the initial mechanical
insult, secondary pathways are activated that contribute
to ischemic damage induced by circulatory disturbance,
blood-brain barrier disruption and excitotoxic damage
(Kawamata et al. 1995; Azbill et al. 1997; Xiong et al.
1997). These results suggest that central nervous disorders
can be caused by neuronal and axonal degeneration induced
by TBI (Chirumamilla et al. 2002; Rice et al. 2003).
Initially, recovery from these injuries was severely limited
because the neuronal loss and degeneration in the adult
brain was irreversible in the mammalian nervous system.
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However, recent studies have indicated that the mammalian
nervous system has the potential to replenish the population
of damaged and/or destroyed neurons by proliferation of
neural stem cells (NSCs) (McKay 1997; Gage 2000). NSCs
have been identified in adult mammals and have the
potential to differentiate into either glial or neural pheno-
types (Kuhn et al. 1996). Proliferation of NSCs was con-
firmed at two locations in the adult rodent brain: one is the
subependymal zone or subventricular zone (SVZ) of the
lateral ventricles (Lois and Alvarez-Buylla 1994), and the
other location is the subgranular zone (SGZ) at the dentate
gyrus (DG)-hilus interface (Kuhn et al. 1996). Thus, a
constant slow rate of neurogenesis occurs in these areas of
the adult brain (Lois and Alvarez-Buylla 1994; Kuhn et al.
1996; Parent et al. 1997).

In a recent study, treadmill running exercise was shown
to increase cerebrovascular activity and physiological
bioactivity in the brain (Radak et al. 2001; Wu et al. 2008;
Yi et al. 2009). Moreover, treadmill running exercise
increases NSC proliferation and neurogenesis in the SGZ
and DG (Radak et al. 2001; Wu et al. 2008; Yi et al. 2009).
In addition, treadmill running exercise has been shown to
enhance the proliferation and differentiation of NSCs,
enhance neurite growth and survival of neurons (Wu et al.
2008), and improve learning and memory (Wu et al. 2007).
In the infarction and ischemic rat model, treadmill running
exercise increases NSC proliferation in the hippocampus
and SVZ, and induces and enhances neurogenesis in the
brain (Komitova et al. 2005; Yagita et al. 2006; Leasure
and Grider 2010).

In a recent study, we reported that NSCs could be iso-
lated from the damaged brain region at an early stage
following TBI in the rat (Itoh et al. 2005). Moreover, we
identified that NSCs around the damaged area contribute to
neurogenesis following TBI (Itoh et al. 2007, 2009a).

The effects of treadmill running exercise on NSCs in the
hippocampus and SVZ have been investigated; however,
the effects of treadmill running exercise on NSCs sur-
rounding the damaged area following TBI remain
unknown. In this study, we used the rat TBI model to
investigate the effects of treadmill running exercise on
NSCs surrounding damaged tissue. We hypothesize that
treadmill running exercise will enhance NSC proliferation
in the region surrounding the damaged area following TBI.

Materials and methods
Animals and surgical procedures
Adult male Wistar rats (10 weeks of age, weighing

200-250 g, n = 72) were housed at 22°C under a 12:12-h
light dark cycle and had access to food and water

@ Springer

ad libitum. All experiments were carried out with the
approval of the Institutional Animal Experimentation
Committee of Kinki University School of Medicine. Rats
were anesthetized by intraperitoneal injection of pento-
barbital (50 mg/kg). The scalp was incised on the midline
and the skull was exposed. A 2-mm hole was drilled (1 mm
posterior, +1 mm right lateral to the bregma) in the right
parietal calvaria (Itoh et al. 2005, 2007). Brain injury above
the dura mater was inflicted with a pneumatic controlled
injury device (Itoh et al. 2005, 2007) at an impact velocity
of 4 m/s, with an impact tip diameter of 1 mm and a fixed
impact deformation depth of 2 mm from the cerebral
surface.

Following TBI, rats were randomly divided into two
groups: (1) non-treadmill running exercise group (non-
exercise group, n = 36) and (2) treadmill running exercise
group (exercise group, n = 36). The running protocol was
performed according to that of Uda et al. (2006). To
minimize novelty stress, all rats were allowed to become
familiarized with the treadmill by running on a motorized
treadmill (Brain Science Idea Corporation, Osaka, Japan)
for 15 min/day at 15 m/min for 7 consecutive days. Elec-
trical stimulation to encourage rats to run was disconnected
to avoid pain stress after familiarization. The exercise
group ran for 30 min/day at 22 m/min for 7 consecutive
days. The non-exercise group rats were put on the treadmill
for 30 min/day for 7 consecutive days without running.

Immunohistochemistry

At 1, 3 and 7 days following TBI and treadmill running,
seven rats in each of the non-exercise and exercise groups
were deeply anesthetized by an intraperitoneal injection of
pentobarbital (150 mg/kg) and then subjected to sequential
intracardial perfusion with 300 ml of 0.1 M phosphate-
buffered saline (PBS; pH 7.4-7.5), followed by 300 ml of
4% (wlv) paraformaldehyde (PFA) in PBS. Brains were
removed and stored in PFA for 3 days, before the lesion
was sliced into serial coronal sections (20 um thick) using
a microslicer (Dousaka EM, Kyoto, Japan). Each section
was treated with 3% (v/v) H,O, in Tris-buffered saline
(TBS; 0.1 M Tris-HCI, pH 7.5, 0.15 M NacCl) for 30 min to
block endogenous peroxidase activity. Sections were
washed three times with TBS containing 0.1% (v/v) Triton
X-100 (TBS-T), blocked with 3% (v/v) bovine serum
albumin (BSA; Sigma, St. Louis, MO) in TBS-T for
30 min and incubated overnight at room temperature with
the following primary antibodies in blocking solution: (1)
monoclonal antibody against the rat NSC marker, nestin
(1:10000, BD Biosciences Pharmingen, San Diego, CA)
and (2) mouse monoclonal antibody against the cell pro-
liferation marker, Ki67 (1:10000, BD Biosciences Pharm-
ingen, San Diego, CA). Following extensive washing,
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sections were further incubated with a HISTIFINE Rat-PO
(mouse)-kit, comprising peroxidase-conjugated anti-mouse
secondary antibody, for 60 min at room temperature. The
HISTIFINE Rat-PO kit contained pre-absorbed rat serum
and exhibited negligible non-specific binding of rat serum
in injured rat tissues. Labeling was visualized using
diaminobenzidine (DAB; Vector Peroxidase Substrate Kit;
Vector Laboratories, Burlingame, CA) for 5 min, and the
sections were counterstained with hematoxylin to quantify
the number of nestin-positive cells. Negative control
staining was performed with normal mouse serum instead
of primary antibodies, following the procedure outlined
above.

Quantification of nestin- and Ki67-positive cells

All DAB-labeled cells within 500 pm of the edge of the
damaged region (cortex), excluding white matter, follow-
ing TBI, were counted in three serial sections under a
Nikon E 1000 M microscope (Nikon Corporation, Tokyo,
Japan) using a 20x objective. The number of DAB-labeled
cells in three serial sections was averaged. An image of the
measured area was captured at 20x magnification using a
CCD camera (ACT-2U; Nikon Corporation), and the
measured area and volume in each image were traced and
measured by computer. The number of DAB-labeled cells
was calculated from the average DAB-labeled positive
number and the volume. The number of nestin- and Ki67-
positive cells were expressed as the number of positive
cells/100 um3 (Itoh et al. 2010a, b).

Double-immunofluorescence staining
for nestin and Ki67

At 3 and 7 days post-TBI, sections were washed and
blocked with 50 mM glycine in TBS for 2 h at 37°C to
reduce non-specific fluorescence. Sections were washed
with TBS-T, blocked with 3% (v/v) BSA in TBS-T and
incubated with a monoclonal anti-nestin antibody (1:300
dilution; BD Biosciences Pharmingen) overnight at room
temperature. Following extensive washing, sections were
further incubated with Alexa Fluor 488 anti-rabbit IgG
(1:300 dilution; Molecular Probes, Inc., Eugene, OR,
USA) for 80 min at room temperature. Sections were
washed and incubated with a rabbit polyclonal anti-Ki67
antibody (1:300 dilution; Millipore, Billerica, MA, USA)
overnight at room temperature. Following extensive
washing, sections were further incubated with Alexa Fluor
555 anti-rabbit IgG (1:300 dilution; Molecular Probes,
Inc., Eugene, OR, USA) for 80 min at room temperature.
Sections were viewed using a confocal laser-scanning
microscope (LSM5 PASCAL; Carl Zeiss Jena GmbH,
Jena, Germany).

Isolation and culture of NSCs

NSCs were isolated and cultured according to the method
described previously (Itoh et al. 2005). At 1, 3 and 7 days
following TBI in the non-exercise and exercise groups,
cerebral cortex tissue 2 mm in diameter, measured from
the center of the lesion, was separated by gross dissection
under a dissecting microscope (Itoh et al. 2005). Care was
taken to remove and discard the meninges and blood ves-
sels. One cerebral tissue sample from five individual rats
from each of the two experimental groups was taken for
NSC culture. The tissue was cut into small pieces and
dissociated by incubation in Hanks’ Balanced Salt Solution
(HBSS, Invitrogen, Carlsbad, CA) containing 0.1% (w/v)
trypsin (Invitrogen) and 0.01% (w/v) DNase 1 (Roche,
Indianapolis, IN, USA) at 37°C for 30 min. An equal
volume of fetal calf serum (Invitrogen) was added to the
tissue suspension and centrifuged at 100xg for S min.
The supernatant was removed, HBSS was added, and cells
were dissociated by trituration and then centrifuged at
100x g for 5 min. The cells were plated as a single-cell
suspension on ornithine- and fibronectin-coated 60 mm
culture dishes in plating medium (N2/DF) consisting of
Dulbecco’s modified Eagle’s medium (Invitrogen)/F-12
medium (Invitrogen) supplemented with basic fibroblast
growth factor (bFGF, 20 ng/ml, Roche, Indianapolis, IN,
USA), epidermal growth factor (EGF, 20 ng/ml, Roche),
insulin (25 pg/ml, Roche), transferrin (100 pg/ml, Roche)
and progesterone (100 pg/ml, Wako, Osaka, Japan), and
maintained at 37°C in a humidified 5% CO, atmosphere for
3 days. After 4 days, cells that had attached to the bottom
of the culture dish were desquamated by trituration, and
collected and dissociated by trituration in N2/DF medium.
The single-cell suspension was replated on untreated cul-
ture dishes, and after 10-14 days in culture spheres had
formed. After NSC culture, the number of spheres per
culture dish was counted (n = 5) and sphere differentiation
was investigated by culturing without bFGF and EGF on
ornithine-coated round cover glasses (1 sz) in 24-well
culture plates at 37°C in a humidified 5% CO, atmosphere
for 4 days.

Immunostaining of cultured cells and correlation
of Ki67-positive cell number with isolated sphere
number

Immunostaining was performed on spheres and 4-day
cultures that had been fixed using 4% (w/v) PFA in PBS
for 20 min. Spheres were stained with anti-rat nestin
monoclonal antibody and either the neuronal marker Tujl
antibody (1:300 dilution, Roche), the astrocyte marker
glial fibrillary acidic protein (GFAP) antibody (1:300
dilution, DAKO) or the oligodendrocytes marker O4
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antibody (1:300 dilution, Roche). The secondary anti-
bodies used were Alexa Fluor 488 anti-mouse IgG anti-
body (1:300 dilution, Molecular Probes, Inc.) for Tujl,
Alexa Fluor 555 anti-rabbit IgG antibody (1:300 dilution,
Molecular Probes, Inc.) for GFAP and Alexa Fluor 488
anti-mouse IgG antibody (1:300 dilution, Molecular
Probes, Inc.) for O4. All antibodies were diluted in TBS-
T containing 3% (v/v) BSA. The cells cultured for 4 days
were used for fluorescence double labeling with Tujl and
GFAP.

Correlation of Ki67-positive cell number and isolated
sphere number in the no-exercise and exercise groups was
determined.

Statistical analysis

Data were expressed as a mean £ SD. Statistical analysis
was performed using one-way analysis of variance with
Fisher’s post hoc test (Stat View®; SAS Institute Inc, Cary,
NC, USA). Values of P < 0.05 were considered statisti-
cally significant.

Fig. 1 Immunostaining for
nestin around the damaged
cerebral cortex following TBI in
the rat. At 3 days after injury in
the non-exercise (a) and
exercise (b) groups, abundant
nestin immunoreactivity was
present mainly in the cytoplasm
and projections. At 7 days after
injury in the non-exercise group,
nestin-immunopositive
elongating fibers were seen

(¢, arrows), while in the
exercise group, abundant nestin
immunoreactivity was present
mainly in the cytoplasm and
projections (d). * Damaged
region. Scale bar = 50 pum.
Graph showing nestin-
immunopositive cell numbers
around the damaged cerebral
cortex following TBI in the rat
(e). The results are shown as
mean + SD. ** P < 0.01;
n=717

Positive cells/100 p m?

@ Springer

Results

Quantification of nestin-immunopositive cells
following TBI

At 1 day following TBI in the non-exercise and exercise
groups, a few small nestin-positive cells were present
around the damaged area. At 3 days following TBI in the
non-exercise and exercise groups, there were many larger
nestin-positive cells around the damaged area, and these
cells possessed nestin-immunopositive cytoplasm and
projections morphologically similar to those of small
reactive astrocytes (Fig. la, b). Furthermore, there was an
increase in the number of larger cells in the exercise group
than in the non-exercise group (Fig. la, b). At 7 days fol-
lowing TBI in the non-exercise group, there were a few
nestin-positive fibers among the cells around the damaged
area (Fig. 1c). However, in the exercise group, there were
many larger sized nestin-positive cells, which possessed a
nestin-immunopositive cytoplasm and projections similar
to reactive astrocytes (Fig. 1d).

200
& & [J Non-exercise
Exercise
150 |
100
® %

s0 k

W] — 1 1

3day Tday
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The number of nestin-positive cells is shown in Fig. le.
At 1 day following TBI, the nestin-positive cell number
was 4.2 + 2.6 and 5 & 2.1 in the non-exercise and exer-
cise groups, respectively. The number of nestin-positive
cells in the exercise group did not show a significant
increase compared with the number in the non-exercise
group. However, the nestin-positive cell number at 3 and
7 days following TBI in the exercise group (148.2 + 16.9,
31.5 £ 9.9, respectively) showed a significant increase
compared with the number in the non-exercise group at 3
and 7 days (67.1 &£ 26.7 and 9.8 + 4.8, respectively,
P < 0.01).

Quantification of Ki67-immunopositive cells
following TBI

At 1 day following TBI in the non-exercise and exercise
groups, a few small Ki67-positive cells were present
around the damaged area. At 3 days following TBI in the
non-exercise (Fig. 2a) and exercise groups (Fig. 2b), there
were many Ki67-positive cells around the damaged area.
Furthermore, there were more of these cells in the exercise
group than in the non-exercise group (Fig. 2a, b). At 7 days
following TBI in the non-exercise group, there were only a
few Ki67-positive cells around the damaged area (data not
shown). However, in the exercise group, there were many
Ki67-positive cells (data not shown).

The number of Ki67-positive cells is shown in Fig. 2c.
At 1 day following TBI, the Ki67-positive cell number was
5.2 + 2.3 and 6.1 & 1.9 in the non-exercise and exercise

Fig. 2 Immunostaining for

Ki67 around the damaged a
cerebral cortex at 3 days i
following TBI in the rat.

At 3 days after injury in the

non-exercise (a) and exercise

(b) groups, abundant Ki67

immunoreactivity was present

mainly in the nuclei. Scale

bar = 50 pm. Graph showing

Ki67-immunopositive cell

numbers around the damaged

cerebral cortex following TBI

(c¢). The results are shown as a ¢ 600
mean £ SD. ** P < 0.01; %
_ 500
n=7 =
g 400
@
2 300
o
g 200
i
A 100

groups, respectively. The number of Ki67-positive cells in
the exercise group did not show a significant increase
compared with the number in the non-exercise group.
However, the Ki67-positive cell number at 3 and 7 days
following TBI in the exercise group (395.7 £ 118.9,
110.3 + 58, respectively) showed a significant increase
compared with the number in the non-exercise group at 3
and 7 days (221.3 £ 44.9 and 9.2 &+ 7.4, respectively,
P < 0.01).

Double-immunofluorescence staining for nestin
and Ki67

There were many nestin-positive cells and Ki67-positive
cells in the non-exercise and exercise groups (Fig. 3a—f)
around the damaged area at 3 days after TBI. The majority
of nestin-positive cells were also positive for Ki67 immu-
nostaining in the non-exercise (Fig. 3c) and exercise
(Fig. 3f) groups. There were nestin-positive projections
(Fig. 3g), and these projections were not immunopositive
for Ki-67 (Fig. 3h) in the non-exercise group at 7 days
after TBI (Fig. 3i). However, nestin-positive cells (Fig. 3j)
were reactive for Ki67 (Fig. 3k) in the exercise group at
7 days after TBI (Fig. 31).

NSC isolation, counting and immunostaining
At 1 day following TBI in the non-exercise and exercise

groups, it was not possible to isolate spheres surrounding
the damaged area of the cerebral cortex (Fig. 4a).

] Non-exercise

Exercise

1day 3day Tday

@ Springer



198

T. Itoh et al.

Fig. 3 Double-
immunofluorescence staining of
nestin and Ki67 around the
damaged area at 3 and 7 days
after TBI. At 3 days after the
injury, many nestin-
immunopositive cells were
observed in the non-exercise
(a, green) and exercise

(d, green) groups. The Ki67-
immunopositive cells (b and

e, red) were double-
immunopositive for nestin in the
non-exercise (¢, arrows) and
exercise (f, arrows) groups.

At 7 days after injury in the
non-exercise group, many
nestin-immunopositive
projections (g, green) were
observed. Double-labeling of
Ki67-immunopositive cells

(h, red) with nestin was not seen
(i). Meanwhile, at 7 days after
injury in the exercise group,
many nestin-immunopositive
cells (j, green) were observed.
Double-labeling of Ki67-
immunopositive cells (k, red)
with nestin was seen (1, arrows).
* Damaged region. Scale

bar = 50 pm

Exercise

Exercise

However, at 3 days after injury in the non-exercise and
exercise groups, spheres were isolated and cultured
(Fig. 4b). Moreover, at 7 days after injury in the exercise
group, but not in the non-exercise group, spheres were
isolated and cultured. Almost all aggregated cells in
spheres isolated from non-exercise and exercise groups
showed nestin immunoreactivity (Fig. 4c). In addition, the
spheres were not immunopositive for Tujl, a marker of
immature neuronal cells, or vimentin, a marker of imma-
ture glial cells (data not shown).

At 3 and 7 days following injury, the number of isolated
and cultured spheres in the exercise group (17 £ 4 and
2 + 3, respectively) significantly increased compared with
the number in the non-exercise group at 3 and 7 days
(10 £ 6 and 0, respectively) (Fig. 4d, P < 0.01).

Differentiation of cultures
Phase-microscopic images of cultured and differentiated

cells isolated from the exercise group after 4 days in cul-
ture are shown in Fig. 5a. The spheres isolated from the
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non-exercise and exercise groups immediately attached to
the bottom of the cell culture dishes. The number of fibers
that elongated from the spheres increased with time. After
4 days in culture, many cells with elongated fibers had
migrated from the spheres (Fig. 5a). Cells labeled positive
for O4 in the cytoplasm (Fig. 5b), and Tujl-immunoposi-
tive labeling was also found in the cytoplasm and elongated
fibers (Fig. 5¢). In addition, there were also cells with
GFAP-immunopositive labeling in the cytoplasm (Fig. 5d).
However, Tujil-immunopositive labeling did not co-localize
with GFAP-immunopositive labeling (Fig. Se).

Correlation of Ki67-positive cell number with isolated
sphere number

Correlation of Ki67-positive cell number with isolated
sphere number is shown in Fig. 6. The number of Ki67-
positive cells in both the non-exercise and exercise groups
significantly correlated with the number of spheres isolated
from the damaged brain tissue after TBI (Fig. 6,
y = 0.0527x—0.6928, R* = 0.9901, n = 7, P < 0.01).
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Fig. 4 Photomicrographs of
isolated spheres from the area
surrounding the injury in the
exercise group. No spheres were
observed in the cultures derived
from 1-day tissue in the exercise
group (a). In the exercise group,
a few spheres were found in the
cultures derived from the 3-day
tissue after 13 days of culture
(b). Isolated spheres showing
nestin immunoreactivity (c).
Scale bar = 50 pm. Graph
showing the number of isolated
and cultured spheres from the
area surrounding the injury (d).
The results are shown as a
mean + SD. ** P < 0.01;
n=>5

Number of spheres / well =~

Discussion

In this study, nestin-positive cells were present 1-7 days
after TBI in the non-exercise and exercise groups. In both
groups, the nestin-positive immunoreactive cells reached
their maximum number at 3 days following TBI. This
result is consistent with our previous reports (Itoh et al.
2005, 2007) and other studies where the number of nestin-
positive cells increased around the damaged cerebral cortex
at 1-4 days after cryo-injury (Moon et al. 2004) and
reached a maximum 3 days after ablation injury (Douen
et al. 2004). Nestin-positive cells were present around the
damaged cerebral cortex at 1-7 days following controlled
cortical impact (CCI), and the number of nestin-positive
cells reached a maximum at 4 days after CCI (Chen et al.
2003). Our results, and others, indicate that the maximal
numbers of nestin-positive cells are present around the
damaged area at 3 or 4 days after injury.

L7
=

)
=

[
=

Non-exercise

Exercise

lday Tday

The number of Ki67-positive cells at the early stage
following TBI in the exercise group showed a significant
increase compared with the non-exercise group. Moreover,
many of the nestin-positive cells showed Ki67 immuno-
reactivity in the exercise group. The mitogenic factor,
bFGF, enhances and accelerates proliferation and cell
division of NSCs (Itoh et al. 2006, 2007). Exercise
increases the production of bFGF in the hippocampus and
SVZ in the rat brain. Given that bFGF accelerates cell
division of nestin-positive NSCs and induces neurogenesis
in the rat brain (Wu et al. 2007), it is possible that exercise
induces neurogenesis in the rat brain (Wu et al. 2007). In
addition, exercise increases the production of brain-derived
neurotrophic factor and increases trkB receptors on NSCs
in the hippocampus and SVZ (Wu et al. 2008). In these
studies, cell division and proliferation of NSCs was
enhanced and neurogenesis was accelerated (Wu et al.
2008).
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Fig. 5 Phase-contrast and
immunohistochemical images
of cells differentiated from
neurospheres without bFGF and
EGF after 4 days of culture in
the running group. Phase-
contrast microscopic images
showing cells differentiated
from neurospheres in culture.
Arrow indicates neurospheres
(a). Differentiated cultures of
neurospheres with Alexa Fluor
488 immunostaining showing
O4-immunoreactive cells
(green, b). Double-labeling
fluorescence immunostaining
showing Tujl-immunoreactive
cells (green, ¢) and GFAP-
immunoreactive cells (red, d).
A merged image of ¢ and d is
shown e. Tujl and GFAP do not
co-localize. Scale bar = 50 pm

30 -
g ¥=0.0527x - 0.6928
£ R’ = 0.9901
g 20 | s
=
=
&
=
S
= 10 -
&
=
E
= *
z

1 1 1 |

0 100 200 300 400
Number of Ki67-positive cells

Fig. 6 Correlation of Ki67-positive cell number with the number of
isolated neurospheres around the damaged area following rat TBI
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Furthermore, exercise increases the production of insu-
lin-like growth factor 1 (Llorens-Martin et al. 2010) and
growth hormone (Blackmore et al. 2009) in the brain.
These growth factors accelerate NSC division and prolif-
eration, and increase and enhance neurogenesis in the
hippocampus and SVZ (Blackmore et al. 2009; Llorens-
Martin et al. 2010). In the rat ischemic model, exercise
after brain injury has been shown to increase the ability of
NSCs to divide and proliferate, and neurogenesis is
enhanced by exercise in the hippocampus and SVZ
(Komitova et al. 2005; Luo et al. 2007). From these results,
it appears that nestin- and Ki67-positive cell numbers in the
exercise group increase compared with the non-exercise
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group in the early phase following TBI and, moreover,
nestin-positive cells with Ki67 immunoreactivity in the
exercise group increase compared with the non-exercise
group. These results indicate that in the early phase fol-
lowing TBI, many more NSCs have the ability to divide in
the exercise group than in the non-exercise group.

In an ischemic rat model, exercise has been shown to
reduce oxidative stress induced by hydroxyl radicals (OH)
and superoxide (O,") after ischemia (Radak et al. 2001).
Recently, we reported that OH and O, after TBI induced
neuronal and NSC death (Itoh et al. 2009b, 2010a); how-
ever, radical scavengers absorbed ‘'OH and O, induced by
TBI and subsequently inhibited neuronal and NSC death
(Itoh et al. 2009b, 2010a). These results suggest that
exercise may alleviate NSC damage and, therefore,
increase nestin-positive numbers because exercise decrea-
ses oxidative stress after TBI.

At 1,3 and 7 days following TBI in the non-exercise and
exercise groups, the cerebral cortex (without white matter)
was dissected from the region surrounding the damaged
area for the isolation of nestin-positive cells. At 3 days
following TBI in the non-exercise and exercise groups,
nestin-positive spheres could be isolated from the sur-
rounding damaged brain tissue, but the number of spheres in
the exercise group increased significantly compared with
the non-exercise group. Furthermore, at 7 days following
TBI, nestin-positive spheres could be isolated from the
region surrounding the damaged brain tissue in the exercise
group, but not the non-exercise group. In Fig. 6, the number
of Ki-67-positive cells around the damaged area following
TBI correlated with the number of spheres isolated from
brain tissue. Therefore, these data may indicate that the
number of Ki67-positive cells around the damaged area
correlates with the number of NSCs present.

In this study, the number of nestin- (NSCs) and Ki67-
positive cells at 3 and 7 days following TBI in the exercise
group showed a significant increase compared with the
non-exercise group around the damaged area. Therefore, it
appears that exercise enhances the proliferation of nestin-
positive cells, including NSCs, in the region surrounding
the damaged area after TBI. These results indicate that the
presence of both nestin- and Ki67-postive cells around the
damaged area is important in the early phases following
TBI for possible regeneration of damaged tissue.

In our immunohistochemical studies, almost all aggre-
gated cells in the spheres isolated from the non-exercise and
exercise groups showed nestin immunoreactivity, but not
Tujl or vimentin immunoreactivity. Neurospheres com-
prised NSCs that had the potential to differentiate into
neurons or glia following removal of bFGF or EGF, which
are mitogenic factors in the culture medium (Itoh et al.
2005). Neurospheres originating from the rat brain differ-
entiate into Tujl-positive neurons and GFAP-positive

astrocytes after 2—4 days of culture without bFGF in the
culture medium (Yamamoto et al. 2001). In this study,
spheres differentiated into Tujl-, GFAP- and O4-positive
cells after 4 days of culture without bFGF in the culture
medium. Our results confirm our recently reported findings
(Ttoh et al. 2005) that neurospheres isolated from the dam-
aged region at an early stage following rat TBI are NSCs
that have the ability to differentiate into neurons and glia.

Recently, it has been reported that NSCs migrate to
injured regions from the SVZ or SGZ of the DG-hilus after
brain injury (Lois and Alvarez-Buylla 1994; Kuhn et al.
1996; Parent et al. 1997; Tani et al. 2010). In contrast,
reactive astrocytes that may be identified by GFAP
immunoreactivity appear around the damaged area after
brain injury (Seri et al. 2001; Picard-Riera et al. 2004). In
this study, there were many GFAP-positive reactive
astrocytes surrounding the damaged area after TBI. Reac-
tive astrocytes around the damaged area undergo blasto-
genesis following brain injury to give rise to NSCs that are
immunopositive for nestin and can differentiate into neu-
rons and glia (Seri et al. 2001; Picard-Riera et al. 2004). In
the SVZ or the SGZ, reactive astrocytes undergo blasto-
genesis following brain injury and differentiate into neural
precursor cells that are immunopositive for both nestin and
GFAP (Seri et al. 2001; Picard-Riera et al. 2004). Also, we
reported that cultured rat type I astrocytes undergo blas-
togenesis when cultured in the presence of bFGF to
become nestin-positive NSCs, which can differentiate into
neuronal and glial cells (Itoh et al. 2006). Therefore, the
occurrence of reactive astrocytes around the damaged area
following brain injury appears to be important. However, it
is unclear whether NSCs migrate to the damaged area from
the SVZ and SGZ, or whether astrocytes undergo blasto-
genesis following injury and differentiate into nestin-
positive cells.

From our current study, we propose that exercise in the
early phase following TBI increases the number of nestin-
positive cells, including NSCs, which have the potential to
differentiate into neurons and glia, and enhances prolifer-
ation of NSCs around the damaged area. Therefore, exer-
cise therapy (rehabilitation) in the early phase following
TBI may be important for recuperation of induced cerebral
dysfunction following TBI.

Acknowledgments This work was supported by a Grant-in-Aid for
Scientific Research (20500472 and 21500803) and ZENRYOKEN.
The authors thank Mari Yachi for technical assistance.

References

Azbill RD, Mu X, Bruce-Keller AJ, Mattson MP, Springer JE (1997)
Impaired mitochondrial function, oxidative stress and altered
antioxidant enzyme activities following traumatic spinal cord
injury. Brain Res 765:283-290

@ Springer



202

T. Itoh et al.

Blackmore DG, Golmohammadi MG, Large B, Waters MJ, Rietze RL
(2009) Exercise increases neural stem cell number in a growth
hormone-dependent manner, augmenting the regenerative
response in aged mice. Stem Cells 27:2044-2052

Chen S, Pickard JD, Harris NG (2003) Time course of cellular
pathology after controlled cortical impact injury. Exp Neurol
182:87-102

Chirumamilla S, Sun D, Bullock MR, Colello RJ (2002) Traumatic
brain injury induced cell proliferation in the adult mammalian
central nervous system. J Neurotrauma 19:693-703

Douen AG, Dong L, Vanance S, Munger R, Hogan MJ, Thompson
CS, Hakim AM (2004) Regulation of nestin expression after
cortical ablation in adult rat brain. Brain Res 1008:139-146

Gage FH (2000) Mammalian neural stem cells. Science
287:1433-1438

Itoh T, Satou T, Hashimoto S, Ito H (2005) Isolation of neural stem
cells from damaged rat cerebral cortex after TBI. Neuroreport
16:1687-1691

Itoh T, Satou T, Nishida S, Hashimoto S, Ito H (2006) Cultured rat
astrocytes give rise to neural stem cells. Neurochem Res
31:1381-1387

Itoh T, Satou T, Hashimoto S, Ito H (2007) Immature and mature
neurons coexist among glial scars after rat traumatic brain injury.
Neurol Res 29:734-742

Itoh T, Satou T, Ishida H, Nishida S, Tsubaki M, Hashimoto S, Ito H
(2009a) The relationship between SDF-lalpha/CXCR4 and
neural stem cells appearing in damaged area after traumatic
brain injury in rats. Neurol Res 31:90-102

Itoh T, Satou T, Nishida S, Tsubaki M, Hashimoto S, Ito H (2009b)
The novel free radical scavenger, edaravone, increases neural
stem cell number around the area of damage following rat
traumatic brain injury. Neurotox Res 16:378-389

Itoh T, Satou T, Nishida S, Tsubaki M, Imano M, Hashimoto S, Ito H
(2010a) Edaravone protects against apoptotic neuronal cell death
and improves cerebral function after traumatic brain injury in
rats. Neurochem Res 35:348-355

Itoh T, Satou T, Takemori K, Hashimoto S, Ito H (2010b) Neural
stem cells and new neurons in the cerebral cortex of stroke-prone
spontaneously hypertensive rats after stroke. J Mol Neurosci
41:55-65

Kawamata T, Katayama Y, Hovda DA, Yoshino A, Becker DP (1995)
Lactate accumulation following concussive brain injury: the role
of ionic fluxes induced by excitatory amino acids. Brain Res
674:196-204

Komitova M, Zhao LR, Gido G, Johansson BB, Eriksson P (2005)
Postischemic exercise attenuates whereas enriched environment
has certain enhancing effects on lesion-induced subventricular
zone activation in the adult rat. Eur J Neurosci 21:2397-2405

Kuhn HG, Dickinson-Anson H, Gage FH (1996) Neurogenesis in the
dentate gyrus of the adult rat: age-related decrease of neuronal
progenitor proliferation. J Neurosci 16:2027-2033

Leasure JL, Grider M (2010) The effect of mild post-stroke exercise
on reactive neurogenesis and recovery of somatosensation in
aged rats. Exp Neurol. doi:10.1016/j.expneurol.2010.08.003

Llorens-Martin M, Torres-Aleman I, Trejo JL (2010) Exercise
modulates insulin-like growth factor 1-dependent and -indepen-
dent effects on adult hippocampal neurogenesis and behaviour.
Mol Cell Neurosci 44:109-117

Lois C, Alvarez-Buylla A (1994) Long-distance neuronal migration in
the adult mammalian brain. Science 264:1145-1148

Luo CX, Jiang J, Zhou QG, Zhu XJ, Wang W, Zhang ZJ, Han X, Zhu
DY (2007) Voluntary exercise-induced neurogenesis in the

@ Springer

postischemic dentate gyrus is associated with spatial memory
recovery from stroke. J Neurosci Res 85:1637-1646

McKay R (1997) Stem cells in the central nervous system. Science
276:66-71

Moon C, Ahn M, Kim S, Jin JK, Sim KB, Kim HM, Lee MY, Shin T
(2004) Temporal patterns of the embryonic intermediate fila-
ments nestin and vimentin expression in the cerebral cortex of
adult rats after cryoinjury. Brain Res 1028:238-242

Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter RS,
Lowenstein DH (1997) Dentate granule cell neurogenesis is
increased by seizures and contributes to aberrant network
reorganization in the adult rat hippocampus. J Neurosci
17:3727-3738

Picard-Riera N, Nait-Oumesmar B, Baron-Van EA (2004) Endoge-
nous adult neural stem cells: limits and potential to repair the
injured central nervous system. J Neurosci Res 76:223-231

Radak Z, Kaneko T, Tahara S, Nakamoto H, Pucsok J, Sasvari M,
Nyakas C, Goto S (2001) Regular exercise improves cognitive
function and decreases oxidative damage in rat brain. Neuro-
chem Int 38:17-23

Rice AC, Khaldi A, Harvey HB, Salman NJ, White F, Fillmore H,
Bullock MR (2003) Proliferation and neuronal differentiation of
mitotically active cells following traumatic brain injury. Exp
Neurol 183:406-417

Seri B, Garcia-Verdugo JM, McEwen BS, Alvarez-Buylla A (2001)
Astrocytes give rise to new neurons in the adult mammalian
hippocampus. J Neurosci 21:7153-7160

Tani M, Hayakawa H, Yasuda T, Nihira T, Hattori N, Mizuno Y,
Mochizuki H (2010) Ectopic expression of alpha-synuclein
affects the migration of neural stem cells in mouse subventric-
ular zone. J Neurochem. doi:10.1111/j.1471-4159.2010.06727.x

Uda M, Ishido M, Kami K, Masuhara M (2006) Effects of chronic
treadmill running on neurogenesis in the dentate gyrus of the
hippocampus of adult rat. Brain Res 1104:64-72

Wu CW, Chen YC, Yu L, Chen HI, Jen CJ, Huang AM, Tsai HJ,
Chang YT, Kuo YM (2007) Treadmill exercise counteracts the
suppressive effects of peripheral lipopolysaccharide on hippo-
campal neurogenesis and learning and memory. J Neurochem
103:2471-2481

Wu CW, Chang YT, Yu L, Chen HI, Jen CJ, Wu SY, Lo CP, Kuo YM
(2008) Exercise enhances the proliferation of neural stem cells and
neurite growth and survival of neuronal progenitor cells in dentate
gyrus of middle-aged mice. J Appl Physiol 105:1585-1594

Xiong Y, Gu Q, Peterson PL, Muizelaar JP, Lee CP (1997)
Mitochondrial dysfunction and calcium perturbation induced
by traumatic brain injury. J Neurotrauma 14:23-34

Yagita Y, Kitagawa K, Sasaki T, Terasaki Y, Todo K, Omura-
Matsuoka E, Matsumoto M, Hori M (2006) Postischemic
exercise decreases neurogenesis in the adult rat dentate gyrus.
Neurosci Lett 409:24-29

Yamamoto S, Nagao M, Sugimori M, Kosako H, Nakatomi H,
Yamamoto N, Takebayashi H, Nabeshima Y, Kitamura T,
Weinmaster G, Nakamura K, Nakafuku M (2001) Transcription
factor expression and Notch-dependent regulation of neural
progenitors in the adult rat spinal cord. J Neurosci 21:9814-9823

Yi SS, Hwang IK, Yoo KY, Park OK, Yu J, Yan B, KimIY, Kim YN,
Pai T, Song W, Lee IS, Won MH, Seong JK, Yoon YS (2009)
Effects of treadmill exercise on cell proliferation and differen-
tiation in the subgranular zone of the dentate gyrus in a rat model
of type 1I diabetes. Neurochem Res 34:1039-1046


http://dx.doi.org/10.1016/j.expneurol.2010.08.003
http://dx.doi.org/10.1111/j.1471-4159.2010.06727.x

	Exercise increases neural stem cell proliferation surrounding the area of damage following rat traumatic brain injury
	Abstract
	Introduction
	Materials and methods
	Animals and surgical procedures
	Immunohistochemistry
	Quantification of nestin- and Ki67-positive cells
	Double-immunofluorescence staining for nestin and Ki67
	Isolation and culture of NSCs
	Immunostaining of cultured cells and correlation of Ki67-positive cell number with isolated sphere number
	Statistical analysis

	Results
	Quantification of nestin-immunopositive cells following TBI
	Quantification of Ki67-immunopositive cells following TBI
	Double-immunofluorescence staining for nestin and Ki67
	NSC isolation, counting and immunostaining
	Differentiation of cultures
	Correlation of Ki67-positive cell number with isolated sphere number

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


