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Abstract

The motor relearning program can significantly improve various functional disturbance induced by
ischemic cerebrovascular diseases. However, its mechanism of action remains poorly understood.
In injured brain tissues, glial fibrillary acidic protein and neurofilament protein changes can reflect
the condition of injured neurons and astrocytes, while vascular endothelial growth factor and basic
fibroblast growth factor changes can indicate angiogenesis. In the present study, we induced
ischemic brain injury in the rhesus macaque by electrocoagulation of the M1 segment of the right
middle cerebral artery. The motor relearning program was conducted for 60 days from the third day
after model establishment. Immunohistochemistry and single-photon emission CT showed that the
numbers of glial fibrillary acidic protein-, neurofilament protein-, vascular endothelial growth factor-
and basic fibroblast growth factor-positive cells were significantly increased in the infarcted side
compared with the contralateral hemisphere following the motor relearning program. Moreover,
cerebral blood flow in the infarcted side was significantly improved. The clinical rating scale for
stroke was used to assess neurological function changes in the rhesus macaque following the
motor relearning program. Results showed that motor function was improved, and problems with
consciousness, self-care ability and balance function were significantly ameliorated. These findings
indicate that the motor relearning program significantly promoted neuronal regeneration, repair and
angiogenesis in the surroundings of the infarcted hemisphere, and improve neurological function in
the rhesus macague following brain ischemia.
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Research Highlights

(1) We established a brain ischemia model in the rhesus macaque, as they exhibit more similar
properties in inheritance and physiology compared with rodents.

(2) We examined the influence of a motor relearning program on neurological function and
expression of glial fibrillary acidic protein, neurofilament protein, vascular endothelial growth factor
and basic fibroblast growth factor in brain regions surrounding the ischemic region.

(3) The motor relearning program significantly promoted neuronal repair, regeneration and
angiogenesis, and improved neurological function of the rhesus macaque after brain ischemia.
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INTRODUCTION

The motor relearning program can significantly improve
the functions of patients with brain ischemia, and can
produce neuroprotective effects™™. However, the
mechanism by which this therapy benefits brain
functional repair and reconstruction post central lesion
remains unknown. Several studies have established rat,
gerbil, pig, dog and cat models of brain ischemia to
investigate the neuronal regeneration and angiogenesis
in the surroundings of injury site, but there are only a few
primate studies®®*.

Some questions in studies of nervous system repair
include the influence of motor relearning program on
neurons and astrocyte in injured brain tissues post brain
ischemia, the influence on angiogenesis and blood flow
in the surroundings of ischemic areas or ischemic
penumbra, and whether this program promotes
angiogenesis and increases secretion and growth of
related factors that benefit angiogenesis in the injured
area.

Neurofilament expression can reflect the growth of
neurons and is used as a marker of neuronal function.
Glial fibrillary acidic protein is a structural protein of
intermediate fibers of astrocyte in the brain, and is used
as a marker of mature and reactive astrocytes. Thus,
neurofilament and glial fibrillary acidic protein changes
can reflect the repair of injured neurons and
astrocytes™ . Vascular endothelial growth factor can
promote proliferation and migration of vascular
endothelial cells, induce expression of corresponding
ligand and receptor, increase levels of intercellular
adhesion molecule and vascular cell adhesion molecule,
upregulate expression of endothelial cell surface integrin
receptor, degrade dense extracellular matrix, and
promote angiogenesis. Basic fibroblast growth factor can
trigger angiogenesis™’*®. Changes in expression of
these factors are used to indicate angiogenesis in the
surroundings of injured brain tissues. Thus, in the
present study, we assessed neurofilament and glial
fibrillary acidic protein to investigate neural regeneration,
and determined vascular endothelial growth factor and
basic fibroblast growth factor expression to investigate
angiogenesis, in injured brain tissues. In addition,
single-photon emission CT (SPECT) was used to detect
cerebral blood flow post brain ischemia to analyze the
influence of the motor relearning program on blood
supply of injured brain tissues. This may provide insight
into the mechanism of the motor relearning program.
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This study has several important characteristics. First,
we established a brain ischemia model in the rhesus
macaque, as they have more similar properties in
inheritance and physiology compared with rodents. We
also investigated the influence of the motor relearning
program on neurological function and expression of
neurofilament and glial fibrillary acidic protein in the
regions around ischemic tissues, and examined whether
the motor relearning program could promote nerve
growth and development and repair nerve injury. In
addition, we examined the influence of the motor
relearning program on neurological function and
expression of vascular endothelial growth factor and
basic fibroblast growth factor in regions surrounding
ischemic tissues to explore the mechanism by which the
motor relearning program promotes angiogenesis. Finally,
we determined the influence of motor relearning program
on cerebral blood flow post brain ischemia.

The overall aim of this study was to investigate whether
the motor relearning program can promote neural
regeneration and angiogenesis, and to examine the
relationship between motor relearning program with brain
functional reconstruction, neural regeneration and
angiogenesis.

RESULTS

Quantitative analysis of experimental animals

Nine rhesus macaques were randomly assigned to three
groups (n = 3): training (middle cerebral artery occlusion +
motor relearning program training), ischemic injury, and
sham-surgery (exposure of middle cerebral artery). The
model was successfully established in three animals of
the training group. However, all three rhesus macaques
died post-surgery in the ischemic injury group, and two
died in the sham-surgery group. The three rhesus
macaques in the training group presented a similar injury
degree, including left central facial and lingual palsy,
complete paralysis in the left limbs and unilateral sensory
loss. Thus, three rhesus macaques were included in the
final analysis.

Neurological function of rhesus macaques with brain
ischemia

The neurological function of animals was assessed using
Clinical Rating Scale for stroke™ at 1 day prior to, and 3,
10 and 60 days following model establishment.
Kruskal-Wallis test showed that the motor relearning
program training significantly improved the neurological
function of three rhesus macaques (P < 0.01; Figure 1),
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manifested by improved motor function, consciousness,
self-care ability and balance function (concordant limbs
and facial muscles). However, the muscle strength of
paralytic limbs was not significantly ameliorated.
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Figure 1 Neurological function changes in rhesus
macaques at 1 day prior to and 3, 10 and 60 days
following model establishment.

At 1 day prior to model establishment, scores of Clinical
Rating Scale for stroke were 0, indicating normal
neurological function. At 3 days post-surgery, the scores
were 24, indicating peak degree of neurological function
injury. Up to 10 days, the scores decreased to 20,
demonstrating that the neurological function improved
(higher scores indicate more severe injury). At 60 days,
the scores further decreased to 6, indicating that
neurological function was further improved, but not
restored to normal (mean, n = 3, Kruskal-Wallis test). As
the scores of Clinical Rating Scale for stroke were not
normally distributed, the mean was not expressed as SD
or SEM.

The neurologic function changes of three rhesus
macaques that succeeded in middle cerebral artery
occlusion are shown in Figure 1. Expression of
neurofilament, glial fibrillary acidic protein, vascular
endothelial growth factor and basic fibroblast growth
factor in the precentral motor area of rhesus macaques
following motor relearning program training. Following
model establishment, the rhesus macaques were
subjected to the motor relearning program, and were
then sacrificed at 60 days. Immunohistochemistry was
used to determine expression of neurofilament, glial
fibrillary acidic protein, vascular endothelial growth factor
and basic fibroblast growth factor in the precentral motor
area. Pathological examination showed that the brain
tissues of the ischemic side were liquefied, necrosed,
shrunk and formed a stroke capsule (Figure 2).

High power microscopy showed that the number of
neurofilament-, glial fibrillary acidic protein-, vascular
endothelial growth factor- and basic fibroblast growth
factor-positive cells was significantly increased in the
infarcted side compared with the contralateral side, and
the positive cells were mainly distributed at the regions
surrounding the ischemia (Figure 3).

Figure 2 Pathological sections of the rhesus macaques.

The animals were sacrificed at 60 days following the motor
relearning program training. The brain tissues were
softened (arrow) in the infarcted hemisphere induced by
the occlusion of the M1 segment of the right middle
cerebral artery using the electrocoagulation method.

x 400 x 200

Figure 3  Expression of nerve factors in the precentral
motor area of the brain of rhesus macaques
(immunohistochemical staining, light microscope; A-D:
x 400; E-H: x 200).

The neurofilament (NF)-, glial fibrillary acidic protein
(GFAP)-, vascular endothelial growth factor (VEGF)- and
basic fibroblast growth factor (bFGF)-positive cells in the
precentral motor area are observed as brown yellow or
brown particles in the cytoplasm. The number of GFAP-,
NF-, VEGF- and bFGF-positive cells was larger in the
infarcted side (A, C, E, G) compared with the contralateral
side (B, D, F, H; black arrows). In particular, NF fibers were
distributed evenly and normally in the non-injured side (red
arrows in C), but were disordered and significantly
increased in the infarcted side (red arrows in D).

The expression of neurofilament, glial fibrillary acidic
protein, vascular endothelial growth factor and basic
fibroblast growth factor was significantly increased in the
precentral motor area of infarcted side compared with the
normal side at 60 days following the motor relearning
program training (P < 0.001). This indicates that the
motor relearning program training significantly increased
content of neurofilament, glial fibrillary acidic protein,
vascular endothelial growth factor and basic fibroblast
growth factor in the ischemic hemisphere (Table 1).

Cerebral blood flow in rhesus macaques with brain
ischemia following motor relearning program
training

Kruskal-Wallis test showed that brain ischemia
significantly altered regional cerebral blood flow of the
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rhesus macaques (P = 0.042; Figure 4).

Table 1 Number of neurofilament (NF)-, glial fibrillary
acidic protein (GFAP)-, vascular endothelial growth factor
(VEGF)- and basic fibroblast growth factor (bFGF)-positive
cells in the precentral motor area of rhesus macaques with
brain ischemia.

Nerve factor Infarcted side  Contralateral side B

GFAP 21.78 10.44 <0.001
NF 142.56 76.33 <0.001
VEGF 20.56 6.89 <0.001
bFGF 26.00 11.78 <0.001

The number of GFAP-, NF-, VEGF- and bFGF-positive cells was
larger in the precentral motor area of the infarcted side compared
with the contralateral side (NF, GFAP: cells per 400-fold field of
view; VEGF, bFGF: cells per 200-fold field of view). Mean (n = 3),
Mann-Whitney U nonparametric test.

Figure 4 Changes of cerebral blood flow in rhesus
macaques with brain ischemia (SPECT of one rhesus
macaque as representative).

(A) 1 day prior to surgery; (B) 3 days post-surgery; (C)

10 days post-surgery; (D) 60 days post-surgery. Arrows
represent the blood supply of the M1 segment of the right
middle cerebral artery. The blue region reflects that the
radioactivity of regional brain tissues was significantly
reduced or even lost, indicating ischemic focus. The red
region indicates normal radioactivity of regional brain
tissues, suggesting normal blood flow perfusion. The
yellow region (even white) represents higher radioactivity
of regional brain tissues than normal brain tissues,
indicating increased blood flow. At 3 days post-surgery,
ischemia was evident in the injury area. Up to 60 days, the
ischemic region was significantly diminished, but not
restored to normal.

In particular, the regional cerebral blood flow in the left
cerebellum (P = 0.042), left occipital lobe (P = 0.023), right
temporal lobe (P = 0.039), left temporal lobe (P = 0.033),
right parietal lobe (P = 0.042), right frontal lobe (P = 0.018)
and left hemisphere (P = 0.042) was significantly reduced.
In addition, the regional cerebral blood flow of the above
brain regions was reduced at 3 days post-surgery
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compared with 1 day prior to surgery; the blood flow
gradually increased at 10 days post-surgery, and was
restored to normal up to 60 days. In particular, the blood
flow in some brain regions was even higher than prior to
surgery, including the bilateral cerebellum, bilateral
occipital lobe, left temporal lobe, left parietal lobe, left
frontal lobe, left hemisphere and the entire brain (Table 2).
At 3 days post-surgery, the ischemic injury was evident
(P <0.001); at 10 days, the ischemic areas gradually
decreased (P < 0.001); up to 60 days, the ischemic areas
were further decreased (Figure 4).

Table 2 Regional cerebral blood flow changes in different
brain regions prior to and following model establishment
(single-photon emission CT).

1 day Days after surgery
Region prior to P
surgery 3 10 60

Right cerebellum 139.30 83.46 128.56 160.80 0.079
Left cerebellum 154.10 79.72 130.13 159.27 0.042
Right occipital lobe 170.05 92.89 139.33 186.04 0.107
Left occipital lobe 177.92 88.70 146.53 204.18 0.023
Right temporal lobe 155.68 57.62 94.69 118.62 0.039
Left temporal lobe  156.30 72.84 114.63 170.38 0.033
Right parietal lobe ~ 158.94 59.06 87.71 12837 0.042
Left parietal lobe 154.74 78.71 98.00 177.34 0.194
Right frontal lobe 155.63 55.08 77.22 149.19 0.018
Left frontal lobe 153.64 69.80 102.84 159.92 0.062
Right cerebral 155.92 68.22 105.50 148.60 0.062
hemisphere
Left cerebral
hemisphere
Both cerebral
hemispheres

159.39 77.95 124.80 174.89 0.042

157.64 73.09 115.30 161.75 0.042

The regional cerebral blood flow was low in brain regions at 3 days
post-surgery, gradually increased up to 10 days and was restored
to normal levels at 60 days. Cerebral blood flow was represented
by pixel value. A high pixel value indicates a high level of blood
flow. Mean, n = 4, Mann-Whitney U nonparametric test.

DISCUSSION

Stroke, also termed a cerebrovascular accident or
cerebral paralysis, is a sudden disease due to
disturbance in the blood supply to the brain. Stroke has a
high morbidity, mortality, disability rate and recurrence
rate. Approximately 2 million new patients with stroke
appear yearly in China, and 70-80% of them cannot live
independently because of disability®®”. Modern
rehabilitation theory and practice demonstrate that
effective rehabilitation training can ameliorate functional
disability in stroke patients, improve their quality of life,
improve rehabilitation, reduce potential nursing costs and
decrease social resources®??. A motor relearning
program is a rehabilitation training focusing on motor
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function recovery post central nervous system injury, and
is based on theories of biomechanics, sports science,
neuroscience and cognitive psychology. This method
aims to restore the motor function of patients using
scientific motor and learning methods®>%. The motor

relearning program involves rehabilitation in room, and is:

(1) active: the patient should actively participate in the
training with the guidance of therapists, and they should
analyze factors and causes of their functional
disturbance and solve the problems through persistent
training (this is the basis of the motor relearning
program); (2) scientific: the motor relearning program is a
scientific training method as it is designed according to
the theories of biomechanics, sports science,
neuroscience and cognitive psychology specifically to
common motor disturbance in stroke patients; (3)
specific: the learning and training content of the program
is designed individually according to motor disturbance in
different patients; (4) practical: the motor training in the
program is closely related with functional activities in
daily life; and (5) systematic: in addition to learning in the
treatment room, learning transfer and persistence are
involved in the program, which requires participation of
the patients families. Thus, the motor relearning program
is regarded as one of the most advanced rehabilitation
approaches.

In the present study, we used the motor relearning
program in rhesus macaques with brain ischemia, and
the Clinical Rating Scale for stroke showed that the
motor relearning program significantly improved
neurological function in injured animals. The motor
relearning program can effectively promote motor
function recovery and significantly improve
consciousness, self-care ability and balance function
(concordance of limbs and facial muscles) of animals.
However, the muscle strength of paralytic limbs was not
significantly ameliorated. This may be because the
rhesus macaque is a quadruped, and they are good at
adjusting balance concordance. In addition, there may
be a self-repair mechanism in the rhesus macaque post
injury. Nevertheless, our data indicate that the motor
relearning program may promote neural regeneration of
injured brain tissues.

To further investigate whether the motor relearning
program could influence neurons and astrocytes in the
ischemic brain tissues, we examined neurofilament and
glial fibrillary acidic protein expression to assess the
neural regeneration post brain ischemia®**". By
immunohistochemistry, expression of neurofilament
protein and the number of neurofilament-positive nerve

fibers in the precentral motor area were significantly
greater in the infarcted hemisphere compared with the
contralateral following the motor relearning program. In
addition, the content of glial fibrillary acidic protein in glial
cells in the injured area was significantly increased
compared with the contralateral side following the motor
relearning program. These data suggest that although
the brain tissues were markedly damaged in the infarcted
hemisphere, neurofilament and glial fibrillary acidic
protein expression was altered in the bilateral
hemispheres following the motor relearning program. On
the one hand, the injured brain structures may exhibit a
compensatory increase of neurofilament and glial
fibrillary acidic protein expression post ischemia (i.e.,
natural repair of the brain). On the other hand, the motor
relearning program also increased their expression in the
brain tissues surrounding the infarction compared with
the normal hemisphere, demonstrating a neuroprotective
role of the motor relearning program.

Brain ischemia can induce neuronal degeneration and
necrosis, resulting in neurological function impairment.
Thus, restoration of blood supply in the injured areas is
critical for neurological function recovery. Angiogenesis
and pro-angiogenic factors play important roles in this
process®®®. Thus, in the present study, we also
determined changes of vascular endothelial growth
factor and basic fibroblast growth factor, which can
reflect angiogenesis. Results showed that vascular
endothelial growth factor and basic fibroblast growth
factor expression levels were significantly greater in the
brain tissues of infarcted hemisphere compared with the
normal side following the motor relearning program.
Moreover, the quantity of newly generated blood
capillaries was significantly greater in the infarcted
hemisphere than in the normal side. This indicates that
the motor relearning program may construct new blood
supply and promote cerebral blood flow by inducing
angiogenesis resulting from increased vascular
endothelial growth factor and basic fibroblast growth
factor expression.

Brain ischemia can induce alteration in regional blood
flow. Our SPECT results showed that middle cerebral
artery occlusion significantly reduced regional cerebral
blood flow of the rhesus macaque, while the motor
relearning program significantly improved cerebral blood
flow in different brain regions, manifested by restored
blood flow in the infarcted hemisphere and increased
blood flow in some brain regions compared with prior to
model establishment. Thus, the motor relearning
program enhances the self-regulation of cerebral blood
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flow to rebuild cerebral blood circulation, and increases
cerebral blood flow through training of muscle strength,
balance, coordination, sitting position, standing, walking,
upper limbs and head, face and oral cavity functions®®*>%,

During model establishment, five rhesus macaques died
and one was not successful in establishing the ischemic
model because of inaccurate operation or localization,
such as excessive injury scope, cerebral edema,
herniation of brain and infection. Thus, these risk factors
should be carefully monitored to minimize the death of
animals.

In summary, the motor relearning program effectively
improved neurological function of the rhesus macaque
with brain ischemia, potentially because of positive
effects on neural regeneration, angiogenesis and
cerebral blood flow in the regions surrounding the
ischemic lesion®®®%, This study provides theoretical
evidence for the clinical application of the motor
relearning program for treatment of brain ischemia.
However, further studies are required with a large
number of samples to further elucidate the
mechanisms underlying the actions of the motor
relearning program.

MATERIALS AND METHODS

Design
An animal study of neuroimaging.

Time and setting

The experiments were conducted in the Laboratory of
Primate Motor, Sensation and Integration, Kunming
Institute of Zoology, Chinese Academy of Sciences,
China from December 2009 to May 2011.

Materials

Nine healthy male rhesus macaques, aged 9 years,
weighing 7-9 kg, were provided by the Laboratory
Animal Center of Kunming Institute of Zoology, Chinese
Academy of Sciences, China (license No. SYXK (Dian)
2008-0001). The rhesus macaques were separately
raised at constant humidity and temperature with a
12-hour day/night cycle. Their food was specifically
prepared, and contained fruits and vegetables with
abundant cellulose and vitamin. Animals had free access
to water. Animal procedures were conducted in
accordance with the Guidance Suggestions for the Care
and Use of Laboratory Animals, issued by the Ministry of
Science and Technology of China!®.
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Methods

Establishment of middle cerebral artery occlusion
model by electrocoagulation

The brain ischemia model was induced by occlusion of
the single great vessel using a previously described
method®”, with some modification. This method
produced models with a similar degree of functional
disability. In brief, food, but not water, was deprived for
24 hours prior to surgery. The rhesus macaques were
routinely anesthetized with 10 mg/kg ketamine
hydrochloride, 20—-30 mg/kg sodium pentobarbital and
0.3 mg/kg atropine, and placed on the operation table.
The right skull was sterilized, and a hole was drilled at
2 cm above the center of the right orbit (sagittal sinus of
the right skull). The cranium was removed, and an
incision was made at the cerebral dura mater of the right
frontal lobe to the frontal pole, sagittal sinus and ventral
temporal lobe. The frontal pole was raised under an
operating microscope, and the middle cerebral artery
was found at the juncture of the frontal lobe and the
temporal lobe along the olfactory tract. The M1 segment
of the right middle cerebral artery, 2 mm medial to the
olfactory tract (Figure 5), was electrocoagulated using a
bipolar electrocoagulation system (Erbe Elektromedizin
Tubingen, Germany). The animals were returned to the
cage and observed until they recovered from anesthesia.
Successful injury was demonstrated by animals
exhibiting left central facial and lingual palsy, complete
paralysis in the left limbs and unilateral sensory loss.
Mannitol, furosemide and albumin were used to reduce
cranial pressure if necessary.

B,

-

Figure 5 Appearance of the M1 segment (arrow) of the
normal right middle cerebral artery.

Modified motor relearning program

According to the properties of the rhesus macaque, the
motor relearning program was modified and was
performed for 1 hour daily for 60 days. In brief, one
physiotherapist began to train the animals from the third
day post-surgery, including consciousness, self-care
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ability, limb strength, general balance coordination,
sitting, standing, walking, upper limb function and motor
skills of hands (and fingers). During 1 to 30 days, the
training mainly targeted awakening consciousness using
food induction'®, including tactile stimulation (perception,
alertness, stare, movement or aggressive acts and
defensive reaction in response to approaching of the
physiotherapist). In addition, the self-care ability was
enhanced by training including swallowing water feeding
into the mouth, chewing the food placed into the mouth
and taking the food placing in the hands of the
physiotherapist or from the case. In the training of limb
strength and coordination ability, the animals were
coaxed using food to lift up their healthy upper limbs,
attempted to catch the cage or other supports using the
healthy limbs and to shake or pull the cage to maintain
standing. The animals were also trained to sit straight
and stably with or without supports using food induction,
to stand in the cage, to sit and stand, to stand and sit and
to walk in the cage. During 30 to 60 days, goal-oriented
tasks were conducted using food induction to enhance
their body posture, such as moving around the cage,
sitting out of the cage, static and dynamic equilibrium of
standing and walking out of the cage. The training of limb
strength and coordination ability included lifting up the
hemiplegic upper limbs, attempting to catch the cage
using the hemiplegic upper limbs, catching the cage or
other supports using the hemiplegic upper limbs, shaking
or pulling the cage using the hemiplegic upper limbs to
maintain standing and maintaining coordination of
bilateral upper limbs and four limbs (Figure 6).

Figure 6 Motor relearning program training for the rhesus
macaque.

(A) Tests in cage: the left forelimbs of animals were weak
during induction to walk, stand, sit and balance function
training at the 7" day post-surgery. (B) Tests out of cage: the
left forelimbs of animals could load weight during walking
training out of the cage at the 48" day post-surgery.

The Clinical Rating Scale for stroke® was used to
evaluate the behaviors of rhesus macaques with brain
injury at 1 day prior to and 3, 10 and 60 days following
model establishment. Higher scores represent more
severe neurological impairment.

Immunohistochemical staining for expression of
neurofilament, glial fibrillary acidic protein, vascular
endothelial growth factor and basic fibroblast growth
factor in the precentral motor area of rhesus
macaques

The animals were anesthetized and sacrificed at 60
days post-surgery. The brain was fixed in 4%
paraformaldehyde, and brain tissues in the precentral
motor area of blood supply region of bilateral middle
cerebral arteries were harvested, dehydrated, cleared,
immersed in paraffin, embedded and sectioned (3 um
thick). The sections were dewaxed, hydrated, retrieved
with antigen, incubated with peroxidase blocking agent
at room temperature for 10 minutes and washed with
PBS for 3 x 3 minutes. The PBS was removed, and the
sections were incubated with rat anti-human
neurofilament, glial fibrillary acidic protein, vascular
endothelial growth factor and basic fibroblast growth
factor monoclonal antibodies (ready-to-use; Maixin
Biotechnique, Fuzhou, China) at room temperature for
60 minutes or overnight at 4°C, washed with PBS for

3 x 3 minutes, followed by rabbit anti-rat IgG at room
temperature for 15 minutes. After washes with PBS for
3 x 3 minutes each, the sections were mixed with
freshly prepared 3,3'-diaminobenzidine (Maixin
Biotechnique), washed with tap water to terminate the
reaction, counterstained with hematoxylin, differentiated,
returned to blue, dehydrated with gradient alcohol,
cleared with xylene and mounted with neutral gum. The
sections were observed and photographed using a light
microscope (Olympus, Tokyo, Japan). The control
group was treated with PBS, and the results were
negative.

Image acquisition and analysis

The stained sections were magnified under a BX51 light
microscope (Olympus; neurofilament and glial fibrillary
acidic protein at 400 x; vascular endothelial growth factor
and basic fibroblast growth factor at 200 x). Five regions
were randomly selected from the infarction region. Brain
tissue sections from one site of the infarction region
contained one hematoxylin-eosin stained section, one
neurofilament, glial fibrillary acidic protein, vascular
endothelial growth factor and basic fibroblast growth
factor antibody, for five sections in total. The number of
positive cells in one region was quantified and the results
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were represented by the mean value.

SPECT for cerebral blood flow of injured brain
regions

PTc™-ethyl cysteinate dimer SPECT perfusion imaging
technique was used to semiquantitatively detect cerebral
blood flow in related brain regions®®® using a
dual-detector GCA7200A/UA SPECT system (Toshiba,
Tokyo, Japan) equipped a with low energy high-
resolution parallel hole collimator, matrix 128x128, and
magnification 2.0. “Tc™-ethyl cysteinate dimer was used
as the developing agent. **Tc™ was provided by Beijing
Atom HighTech Co., Ltd., Beijing, China, and ethyl
cysteinate dimer was provided by the College of
Chemistry, Beijing Normal University, China. The SPECT
detection was performed at 1 day prior to and 3, 10 and
60 days following model establishment. In brief, the
rhesus macaques were deprived of food and water for
4—6 hours prior to detection. Animals were fed with
tomato injected with 20 mg/mL potassium perchlorate
solution (0.5 mL/kg) to block the choroid plexus. After

30 minutes, atropine (0.05 mg/kg) was intramuscularly
injected to prevent vagus reflex and vomiting; after

5 minutes, 5.0 mg/kg ketamine and 2.0 mg/kg sodium
pentobarbital were injected into the muscle group of both
lower limbs to anesthetize the animals. After 1 hour,
black eyeshades and cotton were used to block the eyes
and ears. After 15 minutes, *Tc™ ECD at a dose of

2.5 mCi/kg was injected via femoral vein. After another
15 minutes, the animals were placed in supine position
on the examining table, and the head and body were
fixed using adhesive tape. The camera was rotated
around the head for 360 degrees using 60 frame images,
1 frame/6°, 15 seconds/frame and a net counting rate of
40-80 k/frame. The raw data were filtered using a
Butterworth low-pass filter (Toshiba), and images were

reconstructed with Ramp function filtered back projection.

The original transverse section images were corrected
with the OM line (the line that connects the lateral
canthus and the external auditory meatus), and
transverse, sagittal and coronal images were
reconstructed. The reconstructed transverse section
images were 2022 slices and 2.0 mm thick.

The images were semiquantitatively analyzed by two
nuclear medicine physicians blinded to the experiment.
The symmetric region of interest of the frontal lobe,
parietal lobe and occipital lobe were outlined at the 13™
to 15" slices (three continuous slices) above the OM line,
and the symmetric region of interest of the temporal lobe
and cerebellum outlined at the 18" to 20" slices (three
continuous slices). One side of the region of interest of
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the brain lobes was outlined clearly at the transverse
section images, and then mirrored to the contralateral
brain lobe to ensure equal region of interest size and
appearance. For brain lobes with reduced radioactive
distribution, the region of interest mirror of the normal
brain lobe was copied in this brain region. The mean
radioactive counting of the bilateral region of interest of
each brain region was calculated according to the
formula (sum of mean region of interest in each slice of
one brain region/slices of this brain region). The degree
of ischemia was evaluated by statistical analyses.
Cerebral blood flow was represented by pixel value.

Statistical analysis

Measurement data were analyzed using SPSS 13.0
software (SPSS, Chicago, IL, USA). All data were not
normally distributed. The results of neurological function
and regional cerebral blood flow prior to and following
model establishment were analyzed using Kruskal-Wallis
nonparameter test; the results of number of nerve
factor-positive cells between infarcted and normal
hemispheres were compared with using Mann-Whitney
U-test. A value of P < 0.05 was considered statistically
significant.
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