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Abstract

A model of focal cerebral ischemic infarction was established in dogs through middle cerebral artery
occlusion of the right side. Thirty minutes after occlusion, models were injected with nerve growth
factor adjacent to the infarct locus. The therapeutic effect of nerve growth factor against cerebral
infarction was assessed using the hemisphere anomalous volume ratio, a quantitative index of dif-
fusion-weighted MRI. At 6 hours, 24 hours, 7 days and 3 months after modeling, the hemisphere
anomalous volume ratio was significantly reduced after treatment with nerve growth factor. Hema-
toxylin-eosin staining, immunohistochemistry, electron microscopy and neurological function scores
showed that infarct defects were slightly reduced and neurological function significantly improved
after nerve growth factor treatment. This result was consistent with diffusion-weighted MRI mea-
surements. Experimental findings indicate that nerve growth factor can protect against cerebral in-
farction, and that the hemisphere anomalous volume ratio of diffusion-weighted MRI can be used to
evaluate the therapeutic effect.
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Research Highlights

(1) Imaging, histology, and behavioral performance revealed that nerve growth factor was neuro-
protective against cerebral ischemic damage.

(2) The hemisphere anomalous volume ratio of diffusion-weighted MRI was used to quantitatively
assess the therapeutic effect of drugs for the treatment of cerebral ischemic injury.

(3) A quantitative method to assess the therapeutic effect of drugs using diffusion-weighted MRI was
established.
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INTRODUCTION

Early intervention with neuroprotective agents can sig-
nificantly improve the prognosis of cerebral infarction!.
In this study, we aimed to develop a method to quantita-
tively evaluate the therapeutic effect of drugs following
cerebral ischemic injury. The hemisphere anomalous
volume ratio, the percentage of abnormal lesion volume
to the total volume of the contralateral hemisphere, was
first used in the measurement of intracranial tumor vo-
lume and to assess surrounding normal brain tissue, thus
providing evidence for quantitative analysis of tumor
volume, boundary and adjacent tissue conditions'®. He-
misphere anomalous volume ratio is frequently used in
studies investigating intracranial tumor progression®*;
however, little attention has been paid to the application
of hemisphere anomalous volume ratio in cerebral vas-
cular disease research. Scholars have measured cere-
bral malacia volume using hemisphere anomalous vo-
lume ratio®™. However, the role of hemisphere anomalous
volume ratio in diffusion-weighted imaging measure-
ments for super-acute cerebral infarct volume has not
been investigated fully (supplementary Figure 1 online).
Nerve growth factor can affect the survival and differen-
tiation of certain neurons in the central nervous sys-
tem®9, and significantly reduce neuronal death after
injury, promote the regeneration of nerve fibers, and faci-
litate neural rehabilitation™*?. This study aimed to eva-
luate the change in cerebral infarct volume after never
growth factor intervention using hemisphere anomalous
volume ratio, an important parameter of diffu-
sion-weighted imaging. In addition, the neuroprotective
effect of never growth factor was monitored using his-
tology and behavioral testing.

RESULTS

Quantitative analysis of experimental animals

Forty Beagle dogs were randomly divided into two groups,
a treatment group (n = 24) and a control group (n = 16). All
dogs underwent cerebral infarction by right middle cerebral
artery occlusion (MCAO)™. Thirty minutes after occlusion,
dogs in the treatment group were treated with never growth
factor, while control animals were treated with physiological
saline. At 6 hours, 24 hours, 7 days and 3 months after
MCAQO, brain tissue was harvested for observations. All
40 Beagle dogs were involved in the final analysis.

Assessment of neurological function in dogs fol-
lowing MCAO

MCAO induced focal neurological impairment in dogs,
which showed varying degrees of contralateral hemiple-
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gia, especially in the hind limbs. Unilateral limb weak-
ness, muscle tension reduction, unsteady gait, inclined
body and low appetite were evident. In the treatment
group at each time point, neurological defects were re-
duced and the recovery time was shorter. Compared with
the control group, the treatment group showed a signifi-
cant decrease in neurological function scores at 24 hours,
7 days and 3 months after MCAO (P <0.05o0r P <0.01;
Table 1).

Table 1 Neurological function scores in two groups at
different time points

After ischemia Treatment group Control group t B

24 hours 9.22+1.25 9.86+0.57 8.552 0.031
7 days 3.67+0.53 4.65+0.18 11.276 0.002
3 months 2.13+0.26 3.12+0.89 11.782 0.005

Data are expressed as mean + SD. There were six dogs in the
treatment group and four dogs in the control group at each time
point. Differences between two groups were compared using the
t-test.

At postoperative 6 hours, some dogs were excluded from neuro-
logical function scoring because of anesthesia. Higher scores
indicate severe neurological function defects.

Morphological changes in the brain tissue following
MCAO

Gross observations

Brain tissue swelling was visible on the affected side of
dogs in the control group at 6 hours after MCAO; at

24 hours, blood vessels were thickened in peripheral
infarct tissue (Figure 1), and hemorrhaging was visible
within the brain parenchyma; at 3 months, brain atrophy
occurred on the surface of the infarct site.

Figure 1 Gross specimens in the treatment group and
the control group at 24 hours after cerebral infarction in
Beagle dogs.

In the control group (B), the number of thickened blood
vessels increased at the peripheral infarct site. In the
treatment group (A), hyperplasia was reduced. Arrows
indicate blood vessels at the infarct site.

Brain tissue swelling and hyperplasia were slightly re-
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duced in the treatment group when compared with the
control group. The observational indices at 24 hours and
3 months after MCAO are shown in Table 2.

Table 2 Gross observation of infarct brain tissue in two
groups

3 months after
cerebral infarction

24 hours after cerebral

Observational infarction

indices

Treatment Control Treatment Control
group group group group

Brain surface color Reddish Pale Normal Normal
Brain surface ves- Thickening, Thickening, Normal Normal
sels increasing increasing
Midline shift Significant Extremely None None
significant
Corticomedullary Unclear Unclear Clear Fuzzy

interface

Histological observations

Hematoxylin-eosin staining revealed that ischemic neu-
rons appeared shrunken, triangular in shape, had nuc-
lear pyknosis and structural disappearance was evident
in the control group at 6 hours after MCAO. At 24 hours,
there was widespread degeneration and necrosis of
neurons within the loci (Figure 2).

Figure 2 Pathological changes in infarct site at 24 hours
after cerebral infarction in the two groups
(hematoxylin-eosin staining, light microscope, x 400).

In the control group (B), the majority of neurons within the
infarct foci degenerated and were necrotic, neuronal
nuclei were pyknotic, neuropil gap widened, and cell
vacuolation was observed. In the treatment group (A),
these effects were reduced.

In the treatment group, ischemic neurons showed a low-
er degree of nuclear pyknosis, neuropil clearance, glial
cells, and micro-vascular gap width than neurons in the
control group. At 3 months, the malacia residues in the
treatment group were smaller than that in the control

group, and there were many normal neurons.

Immunohistochemical staining

Results showed a small number of never growth fac-
tor-positive cells in the control group and a large number
of never growth factor-positive cells in the treatment
group following cerebral infarction. Statistical analysis
demonstrated that the number of never growth fac-
tor-positive cells in the treatment group was significantly
higher than that of cells in the control group at 24 hours
and 7 days (P < 0.01). In addition, there was no signifi-
cant difference in the number of positive cells at 6 hours
and 3 months between the two groups, although the
number of cells in the treatment group was still higher
than that in the control group (P > 0.05; Table 3).

Figure 3 Nerve growth factor expression in infarct brain
tissues at 24 hours following cerebral infarction
(immunohistochemical staining, light microscope, x 200).

The number of immunoreactive neurons (arrows)
increased and cells were deeply stained in the treatment
group (A) when compared with the control group (B).

Table 3 Number of nerve growth factor immunopositive
cells (n/400-fold visual field) in the infarct tissue at different
time points in the two groups

After ischemia Treatment group Control group t P

6 hours 30.20+3.08 30.40+2.70 0.048 0.262
24 hours 40.79+3.03 33.10£3.67 13.401 0.002
7 days 51.68+3.47 42.25+3.08 11.673 0.004
3 months 58.61+4.34 55.20+4.09 1.628 0.187

Data are expressed as mean + SD. There were six dogs in the
treatment group and four dogs in the control group at each time
point. Differences between the two groups were compared using
the t-test.

Ultrastructural observations
Transmission electron microscopy revealed mild swelling
of neurons and apparent intracellular mitochondrial swel-
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ling in the control group at 6 hours after MCAO. At 24
hours, neuronal swelling, cell shrinkage, the cell nuc-
leolus disappeared, cells exhibited swollen mitochon-
dria, spherical dilatation of the chamber, crista frag-

mentation, and an electron density decrease was visible.

Moreover, the rough endoplasmic reticulum degranu-
lated, the Golgi complex expanded and vacuolized, and
the cytoplasm was abundant with characteristic lipo-
fuscin granules, which were metabolite cells containing
large particles and lipid droplets (Figure 4). At 7 days
after MCAO, the swelling of neurons surrounding the
infarct site reduced, and the mitochondria, Golgi com-
plex and the rough endoplasmic reticulum greatly im-
proved in morphology. At 3 months, oligodendrocyte
proliferation markedly increased, less residual neurons
were present, and there was a marked reduction in the
number of synapses (P < 0.01). Neuronal ultrastructure
improved in the treatment group compared with the
control group at each time point, and cells appeared
close to normal morphology at 3 months.

e ¥

Figure 4 Ultrastructure of infarct brain tissue in the two
groups at 24 hours following cerebral infarction
(transmission electron microscope, x 15 000).

In the control group (B), neuronal swelling, nuclear
shrinkage, rough endoplasmic reticulum degranulation,
Golgi complex expansion and vacuolization were visible.
In the treatment group (A), these effects improved.

Compared with the control group, the number of surviv-
ing neurons in the treatment group significantly in-
creased at 24 hours, 7 days and 3 months following
MCAO, and neuronal axons and synapses also in-
creased (P < 0.01), while synaptic number showed no
significant difference in the treatment group at each time
point (P > 0.05; Table 4).
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Table 4 The number of synapses (n/8 000-fold visual
field) in the infarct site at different time points following
cerebral infarction

After ischemia Treatment group Control group t P

6 hours 12.25+1.80 12.36+1.75 2.173 0.357
24 hours 12.19+2.16 11.28+1.66 11.528 0.001
7 days 13.08+2.03 12.36+2.31 8.511 0.007
3 months 13.31+2.35 12.20+2.03  10.661 0.006

Data are expressed as mean + SD. There were six dogs in the
treatment group and four dogs in the control group at each time
point. Differences between the two groups was compared using
the t-test. There were no significant differences within each group
at different time points (P > 0.05; analysis of variance).

Imaging of brain tissue after MCAO

At 6 hours after MCAO, diffusion-weighted imaging im-
ages of both the treatment group and the control group
displayed diffusion anomaly areas, located in the right
middle cerebral artery (Figure 5).

Figure 5 Diffusion-weighted imaging at 24 hours
following cerebral infarction in the two groups.

(A) Image of the treatment group; (B) Schematic map of
single layer hemisphere edge and infarct edge outlined for
the same level; (C) Image of the control group.

The ischemic area in the control group was larger than
that of the treatment group, and the occipital lesions
invaded the midline.

As infarction time progressed, the hemisphere anomal-
ous volume ratio gradually increased, particularly during
6-24 hours and 24 hours—7 days. Compared with the
control group, the treatment group had a decreased he-
misphere anomalous volume ratio at 24 hours, 7 days
and 3 months (P < 0.01; Table 5).
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Table 5 Comparison of hemisphere anomalous volume
ratio (%) between the two groups at different time points

After ischemia Treatment group Control group t B

6 hours 0.16+0.05 0.18+0.06 2.163 0.351
24 hours 0.20+0.07 0.25+0.04 8.265 0.000
7 days 0.24+0.05 0.32£0.06  10.224 0.003
3 months 0.25+0.02 0.33+0.08 5.638 0.005

Data are expressed as mean + SD. There were six dogs in the
treatment group and four dogs in the control group at each time
point. Differences between the two groups were compared using
the t-test.

DISCUSSION

Ischemic brain injury may lead to an increase in the ex-
pression of endogenous never growth factor and its re-
ceptor under a natural state***®. However, endogenous
never growth factor production is too minimal to result in
restoration of damaged neurons. Therefore, administra-
tion of exogenous never growth factor is applied to re-
duce ischemic damage caused by cerebral infarction,
and to promote neuronal recovery and regeneration™. At
present, never growth factor can be separated and puri-
fied from many biomaterials, such as snake venom, the
mouse submandibular gland, the human full-term pla-
centa and the guinea pig prostate gland®®.. Never growth
factor, in combination with its presynaptic membrane
receptor, binds to form complexes, which then enter and
cross the axoplasm, transfer to the cell body, and bind
with nuclear receptors, thus resulting in biological ef-
fects!'"9,

Never growth factor cannot only promote the growth and
regeneration of nerve fibers, but can also facilitate syn-
aptic formation®>??. In this study, treatment of never
growth factor induced apparent degeneration of syn-
apses surrounding the cortex lesions, and increased
synaptic number, as determined under the electron mi-
croscope. These findings indicate that never growth fac-
tor can effectively protect damaged neurons, and pro-
mote recovery and regeneration.

MRI examination is characterized by high sensitivity to
cerebral ischemic injury in the treatment of acute cere-
bral infarction®®. This is due to each water molecule
containing two protons that generate MR signals. Once
ischemia occurs, brain edema forms and causes the MR
signal to change, thus generating abnormal signals on
the MR image. Prior to the emergence of pathological
changes in lesions, MRI signals were apparently visible
under the light microscope®2%. However, the ultra-high
field magnetic resonance diffusion-weighted imaging
technique can detect brain ischemic lesions several
hours earlier than conventional MRI T2 imaging, thus
providing evidence for the potential benefit of early in-

tervention in the treatment of ischemia.

This study compared MRI, cell biology and molecular
biology results following ischemic cerebral infarction in a
canine model. Results revealed that neuroprotection and
repair following never growth factor treatment occurred
within 24 hours following MCAO. At this time, the infarct
volume was reduced and hemisphere anomalous volume
ratio growth was reduced when compared with the con-
trol group. This is evidence that the adjacent penumbra
was narrowed and that mildly impaired nerve cells re-
covered. The degree of the hemisphere anomalous vo-
lume ratio increase can be used as an indicator to as-
sess the neuroprotective effect of never growth factor
and its ability to restore impaired neurons in the penum-
bra after cerebral infarction.

Although diffusion-weighted imaging axial tomographic
images can reflect early ischemic lesions, single layer
images cannot indicate the overall situation of lesions as
scanning positions can differ depending on the techni-
cian. In addition, the location of the lesion depends on
the volume of the brain. Therefore, this scanning tech-
nique is not adequate to reveal lesion size. Hemisphere
anomalous volume ratio refers to the relative area of the
hypoxic or ischemic lesion in the brain, which is not af-
fected by scanning technicians and patients. Hemisphere
anomalous volume ratio can clearly display the infarct
size and volume, and can also be used as an objective
index to evaluate disease progression. In this experiment,
hemisphere anomalous volume ratio measurements
were based on diffusion-weighted imaging images, which
detect early infarction lesions and lay the foundation for
early hemisphere anomalous volume ratio evaluation of
cerebral infarction. In animal experiments, diffu-
sion-weighted imaging could detect abnormal signals as
early as 24 hours following MCAO®*?", Because of its
high sensitivity to cerebral ischemia, diffusion-weighted
imaging is a potential means for the early imaging eval-
uation of cerebral infarction. Here, we adopted hemis-
phere anomalous volume ratio for diffusion-weighted
imaging to clearly determine infarct volume, and com-
pare volumes with other treatments, thereby indirectly
determining the therapeutic effect of never growth factor
against cerebral ischemia. In addition, we analyzed brain
tissue at a relatively low perfusion status within the
ischemic zone, an area where never growth factor in-
duces greatest neuroprotection. Results showed signifi-
cant improvement after never growth factor treatment.

In summary, our study provides preliminarily evidence for
the use of diffusion-weighted imaging hemisphere ano-
malous volume ratio technology for the evaluation of
never growth factor in protecting and restoring neurons
following acute cerebral infarction. In addition, we
showed that hemisphere anomalous volume ratio can be
used as a reliable quantitative index to evaluate the the-
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rapeutic effect of other neuroprotective agents.

MATERIALS AND METHODS

Design
A randomized controlled animal experiment pertaining to
neuroimaging.

Time and setting

Experiments were performed from June 2010 to October
2011 in the Department of Radiology, the Second Hos-
pital of Hebei Medical University, China.

Materials

Forty healthy Beagle dogs, aged 6 months, male and
female, weighing 10-15 kg, were provided by the Expe-
rimental Animal Center of Hebei Medical University,
China (license No. SCXK (Ji) 2011-02-05). Prior to expe-
rimentation, each dog underwent MR-diffusion-weighted
imaging examination, to eliminate animals presenting
abnormal cerebral signals. Experimental procedures
were in accordance with the Guidance Suggestions for
the Care and Use of Laboratory Animals, issued by the
Ministry of Science and Technology of China'?®.

Methods

Establishment of MCAO model and intervention
Medical silicone rubber, matrix and catalyst were mixed
and the mixture was injected into a 1.1-mm diameter
glass tube, which was prepared for 8-mm-long emboli.
Under anesthesia, one side of the canine common caro-
tid artery was exposed and inserted with two emboli.
Thus, the catheter entered the internal carotid artery and
reached the skull, and finally the emboli were pressu-
rized to invade the skull. The MCAO models were suc-
cessfully prepared and the time at which the emboli was
inserted was taken as the starting point of the cerebral
infarction™. Thirty minutes after model establishment,
magnetic resonance examination was performed, ac-
cording to diffusion-weighted imaging detected lesions,
and the reference location map and surface landmarks
we determined were used as the administration site for
never growth factor injection®®. Using a skull driller and
micro-syringe, the cerebral infarct site was injected with
0.5 mL of solution containing 2 000 biological activity
units (BU) of never growth factor (each injection con-
tained 1 000 BU; Geriatric Disease Prevention And Con-
trol Research Center of China Medical University, Dalian,
Liaoning Province, China). The control group was given
the same amount of physiological saline.

MRI examination
MRI was performed using a GE Signa Excite 3.0 T
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magnetic resonance scanner (Bethesda, MD, USA) and
knee coil. At 6 hours, 24 hours, 7 days and 3 months,
patients were examined by diffusion-weighted imaging.
The scanning sequence included MR scanning conven-
tional sequence and diffusion-weighted imaging. Diffu-
sion-weighted imaging used a single-shot SE-EPI se-
quence, and a diffused sensitive gradient was added to
the x, y and z axes, thus resulting in a diffu-
sion-weighted image. The diffusion sensitive coefficient
=1 000 s/mm®. Repetition time: 2 800 ms, echo time: 60
ms, slice thickness: 5 mm, interval: 0, layers: 12, matrix:
128 x 128, field of view: 24 cm x 24 cm, phase en-
coding: the front and rear direction, motivation number:
6. After scanning was completed, diffusion-weighted
imaging data of all subjects was transferred to an Ad-
vantage Workstation 4.2P (GE).

The hemisphere anomalous volume ratio was calculated
according to diffusion-weighted imaging images. The
infarct volume in each layer of diffusion-weighted imag-
ing images was preliminarily observed, and then the
hemisphere and infarct loci (diffusion anomaly area)
were outlined on the workstation. The outline area on
each layer multiplied by the slice thickness was the vo-
lume of the hemisphere and infarct loci on each layer.
Finally, all results were accumulated to obtain the he-
misphere volume and infarct volume (Figure 5).
hemisphere anomalous volume ratio (%) = (infarct vo-
lume / hemisphere volume with diffusion anomaly area)
x 100%.

Specimen collection

Under anesthesia, dogs were fixed by cardiac perfusion
fixation, and cerebral infarct specimens were harvested
according to the diffusion-weighted imaging image (Fig-
ure 5)°°. Specimens were prepared for paraffin embed-
ding, which underwent hematoxylin-eosin staining, im-
munohistochemical staining and electron microscopic
observation.

Immunohistochemical staining

The staining procedures were performed according to
the manufacturer’s instructions (Beijing Zhongshan Bio-
technology Co., Ltd., Beijing, China). Specimens were
incubated with rabbit anti-human never growth factor
monoclonal antibody (1:500; Beijing Zhongshan Bio-
technology) in a wet box for 1.5 hours; with goat an-
ti-rabbit 1I9G (1:200; Beijing Zhongshan Biotechnology)
and SABC complexes (1:100; Beijing Zhongshan Bio-
technology) for 30 minutes; and colored with DAB-H,0O,
liquid (Beijing Zhongshan Biotechnology). The number of
immunoreactive cells was counted under a light micro-
scope (x 400; Olympus, Tokyo, Japan). Three brain
slices were collected from each dog and ten fields of
vision from each brain slice were used to calculate the
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average value.

Electron microscopy

1 mm x 1 mm x 3 mm specimens were fixed with 3%
(v/v) glutaraldehyde solution, which was precooled to
0-4°C, fixed with osmium, dehydrated in acetone,
embedded, and prepared into ultrathin sections at a
thickness of approximately 70 nm. Specimens were
dyed with uranyl acetate and lead citrate, and observed
under a Hitachi H-7500 transmission electron micro-

scope (Tokyo, Japan). Under the transmission electron
microscope (x 8 000), the synapses in each field of
view was counted.

Neurological function score

At 24 hours, 7 days and 3 months after MCAO, neuro-
logical function scores were assessed before the spe-
cimens were harvested. Scoring criteria are shown in
Table 6™, Rats at postoperative 6 hours were excluded
because of the interference of anesthesia.

Table 6 Neurological function scale for cerebral infarction in dogs

Performance

Score

Behavior No obvious defects, normal neurological function
Can stand, but rely on outside force

Coma or death, cannot be measured
Consciousness Awake, normal response
Awake, loss of consciousness or decline
Awake, marked decline in consciousness
Coma or death
Head turning No obvious activity
Head tilted to infarct side
Head cannot rise, coma or death
Circling No obvious circular motion
Circular walking routes
Unable to walk or death
Hemianopia No positive test results
Walking into the wall towards the affected side

Loss of consciousness or death, cannot be tested
Total score Minimum (completely normal, intact animals)
Maximum (coma or death)

Tilted to one side, can restore the balance without the aid of external force

Hemiplegia, awake, but cannot stand with the aid of external force

Repeated positive test showed marked asymmetrical results

NFPFPFRPPFPOFRPPFPOFRPPFPOMWNEREDWNLEPER

[EnN
[N

Statistical analysis

Data were statistically analyzed with SPSS 17.0 software
(SPSS, Chicago, IL, USA) and were expressed as

mean + SD. Differences between groups were compared
using the t-test, and comparison at different time points
was performed with analysis of variance. A P value less
than 0.05 was considered statistically significant.
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