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in a rat model of chronic cerebral hypoperfusion

WEIHUA LIANG'?, WEIWEI ZHANG3, SHIFU ZHAOz, HUA LIANG*, JINLI ZHANG' and LUYAN WANG'

'No. 263 Clinic of PLA Army General Hospital, Beijing 101149; 2Depar‘[ment of Neurology, Xingiao Hospital,
The Third Military Medical University, Chongqing 400038; PLA Army General Hospital, Beijing 100700;
*The 66083rd of PLA, Beijing 102488, P.R. China

Received June 13,2016; Accepted January 11, 2017

DOI: 10.3892/etm.2017.4228

Abstract. Myelinated axons require the correct localization
of key proteins that are essential for nerve conduction and
cognitive function. Little is known regarding the altered
expression of contactin-associated protein 2 (Caspr2) at the
juxtaparanodal regions and Navl.6 at the node of Ranvier in
response to chronic cerebral hypoperfusion (CCH). The aim
of the present study was to examine the alterations in the key
protein of myelinated axons and the potential mechanisms
that may follow CCH. We established a rat model of CCH by
controllable partial narrowing of bilateral common carotid
arteries. Then, we detected cerebral blood flow (CBF) after
surgery. We also evaluated motor-evoked potentials (MEPs),
assessed the Morris water maze test,analyzed Caspr2 expression
through immunohistochemistry and Nav1.6 protein expression
through western blot analysis at 2,4 and 12 weeks. The results
revealed that the mean CBF value was significantly decreased
to 33.90+5.48%. The MEP latencies and the escaping latencies
were significantly prolonged. There was also an elongation of
the first time passing of the hidden platform with a reduction
of crossing platform times in spatial probing. Furthermore, the
Caspr2 immunoreactivity demonstrated that the Caspr2 level
was significantly downregulated with abnormal locations in the
corpus callosum. The western blot analysis of Navl.6 protein
revealed that the level was reduced significantly over time.
The results demonstrate that CCH leads to central conductive
function loss, cognitive function damage and alterations in
the key protein of myelinated axons, which may provide a
molecular basis and key link for white matter damage.
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Introduction

Chronic cerebral hypoperfusion (CCH) plays a key role in
white matter (WM) damage, which contributes to the progres-
sion of dementias such as Alzheimer's disease and vascular
dementia (1-5). The integrity of the brain's WM is comprised
mainly of myelinated axons (6). Thus, the damage of myelin-
ated axons associated with CCH results in development and
progression of dementia. It is essential to determine early
alterations of myelinated axons and potential mechanisms
following CCH, which provide an experimental basis for the
prevention of dementia.

Myelination of axons consist of nodes of Ranvier, paranodal
regions, juxtaparanodal regions, and internodes (7,8). Each
defined region contains the localization of key proteins
that are constituents of either the axolemma or the myelin
sheath (9,10). Contactin-associated protein 2 (Caspr2) localizes
to juxtaparanodal regions in association with a cell adhesion
molecule of the neurexin superfamily and forms a complex
with contactin 2 to generate a membrane scaffold that clusters
Kvl channels (11,12). Voltage-gated sodium (Na*) channels are
concentrated at nodes of Ranvier, which are separated from
each other by myelin-covered internodes. Nodes of Ranvier
are responsible for the generation and efficient propagation of
axon potentials (13,14). Currently, information on the altered
expression of Caspr2 and Nav following CCH is limited.

In the present study, stenosis of the bilateral carotid
common artery in adult Sprague-Dawley rats was used to
study the nerve conduction, cognitive function and the altered
expression of Caspr2 and Nav in order to reveal its underlying
mechanism, and to further develop therapeutic treatments.

Materials and methods

Animals. Adult male Sprague-Dawley rats (6 months,
200+8.5 g) were housed at a constant room temperature
of 24°C on a 12-h light-dark cycle, and maintained on an
ad libitum diet (Experimental Animal Center, Third Military
Medical University, China). All the experiments were
performed with the approval of the Third Military Medical
University Animal Ethics Committee. Every effort was made
to minimize animal suffering and to keep the number of
animals at a minimum.
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Bilateral common carotid artery stenosis (BCAS) surgery
(surgical procedure). The rats were anaesthetized via
intraperitoneal (i.p.) injection of 3% pentobarbital sodium
(45 mg/kg) until their eyelash reflex disappeared, and were
then fixed in the dorsal position. Under aseptic conditions, a
2-cm incision was made in the median neck. After separation
of the tissue layers, ~1 cm of bilateral common carotid artery
was separated from paratracheal carotid sheath, ligated using
a 1.2-mm diameter needle together with no. 4 silk thread, and
repositioned. The wound was closed, and the rats were given
aspirin as an anticoagulant (30 mg/l) in their drinking water
for three days post-surgery. For rats in the sham group, the
bilateral common carotid artery was exposed but no ligature
was made. The animals were randomly allocated into four
groups of six rats each: Sham, 2, 4 and 12 weeks.

Cerebral blood flow (CBF) measurement. The animals were
anesthetized with sodium pentobarbital (0.5 mg/kg, i.p.),
and the skin overlying the left skull was reflected. A plastic
guide cannula (3 mm outer diameter, 2 mm inner diameter,
4 mm length) was fixed perpendicularly to the skull at I mm
posterior and 2.5 mm lateral to bregma using dental resin. A
2.0-mm straight probe (Probe 418-1 Master probe) was inserted
through the guide cannula, and CBF was recorded after the
surgery using laser-Doppler flowmetry (PF5010LDPM;
Perimed AB, Stockholm, Sweden). CBF values were expressed
as a percentage of the baseline value.

Detection of the transcranial electrical stimulation
motor-evoked potential (MEP). The transcranial electrical
stimulation MEPs was detected (n=6 at each time point
in every group) by Keypoint four guide evoked potential
(Experimental Center, Third Military Medical University,
China). All Sprague-Dawley rats were recorded at a quiet,
electrically shielded room temperature of 24°C. The rats were
anaesthetized via i.p. injection of 3% pentobarbital sodium
at a dose of 45 mg/kg until their eyelash reflex disappeared.
EEG was detected with needle electrodes. The stimulation
electrode was located at 1 mm posterior to the bregma. The
recording electrode was located at 3 mm lateral to the sagittal
suture. The recording electrode was located at the contralat-
eral gastrocnemius. The monopolar recording on the nasal
bone was ground. Electrical stimulation signals reveal a single
square wave electrical pulse (stimulus intensity 5-12 mA,
pulse width 0.2 msec). Each result was repeated at least twice
to obtain a stable waveform. The distance between stimulating
and recording electrodes was measured in all rats to derive an
estimate of the MEP latency.

Morris water maze. Two, four, and 12 weeks after CCH
surgery, each rat (n=6/group) was subjected to a water maze
test which consisted of a large circular pool (diameter, 2 m;
height, 1.5 m) filled with water (25+£1°C) that was rendered
opaque by the addition of enough milk to prevent the rats
from seeing an underwater platform (5-cm diameter),
located 3.5 cm below the surface. The day before the start
of the training, the rats were acclimatized to water by being
allowed to swim freely in a pool. To measure the acquisition
learning behavior, navigation trials were performed daily
(4-8 trials/day) for 5 consecutive days for each rat. The rats
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were trained to swim to a hidden platform that was situated
below the surface of the water and was placed at the center
of one of the four quadrants throughout training. During the
four trials, each rat was randomly placed in one of the four
starting positions. The rats were given 2 min to find the plat-
form and to stay on it for 10 sec. If the animals failed to find
the platform within the given time, they were gently guided
to the platform and were allowed to stay on it for 10 sec. The
rats were trained to find the hidden platform in the pool over
10 trials. To evaluate the rat's spatial retention ability, the
space probe trails were carried out on day 6. The platform
was removed, and the total distance traveled while swimming
and the swimming distance in the target quadrant for 1 min
were recorded by the tracking system.

Histochemical evaluation of myelinated axon damage.
Two, four, and twelve weeks after CCH surgery, each rat
(n=6/group) was anesthetized and perfused intracardially with
phosphate-buffered saline, followed by 4% paraformaldehyde.
The brains were post-fixed in ice-cold 4% paraformaldehyde
for 2 h, and then cryoprotected in a 30% sucrose solution.
Coronal cryostat sections (20-gm) were mounted onto
poly-lysine coated slides. Similar brain slices were selected
for immunohistochemistry labeling, respectively. For quan-
titative assessment of myelinated axons, damaged sections
were immunostained using antibodies against Caspr2.
Immunoreactivity was revealed by the primary antibody
against Caspr2 (polyclonal rabbit anti-rat Caspr2 obtained
from Boster Biological Technology Co. Ltd., Wuhan, China).
FITC-labeled anti-rabbit secondary antibody was obtained
from Beijing Zhongshan Golden Bridge Biotechnology Co.,
Ltd. (Beijing, China). A laser scanning confocal microscope
was used to examine the presence and distribution of fluo-
rescence in the sections. The Image-Pro Plus analysis system
was used to determine the average optical density (AOD)
value of expression.

Examination of Nav protein levels by western blot analysis.
For total protein extraction, tissues were transferred to cold
lysis buffer containing 0.1 mol/l NaCl, 0.05 mol/l Tris-HCI
(pH 7.6), 0.001 mol/l EDTA (pH 8.0), 0.1% Tween-20, apro-
tinin (1 gg/ml), and PMSF (100 yg/ml) and homogenized on
ice. The homogenate was centrifuged at 8,500 x g for 10 min,
and the supernatant was stored at 4°C. Equal amounts of
protein from each sample (50 pxg) were mixed with 30-35 pl
sample buffer and boiled for 4 min. Samples were separated
by electrophoresis on a 10% SDS-PAGE gel and transferred to
nitrocellulose membranes at 100 mA for 2 h. The membrane
was blocked with 5% non-fat dry milk in PBS containing
0.01% Tween-20 at 4°C overnight. Immunoblots were probed
with specific antibodies: Polyclonal rabbit anti-rat Caspr2
(1:1,000; cat. no. TA326393; Beijing Zhongshan Golden
Bridge Biotechnology Co., Ltd.). Blots were washed and
incubated with horseradish peroxidase-conjugated anti-rabbit
antibodies (1:2,000; cat. no. ZDR-5306; Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd.) for 1 h at 25°C. An
endogenous control protein, GAPDH, was included in each
western blot analysis. Then the membranes were developed
using enhanced chemiluminescence reagent. The optical
densities of the specific bands were scanned and measured by
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Figure 1. The latency of motor-evoked potential (MEP) was recorded at 2,
4 and 12 weeks after surgery. n=6, "P<0.05 compared with the right side of rat
in the sham group, "P<0.05 compared with the left side of rat in the sham group.

image analysis software (Labworks 4.6, China) and normal-
ized to GAPDH.

Statistical analysis. Statistical analysis was performed using
the SPSS 13.0 software package (Chicago, IL, USA). Values
were expressed as means + standard deviation (SD). Analysis
of variance was used to determine the significance of differ-
ences for multiple comparisons. P<0.05 was considered to
indicate a statistically significant difference.

Results

Changes of CBF in the rats after surgery. CBF values were
recorded for all the animals prior to and after surgery using
laser-Doppler flowmetry. Compared to the sham group, CBF
values in the operation group decreased significantly after
surgery. The mean CBF value in rats undergoing CCH surgery
was reduced significantly to 33.90+5.48% compared to that of
sham animals (P<0.05). There were no marked differences in
CBF in the three stenosis groups.

Transcranial electrical stimulation MEP. After 2, 4 and
12 weeks of surgery, the MEP latency in the operated groups
was significantly prolonged compared to the values prior
to the sham group (Fig. 1). Compared with the sham group
(right 5.50+0.41 vs. left 5.38+0.37 msec), the MEP laten-
cies of the operated groups were significantly longer (right
5.67+0.23 vs. left 5.75+0.27 msec at 2 weeks; right 6.25+0.58
vs. left 6.50+0.44 msec at 4 weeks and right 7.05+0.16 vs. left
7.08+0.29 msec at 12 weeks; P<0.05). The MEP latencies had
no significant change between the left and the right sides of the
rat either in the sham group or the operated groups (P>0.05).

Morris water maze. Morris water maze analyses show that
cognitive functions were markedly damaged at 2, 4 and
12 weeks in the operated groups following CCH. Compared
to the sham group, the escaping latency of the operation
group was significantly prolonged (Fig. 2). In addition,
times of crossing platform (2.8+0.35 at 2 weeks; 2.1+0.38 at
4 weeks; 1.2+0.50 at 12 weeks) in spatial probing were mark-
edly decreased in the operation groups as compared with the
sham group (3.2+0.77) (P<0.05). Furthermore, the first time
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Figure 2. The escaping latency was recorded at 2,4 and 12 weeks after surgery.
There was a significant difference between the sham and operation groups.
n=6 in each group, "P<0.05 compared with the sham group.

Figure 3. Amplified image of contactin-associated protein 2 (Caspr2)-positive
particle at a Ranvier node, showing a model demonstrating the structure of
the Ranvier node.

passing hidden platform (49+3.16 sec at 2 weeks; 65+2.54 sec
at 4 weeks; 91.5+3.80 sec at 12 weeks) was prolonged signifi-
cantly in the operation groups when compared to the sham
group (34+2.94 sec) (P<0.05).

Histochemical evaluation of myelinated axon damage.
Histological analyses revealed that the myelinated axons
were significantly damaged at 2,4 and 12 weeks in the opera-
tion groups. Compared to the sham group, CCH leads to a
large change in Caspr2 protein expression. Caspr2 protein
expression was detected as fine green particles using immuno-
fluorescence (Fig. 3). As shown in Fig. 4, both the number and
intensity of the particles decreased significantly. Moreover,
the intensity of stain was reduced markedly over time. The
distribution pattern of Caspr2 expression also changed mark-
edly. Compared to the sham group, our results showed the
Caspr2 expression was disordered in the distribution of strip
and point in the corpus callosum following CCH. At 12 weeks
after the model preparation, the Caspr2-positive particles
gathered around the area.

Examination of Navl.6 protein levels by western blot analysis.
Protein levels of Navl.6 of each group were determined by
western blot analysis. Compared to the sham group, Navl.6
protein levels decreased markedly following CCH (Fig. 5A).
In addition, the level of Navl.6 was reduced over time. As
shown in Fig. 5B, the Navl.6 expression following CCH was
significantly downregulated in the operation groups when
compared to the sham group (P<0.05). Furthermore, there was
a marked difference between the groups at different phases.
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Figure 4. Immunoreactivity of contactin-associated protein 2 (Caspr2) in the corpus callosum at 2,4 and 12 weeks after surgery. (A) Sham group, arrows indicate
the expression of caspr2 protein; (B) at 2 weeks in operation group; (C) at 4 weeks in operation group; (D) at 12 weeks in operation group (scale bar, 20 ym).
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Figure 5. Navl1.6 protein expresion at 2, 4 and 12 weeks. (A) Navl.6 protein
detected by western blot analysis of at 2,4 and 12 weeks after surgery. (B) The
relative optical density value of Navl.6 protein at 2, 4 and 12 weeks after
surgery. n=6, 'P<0.05 compared with the sham group.

Discussion

The present results have shown a progression of the damage
to myelinated axons over time following CCH. In order to
understand the mechanisms and quantify the myelinated axon
damage, we observed the loss of nerve conduction, the damage
of cognitive function and the alterations of Caspr2 and Navl.6
levels in a rat model of CCH. The data have demonstrated that
Caspr2 levels were significantly downregulated with abnormal
localization. At the same time, Navl.6 levels were reduced
markedly following CCH.

This study has demonstrated that the nerve conduction and
cognitive function reduced markedly after CCH in animals,
which is consistent with a chronic persistent decrease of CBF.
These results indicate that very early determination of cogni-
tive function and MEP in patients can provide a promising
strategy for judgment of CCH and prevention of dementia in
clinic.

Recent studies conducted on the correlation of Caspr2 and
Nav expression to damage of myelinated axons have focused
on the potential mechanisms of demyelination disease (15-17).
Some studies indicate that the Caspr2 and Nav expression
may be involved in a progressive axonal denudation and
nerve conduction impairment, which contributes to the
demyelination pathology (15-17). However, studies related to
the influence of Caspr2 and Nav expression on WM damage
induced by CCH are limited. In the present study, alterations
in the key proteins of myelinated axons were observed in a
rat model of CCH. The immunohistochemical analysis of
Caspr?2 protein revealed that the level and localization changed
significantly. Compared to the sham group, the number and
intensity of the particles decreased significantly over time.
Caspr2 expression was found to be disordered in the locations
of strip and point in the corpus callosum following CCH. At
12 weeks after the operation, the Caspr2 particles gathered
around in part of the area. Thus, the decreasing expression
and abnormal locations of the Caspr2 protein contributed to
the myelinated axon damage induced by CCH. Consistent
with the above results, previous studies showed that Caspr2
expression was downregulated with disruption of normal
localization and diffusion in multiple sclerosis (18,19).
Therefore, CCH results in the alterations of Caspr2 expression,
which contributes to myelinated axon damage. In addition, the
western blot analysis of Navl.6 protein revealed that the level
of this protein reduced significantly over time, which provided
further support that CCH causes damage to myelinated axons.
Similarly, previous studies showed that the alteration in the
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expression of Navl.6 contributed to the damage to myelinated
axons, which occurred in a variety of neuropathological states
including traumatic brain injury (20,21), spinal injury (22,23),
demyelination disease (24,25) and epilepsy (26,27). Moreover,
it was observed that there was a time-dependent loss of Nav
mRNA and protein in response to CCH as a result of focal
cerebral ischemia (28,29), which corroborates the results of
the present study.

Taken together, this study revealed that there is progression
of Caspr2 and Navl.6 expression in rat model of CCH over
time. We suggested that the alterations of Caspr2 and Navl.6
on myelinated axon damage after CCH may be in response
to the loss of nerve conduction and the damage of cognitive
function, which provided molecular basis for the prevention
of dementia. However, the present study revealed that the
molecular mechanisms induced by CCH were limited. There is
emerging evidence on distinct protein architecture alterations
after mild cerebral hypoperfusion (30). Thus, the complexity
of the molecular mechanisms induced by CCH suggests that
additional experiments are required to clarify the WM damage.

In conclusion, our results demonstrate that CCH results
in time-dependent loss of Caspr2 and Navl.6 protein, which
contributes to the damage of myelinated axons. These results
provide insight into the mechanisms for WM damage in
response to CCH.
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