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Intercellular adhesion molecule-1 expression in the
hippocampal CA1l region of hyperlipidemic rats with
chronic cerebral ischemia*

Yingying Cheng, Ying Zhang, Hongmei Song, Jiachun Feng

Department of Neurology, The First Bethune Hospital of Jilin University, Changchun 130021, Jilin Province, China

Abstract

Chronic cerebral ischemia is a pathological process in many cerebrovascular diseases and it is
induced by long-term hyperlipidemia, hypertension and diabetes mellitus. After being fed a high-fat
diet for 4 weeks, rats were subjected to permanent occlusion of bilateral common carotid arteries to
establish rat models of chronic cerebral ischemia with hyperlipidemia. Intercellular adhesion
molecule-1 expression in rat hippocampal CA1 region was determined to better understand the
mechanism underlying the effects of hyperlipidemia on chronic cerebral ischemia. Water maze test
results showed that the cognitive function of rats with hyperlipidemia or chronic cerebral ischemia,
particularly in rats with hyperlipidemia combined with chronic cerebral ischemia, gradually
decreased between 1 and 4 months after occlusion of the bilateral common carotid arteries. This
correlated with pathological changes in the hippocampal CA1 region as detected by
hematoxylin-eosin staining. Immunohistochemical staining showed that intercellular adhesion
molecule-1 expression in the hippocampal CA1 region was noticeably increased in rats with
hyperlipidemia or chronic cerebral ischemia, in particular in rats with hyperlipidemia combined with
chronic cerebral ischemia. These findings suggest that hyperlipidemia aggravates chronic cerebral
ischemia-induced neurological damage and cognitive impairment in the rat hippocampal CA1 region,
which may be mediated, at least in part, by up-regulated expression of intercellular adhesion

molecule-1.
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hyperlipidemia

INTRODUCTION

Chronic disruption of cerebral blood flow
resulting from carotid insufficiency can
induce neurological deficits and dementia,
such as vascular dementia, Alzheimer’s
disease and Binswanger’s disease. In 1992,
permanent occlusion of bilateral common
carotid arteries (2VO) was used to induce
chronic cerebral ischemia, which led to
morphological abnormalities in hippocampal
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cells and quantifiable cell loss within 7
months of blood flow reduction!".
Hippocampal atrophy correlates with
impairment on visuospatial memory tasks
While the 2VO model reduces cerebral
blood flow, there are numerous additional
factors that influence cerebral morphology in
humans, such as hyperlipidemia (HL),
hypertension and hyperglycemia. To
investigate the pathological changes
associated with chronic cerebral ischemia,
we established a HL rat model using 2VO. It
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has been proposed that HL disrupts the function and
integrity of endothelial cells®. This appears to be due to
a series of chain reactions. First, hypercholesterolemia,
especially high plasma levels of low-density lipoprotein
cholesterol, can stimulate the expression of intracellular
adhesion molecule 1 (ICAM-1), which promotes the
rolling of a large number of leukocytes, strong adhesion,
and ultimately, transmigration*®. The final result is the
production of thrombosis and atherosclerosis, which are
the pathological basis of chronic cerebral ischemia.
ICAM-1 interaction with cognate receptors on leukocytes,
lymphocyte function-associated antigen-1 and
macrophage antigen-1 is crucial for leukocyte adhesion
and transendothelial migration®®. Thus, we chose
ICAM-1 as a marker of HL in this study.

A previous study showed that at 2 months after the 2VO
procedure, a large number of leukocytes and T cells
infiltrated into the ischemic region, especially around the
regions of vascular infarction”. The concentration of
these cells in the ischemic penumbra is tightly linked to
brain damage!™. However, little is known about the effect
of ICAM-1 on the inflammatory response in chronic
cerebral ischemia, or even in HL with chronic cerebral
ischemia. We established a rat model of HL with chronic
cerebral ischemia and examined the expression of
ICAM-1 in the rat hippocampal CA1 to investigate the
relationship between ICAM-1 expression and HL with
chronic cerebral ischemia.

RESULTS

Compared to the control group, rat cognitive function
significantly declined between the 1°' and 4" months in
the 2VO, HL and HL + 2VO groups. The worst cognitive
function was displayed in the HL + 2VO group (P < 0.05,
Tables 2-4).

Table 1 The levels of blood lipids (mM) and
apolipoprotein in rats

Group n TC TG LDL-C HDL-C

Control 15 1.32+0.12 1.20+0.60 0.90+0.12 0.883%0.181
2V0 20 1.47+0.12 1.14%0.34 1.04+0.21 0.809+0.002
HL 25 3.38+0.44° 1.0120.32 2.28+0.27° 1.388+0.197
HL+2VO 30 3.17+0.42° 1.20+0.38 2.20+0.30° 1.400+0.137

All data are expressed as mean + SD. °P <0.01, vs. control and
2VO groups (t-test). TC: Total cholesterol; TG: triglyceride; LDL-C:
low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein
cholesterol; 2VO: Occlusion of bilateral common carotid arteries;
HL: hyperlipidemia.

Table 2 The escape latency (second) of rats after the
2VO operation

Month Control 2VO HL HL+2VO
et 6.1+0.4 21.0+2.6° 10.6+1.4° 23.1+4.47
2 12.1£2.1 22.5+3.6° 14.5+2.1 31.46.6%
4 16.4+3.3°  30.6+4.4*°  28.3+6.6°  50.3+7.0°%°

All data are expressed as mean + SD of five to ten rats in each
group. ®P < 0.01, vs. control group (t-test); °P < 0.05, vs. other
groups (t-test); °P < 0.05, vs. the 1% month in the same group
(t-test). 2VO: Occlusion of bilateral common carotid arteries; HL:
hyperlipidemia.

Quantitative analysis of experimental animals

A total of 105 Wistar rats were used in the study. Rats
were randomly divided into four groups: control, 2VO, HL
and HL + 2VO groups. Each group was divided into three
subgroups: 1%, 2" and 4" months. During
experimentation, 15 rats died due to anesthesia or

inability to tolerate the operation in the latter three groups.

In total, 15 rats from the control group, 20 from the 2VO
group, 25 from the HL group and 30 from the HL + 2VO
group were included in the final analysis.

Blood lipid results

Blood lipid results demonstrated that total cholesterol
(TC) and low density lipoprotein-cholesterol (LDL-C)
were significantly higher in the HL and HL + 2VO groups
compared with the control and 2VO groups (P < 0.01,
Table 1).

Cognitive function

Before the 2VO operation, all rats were subjected to the
Morris water maze test to eliminate sub-standard rats
(unintelligent rats) to reduce variability between them.

Table 3 The search length (cm) of rats after the 2VO
operation

Month  Control 2V0 HL HL+2VO

15t 106.0+9.6  258.2+33.97 149.9+225° 373.0+44.6%
2" 127.0£13.0 315.9+56.47 230.1£28.1° 425.6+99.0%
4" 147.1£14.4° 353.8£54.0°° 271.8+54.7°° 904.4+120.0%°

All data are expressed as mean + SD of five to ten rats in each
group. ®P < 0.01, vs. control group (t-test); °P < 0.05, vs. other
groups (t-test); °P < 0.01, vs. the 1% month in the same group
(t-test). 2VO: Occlusion of bilateral common carotid arteries; HL:
hyperlipidemia.

Table 4 Spatial probing (times of crossing the platform per
3 minutes) of rats after the 2VO operation

Month  Control 2VO HL HL+2VO
18t 7.614.6 5.3+1.8 5.0+1.6 4.0+2.12
2nd 6.8+4.7 4.3+2.8 4.0+1.6 3.542.3°
4 6.9+4.7 3.4+1.7° 3.3+1.2° 3.0+2.17

All data are expressed as mean + SD of five to ten rats in each
group. ?P < 0.05, vs. control group at the same time (t-test). 2VO:
Occlusion of bilateral common carotid arteries; HL: hyperlipidemia.
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Pathological change

Hematoxylin-eosin staining showed that the pathological
lesions in the hippocampal CA1 region increased
between the 1% and 4" months in the 2VO, HL and
HL+2VO groups. The most severe pathological lesions
were present in the HL + 2VO group (Figure 1).

2™ month 4™ month

Figure 1 Hematoxylin-eosin staining of hippocampal CA1
area.

(A-C) There was no obvious pathological change in the
hippocampal CA1 subregion in the 1%, 2" or 4™ months
after 2VO in the control group.

(D) In the 1% month after 2VO, the pyramidal layer is
distorted, the pyramidal cells are degenerated, necrotic
and even lost, and inflammatory cells surround the
vessels.

(E) In the 2™ month after 2VO, many swollen cells with
microcavities and a shrunken appearance are observed.
Glial cells have proliferated and a large number of
inflammatory cells surround the vessels.

(F) In the 4™ month after 2VO, many pyramidal cells are
lost and the cell layer is incomplete or disappears. Glial
cells proliferate. Vascular endothelial cells shrink and
many inflammatory cells surround them.

The pathological changes in the HL group (G-1) were
similar to those in the 2VO group. The pathological
changes in the HL + 2VO group (J-L) were more severe
than in any other group. Scale bar: 50 pm. 2VO: Occlusion
of bilateral common carotid arteries; HL: hyperlipidemia.

ICAM-1 expression in the hippocampal CA1

There was no ICAM-1-positive vessel found in the control
group at any time point. ICAM-1 expression markedly
increased in the microvascular endothelial cells in the
2VO, HL and HL + 2VO groups between the 1% and 2™
months. However, in the 4™ month, there were
significantly fewer ICAM-1-positive vessels in the
hippocampal CA1 than in the 2™ month. At each time
point, the HL + 2VO group had the largest number of
ICAM-1-positive vessels (P < 0.05; Figure 2).
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Figure 2 The ICAM-1-positive vessels in the
hippocampal CA1 in the control, 2VO, HL and HL + 2VO
groups at 1, 2 and 4 months post-surgery. Scale bar:
20 pym.

Values are expressed as mean = SD of five rats in each
group. ®P < 0.05, vs. other groups (Student’s t-test);°P <
0.05, vs. other time points (Student’s t-test). ICAM-1:
Intracellular adhesion molecule 1; 2VO: Occlusion of
bilateral common carotid arteries; HL: hyperlipidemia.

In the control group, there were no ICAM-1-positive cells
in the 1% month, and only a few in the 2" and 4™ months.
In the 2VO, HL and HL + 2VO groups, a large number of
positive cells were observed in the 1% month. The
positive cells were considered to be pyramidal cells
according to their shape and position, and most of them
were stained weakly. Cell numbers increased between
the 1% and 4™ months. In the 2™ month, some positive
cells were glial cells, and by the 4™ month, most positive
cells were glial cells, which stained strongly, and there
were only a few pyramidal cells. At each time point, the
HL + 2VO group had the largest number of
ICAM-1-positive cells (P < 0.05; Figure 3).

DISCUSSION

The pathological basis of HL is impaired endothelial cell
function and integrity™. Vascular endothelium expresses
low levels of ICAM-1, and inflammatory stimuli can
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markedly increase ICAM-1 surface expression!'?".
Hackman et al " reported that soluble ICAM-1 levels
were elevated in patients with HL in both the
hypercholesterolemic and hypertriglyceridemic groups
compared with the control group. Scalia et al '* found
that the surface of intestinal microvascular endothelial
cells in rabbits fed a high cholesterol diet expressed high
levels of ICAM-1.
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Figure 3 The ICAM-1-positive cells in the hippocampal
CA1 in the control, 2VO, HL and HL + 2VO groups at 1, 2
and 4 months post-surgery. Scale bar: 20 ym.

Values are expressed as mean + SD of five rats from each
group. P < 0.05, vs. other groups (Student’s t-test); °P <
0.05, vs. the 1% month in the same group (Student’s t-test);
°P < 0.05, vs. other time points (Student’s t-test). ICAM-1:
Intracellular adhesion molecule 1; 2VO: Occlusion of
bilateral common carotid arteries; HL: hyperlipidemia.

Accumulating evidence suggests that the immune
inflammatory response plays a vital role in chronic
cerebral ischemia, similar to its previously identified role
in acute ischemia®"". Leukocyte migration and glial cell
activation are two major components of immune
inflammatory response in cerebral ischemia.
Hypoxic-ischemic brain damage can lead to the
expression of cytokines, such as interleukin (IL)-1, tumor
necrosis factor-alpha (TNF-a), nuclear factor kappa B
(NF-kB), IL-6, IL-8 and IL-17, that up-regulate expression
of ICAM-1 on the surface of vascular endothelial cells,
which, in turn, induces blood leukocytes to undergo

transendothelial migration"®?2. Numerous animal
models of in vivo inflammation have been reported
previously®*?®!. We consider these leukocytes to be
inflammatory cells, which release various toxic
substances and cause proliferating glial cells to damage
the brain in humans and in the various animal models. In
hypoxic-ischemic brain injury, the infiltration of
inflammatory cells, caused by elevated endothelial
ICAM-1 expression, likely mediates tissue damage.
Clinical trials have shown that increased soluble
ICAM-1(sICAM-1) and angiotensin-converting enzyme
levels in cerebrospinal fluid are closely linked to reduced
cerebral blood flow®®”!, Cechetti et al ®® reported that at 4
months after 2VO in rats, neurons had degenerated and
glial cells were activated, and at 7 months, neuronal
degeneration and cortical atrophy were observed.

Farr et al ® studied 2VO models and concluded that at 2
months after chronic cerebral ischemia, microglia were
activated widely and in different forms, and a large
number of T cells had infiltrated the ischemic brain tissue,
especially around the vascular infarction. The cortex was
the most affected region, followed by the hippocampus
and the white matter. The activated microglial cells
produce a variety of cytokines and toxins, exacerbating
the immune response and inflicting damage to the brain,
particularly to the white matter®®.

A previous study showed that the damage to the white
matter in rats with chronic cerebral ischemia was related
to the proliferation and activation of astrocytes®".

Farkas et al ®?found that at 13 weeks after 2VO in rats,
there was a large number of proliferating and activated
microglial cells in the corpus callosum, internal capsule
and optic tract, which produce inflammatory cytokines to
damage neurons and the white matter.

In this study, we showed that at 1 and 2 months after
2VO operation in rats, ICAM-1 was expressed on the
surface of endothelial cells. After 4 months, it was
expressed on the surface of glial cells, but not on the
surface of endothelial cells. As mentioned above,
ICAM-1 could induce leukocytes to gather and adhere to
the endothelial cells to damage the blood-brain barrier,
and infiltrate into the brain to release neurotoxic
substances that injure neurons. In the 4™ month, we
speculate that a large number of endothelial cells were
damaged and that glial cells continued to proliferate,
leading to ICAM-1 expression by glial cells which helps
mediate leukocyte infiltration and neuronal destruction.
Our results also showed that the temporal pattern of
expression of ICAM-1 in chronic cerebral ischemia with
HL was similar to that in chronic cerebral ischemia or HL.
However, ICAM-1 expression and the injury to the brain
in chronic cerebral ischemia with HL was much greater
than in the latter two. These findings suggest that HL can
aggravate neurologic damage and cognitive impairment
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in rats with induced chronic cerebral ischemia, which
may be mediated, at least in part, by up-regulated
expression of ICAM-1.

MATERIALS AND METHODS

Design
A randomized, controlled, animal study.

Time and setting

Experiments were performed at the Experiment Center of
Bethune Medical Collage of Jilin University in China from
May 2007 to March 2008.

Materials

Male Wistar rats, weighing 250-300 g, supplied by the
Laboratory Animal Center, Jilin University (license No.
SCXK (Ji) 2008-0005), were used in this study. All rats
received humane care in compliance with the guidelines
of the First Hospital of Jilin University in China and the
Guidance Suggestions for the Care and Use of
Laboratory Animals, formulated by the Ministry of
Science and Technology of China.

Methods

Establishment of HL/2VO rat models

From the first week, rats from the HL and HL + 2VO
groups were fed a high-fat diet, which contained 70%
basic food and 30% high-fat food. The percentage of
high-fat food was gradually increased each week until
rats were fed with high-fat food only. After 4 weeks, tail
blood was collected to measure the level of blood lipids.
HL was considered to have been successfully induced
when the levels of total cholesterol and low-density
lipoprotein cholesterol in these rats were significantly
higher than in rats given normal food (P < 0.01). At this
stage, rats were subjected to permanent 2VO, a model of
chronic ischemia. Rats from the HL and HL + 2VO
groups were fed high-fat food until they were killed. The
rats in the 2VO and control groups were fed basic food.
The high-fat diet contained 10% lard, 2% cholesterol,
0.2% sodium cholate, 0.2% propylthiouracil and 87.6%
basic food. The basic and high-fat foods were supplied
by the Laboratory Animal Center, Jilin University, China.

Morris water maze for behavioral tests

Each rat was subjected to the Morris water maze test,
which included place navigation and spatial probing
before and after 2VO induction®*. Place navigation
measures comprised escape latency and searching
length, which reflect learning ability (lower measures
indicate better performance). The platform was removed
after the place navigation test, and spatial probing was
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performed, in which the time spent by the rats in the
platform area was recorded to assess memory (longer
duration indicates better function). All data were collected
automatically by a computer.

Hematoxylin-eosin staining for pathological changes
in the hippocampal CAl region

Paraffin coronal sections of the rat brain, 5-um thick,
were stained with hematoxylin-eosin. The images were
captured by a microscopic digital camera system
(Olympus, Tokyo, Japan). An independent observer who
was blinded to the study performed subsequent
assessments, with a gross survey and a detailed
evaluation of the hippocampal CA1 regions.

Immunohistochemical staining for detection of
ICAM-1 expression

The hippocampal sections were immunostained on
slides. The primary antibody was mouse anti-rat-ICAM-1
(1:500 dilution; Boster, Wuhan, China). The secondary
antibody was goat anti-mouse (1:100 dilution; Boster).
Five slices from each sample were selected for the same
region. The ICAM-1-positive vessels and cells in the
hippocampal CA1 region were counted using a light
microscope with an eyepiece grid under 400 x
magnification (Olympus). After immunohistochemical
staining, ICAM-1-expressing cells and vessels appeared
brown. The positive cells or vessels were calculated as
the total number in one field. Results were expressed as
the average positive ratio of three visual fields.

Statistical analysis

Data were expressed as mean + SD and differences
between two groups were analyzed by t-tests. Data were
analyzed using SPSS 11.5 software (SPSS, Chicago, IL,
USA). A probability value P < 0.05 was regarded as
statistically significant.
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