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Abstract

Permanent bilateral occlusion of the common carotid arteries (2VO) in the rat has been established as a valid experimental
model to investigate the effects of chronic cerebral hypoperfusion on cognitive function and neurodegenerative processes.
Our aim was to compare the cognitive and morphological outcomes following the standard 2VO procedure, in which there is
concomitant artery ligation, with those of a modified protocol, with a 1-week interval between artery occlusions to avoid an
abrupt reduction of cerebral blood flow, as assessed by animal performance in the water maze and damage extension to the
hippocampus and striatum. Male Wistar rats (N = 47) aged 3 months were subjected to chronic hypoperfusion by permanent
bilateral ligation of the common carotid arteries using either the standard or the modified protocol, with the right carotid being
the first to be occluded. Three months after the surgical procedure, rat performance in the water maze was assessed to in-
vestigate long-term effects on spatial learning and memory and their brains were processed in order to estimate hippocampal
volume and striatal area. Both groups of hypoperfused rats showed deficits in reference (F(g 172) = 7.0951, P < 0.00001) and
working spatial memory [2nd (F(2,44) = 7.6884, P < 0.001), 3rd (F(2,44) = 21.481, P < 0.00001) and 4th trials (F(2,44) = 28.620,
P < 0.0001)]; however, no evidence of tissue atrophy was found in the brain structures studied. Despite similar behavioral and
morphological outcomes, the rats submitted to the modified protocol showed a significant increase in survival rate, during the

3 months of the experiment (P < 0.02).
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Introduction

Disorders of the cerebral circulation are associated with
neurological and psychiatric illnesses. Clinical evidence
supports the hypothesis that chronic cerebral hypoperfusion
is associated with cognitive decline, both in aging and in
neurodegenerative disorders (1-3); in fact, there is a cor-
relation between the severity of memory dysfunction and
the decline in cerebral blood flow in Alzheimer’s disease,
vascular dementia and post-stroke hypoperfusion (4,5).

Permanent bilateral occlusion of both common carotid
arteries in rats (2-vessel occlusion, 2VO) has been used
to model chronic cerebral hypoperfusion (6); the main find-
ings include histopathological damage and impaired spatial
learning function (6-8). This cognitive impairment may be
related to progressive loss of hippocampal pyramidal neu-
rons, an association often observed in human aging and
dementia states (6).

The hippocampus is highly vulnerable to ischemic
insults (7), particularly the CA1 pyramidal cell layer (7,8).
Ischemia-induced neuronal degeneration is also observed
in other structures, such as the striatum, cerebral cortex and
thalamus (7-9). In this model, there is an abrupt reduction of
whole brain blood flow, ranging from approximately 35-45%
in the cortical area to 60% in the hippocampus compared
to control levels (4,10-12). This hypoperfusion is believed
to sustain a chronic state of moderate hypoglycemia, a
pathophysiological condition closely resembling that of
reduced cerebral blood flow present in human aging and
dementia (6).

Adaptations of the 2VO protocol have been explored in
order to refine the experimental model by avoiding the abrupt
reduction of cerebral blood flow. A modified procedure per-
mitting the gradual establishment of cerebral hypoperfusion
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(13) has been proposed, with a 1-week interval between the
occlusion of the two common carotid arteries. Consequent
cognitive dysfunction was demonstrated regarding object
recognition and Y-maze tests (14), but no direct comparison
has been made between the two surgical protocols.

However, the conventional 2VO model, although pro-
ducing interesting results, has a survival rate well below
that induced by other lesion methods frequently used in
our laboratory (4-vessel occlusion ischemia and neonatal
hypoxia-ischemia) (15,16). Additionally, high mortality
rates of about 50% have been reported for rats undergo-
ing conventional 2VO (17-19). In order to minimize the
number of animals for future experiments and to optimize
research efforts, we decided to directly compare survival
rates and long-term cognitive and morphological outcomes
after applying the standard and modified 2VO protocols, as
assessed by reference and working memory tasks in the
water maze and damage extension to the hippocampus
and striatum.

Material and Methods

Animals

Male Wistar rats aged 3 months were obtained from the
Central Animal House of the Institute of Basic Health Sci-
ences, Universidade Federal do Rio Grande do Sul. They
were maintained in atemperature-controlled room (21 £2°C)
on a 12/12-h light/dark cycle, with food and water available
ad libitum. All procedures were in accordance with the Guide
for the Care and Use of Laboratory Animals adopted by the
National Institute of Health (USA) and with the Federation
of Brazilian Societies for Experimental Biology (FESBE),
and were approved by the Research Ethics Committee of
Universidade Federal do Rio Grande do Sul.

Animals were randomly assigned to different experi-
mental groups: sham-operated control with manipulation
of both carotids at the same time - standard protocol (N
= 12); sham-operated control with manipulation of the
two carotids with a 1-week interval between procedures
- modified protocol (N = 12); ischemic group submitted to
occlusion of both carotids at the same surgical time (N =
10), and ischemic group submitted to carotid occlusion with
a 1-week interval between procedures (N = 13). Unpaired
t-tests indicated no significant differences between the two
control groups.

2VO procedure

Rats were anesthetized with halothane; a neck ventral
midline incision was made and the common carotid arteries
were then exposed and gently separated from the vagus
nerve. Rats (N = 10) assigned to the standard 2VO protocol
had both arteries concomitantly occluded with 5-0 silk suture.
In the modified protocol (N = 13), carotids were occluded
with a 1-week interval between interventions, the right com-
mon carotid being the first to be assessed and the left one
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being occluded 1 week later. Sham-operated controls (N =
24) received the same surgical procedures without carotid
artery ligation. Animals were randomly assigned to sham
or 2VO groups so as to avoid any litter effect.

Morris water maze

Three months after surgery, the rats were submitted to
behavioral testing for spatial memory in the Morris water
maze. The maze consisted of a black circular pool 200 cm
in diameter filled with water (temperature about 23°C, 40 cm
in depth) situated in a room with visual cues on the walls. A
black platform 10 cmin diameter was submerged in the water
(2 cm below the water surface). The pool was conceptually
divided into four quadrants and had four points designed as
starting positions (N, S, W, or E). Two behavioral protocols,
for reference and working memory, were used.

Reference memory protocol

In this task, rats received five training sessions (one
session/day) and a probe trial on the 6th day. Each ses-
sion consisted of four trials with a 15-min intertrial interval.
A trial began when the rat was placed in the water at one
of the four starting positions, chosen at random, facing the
wall. The order of the starting position varied in each trial
and any given sequence was not repeated on acquisition
phase days. The rat was given 60 s to locate the platform;
if the animal did not succeed it was gently guided to the
platform and left on it for 10 s. Rats were dried and re-
turned to their home cages after each trial. The latency to
find the platform was measured in each trial and the mean
latency for each training day was calculated. The probe
consisted of a single trial, as described before, with the
platform removed. Here, the latency to reach the original
platform position, the number of crossings over that place
and the time spent on the target, as well as in the opposite
quadrants, were measured (20). Sessions were recorded
with a video acquisition system. Videotapes were used
by a trained observer using a dedicated software (ANY-
maze®). Videos were subsequently placed in randomized
order in a separate ANY-maze protocol to be scored by a
trained observer blind to the experimental condition using
a keyboard-based behavioral tracking system.

Working memory protocol

This protocol consisted of four trials/day on 4 consecu-
tive days, with the location of the platform being changed
daily. Each trial was conducted as described in the reference
memory protocol, with a 5-min intertrial interval. Latency to
find the platform was measured in each trial and the mean
latency for each trial along the 4 days was calculated,
permitting the observation of the ability of the animals to
locate the novel platform position each day (20).

Morphological analysis
Rats were sacrificed 1 day after the completion of the
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behavioral study. They were anesthetized with chloral hy-
drate (30%, 10 mL/kg, ip) and submitted to transcardiac
perfusion with 0.9% saline followed by 4% formaldehyde.
Brains were removed and maintained in formaldehyde
solution. For the morphological analysis, brains were
cryoprotected with a 30% sucrose solution for 2 days and
sectioned, and coronal 50-um thick sections were obtained
using a cryostat (Leica).

Hippocampal volume

The volume of the hippocampus was estimated as
described below. The 50-um sections covering the whole
hippocampus were mounted on gelatinized glass slides and
stained with hematoxylin and eosin; the Image J program
(NIH, USA) was used to delineate and estimate the hip-
pocampal and dentate gyrus area (21). The volume of the
hippocampus was calculated by the sum of areas multiplied
by the section interval according to the Cavalieri method
(22). The Ammon’s horn volume was calculated as the
difference between the volume of the entire hippocampus
and the volume of the dentate gyrus (22).

Striatal area

Striatal atrophy was also estimated at the +1.20-mm
level from the bregma according to Paxinos and Watson
(23); one slice per rat was used. The Image J program
(NIH, USA) was used to delineate and estimate the striatal
area at that level (21).

Statistical analysis

Behavioral performance in reference memory was
analyzed by one-way repeated-measures analysis of vari-
ance (ANOVA) with lesion as the independent variable and
session as the repeated measure. Data regarding working
memory, hippocampus volume and striatum area at the
+1.20-mm level from the bregma according to Paxinos
and Watson (23), were analyzed by one-way ANOVA.
The post hoc Duncan test for multiple comparisons was
applied when indicated. Fisher exact tests were applied
to contingency tables (2 x 2) for comparison of mortality
rates. Unpaired t-tests indicated no significant differences
between sham-operated control groups submitted to the
standard or modified protocols, and therefore only 3 groups
will appear in the figures: control, ischemic group-standard
protocol and ischemic group-modified protocol.

Data are reported as means + SEM. Probability values
ofless than 5% were considered to be significant. All statisti-
cal analyses were performed using the Statistica® software
package running on a compatible personal computer.

Results
Survival rate

The survival rates obtained after the conventional and
modified 2VO protocols were 60 and 92%, respectively,
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when assessed 24 h after surgery (Table 1). Fisher exact
tests revealed a significant decrease of lethality in the group
exposed to the modified 2VO protocol compared to the
group exposed to the standard protocol (P < 0.02).

Behavioral effects

Rats receiving either standard or modified protocols
of bilateral common carotid artery occlusion showed a
significant impairment of reference memory performance
in the water maze compared to control (one-way ANOVA
for repeated measures, F(g 172) = 7.0951, P < 0.00001).
Interestingly, the Duncan test for multiple comparisons
indicated no significant differences between the standard
and modified protocol groups (Figure 1).

One-way ANOVA revealed significant differences in
the escape latencies of 2VO animals in the 2nd (F(2,44) =
7.6884, P = 0.00137), 3rd (F(2,44) = 21.481, P = 0.00001)

Table 1. Survival rate of rats submitted to standard (both arteries
concomitantly occluded) and modified protocols (carotids were
occluded with a 1-week interval) of bilateral occlusion of the com-
mon carotid arteries (2VO).

2VO protocol Operated Surviving Survival Time of

rats rats rate survival
Standard protocol 20 12 60% 3 months
Modified protocol 20 18 90%* 3 months

*P < 0.05 compared to the standard protocol (Fisher exact test).

Reference memory

60 =

50 =

40

Latency (s)
w
o
1

20 = *
——_g@— Control
10 = - - - A- - - Standard protocol
—[l— Modified protocol
0

1 2 3 4 5
Trial

Figure 1. Reference memory performance in the water maze.
Data are reported as means + SEM. *P < 0.05 control group (N =
24) compared to standard (both arteries concomitantly occluded,
N = 10) and modified (carotids were occluded with a 1-week inter-
val, N = 13) 2VO protocol groups (repeated measures ANOVA).
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and 4th trials (F(2,44) = 28.620, P = 0.0001) of the working
memory task compared to control. There were also no dif-
ferences between the standard and modified protocols in
this task (Figure 2).

Permanent occlusion of the bilateral common carotid
arteries did not cause any motor deficit; the mean swim-
ming speed was 26 cm/s for control animals and 24.5 cm/s
for ischemic rats.

Lesion extension in the hippocampus and striatum

There were no differences between the control and
2VO groups regarding the total hippocampus (Figure 3A,
B and C) or the striatum area at the +1.20-mm level from
the bregma according to Paxinos and Watson (23) (Figure
3D, E and F).

Discussion

The present study reports, for the first time, the effects
of conventional and modified 2VO protocols on survival
rates, spatial water maze memory performance and brain
damage in adult Wistar rats. It is shown that the modified
protocol, with a 1-week interval between each carotid
occlusion, significantly reduced the mortality rate com-
pared with the standard model (Table 1). High mortality
rates after the standard procedure have been previously
reported. Farkas and colleagues (17) showed a survival
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rate of 69.23% for the group submitted to hypoperfusion
compared to 82% for the control group. Other authors have
reported a survival rate of 66.66% (18) and 50% (19) for

60 = Working memory
50 =
40 =
z
Iy
c 30 =
o
51
-
*
20 = *
———g@— Control
10 = - - -A - - Standard protocol
——l— Modified protocol
0
1 2 3 4
Trial

Figure 2. Working memory performance in the water maze. Data
are reported as means + SEM. *P < 0.05 control group (N = 24)
compared to standard (both arteries concomitantly occluded, N =
10) and modified (carotids were occluded with a 1-week interval,
N = 13) 2VO protocol groups (repeated measures ANOVA fol-
lowed by the Duncan test).

2cm

Figure 3. Representative photomicrographs of the rat brain. The hippocampus (black arrows) appears in
Panels A (control), B (standard protocol), and C (modified protocol). The striatum (white arrows) appears in
Panels D (control), E (standard protocol), and F (modified protocol).
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ischemic groups. However, Institoris et al. (19) managed
to significantly improve survival with the administration of
a selective cyclooxygenase (COX-2) inhibitor.

Both protocols impaired cognitive function similarly as
assessed by the use of spatial memory, hippocampus-
dependent, tasks in the water maze (Figures 1 and 2), run
3 months after surgery, and failed to produce measurable
lesions in the hippocampus and striatum (Figure 3). Previ-
ous studies have reported that 2VO occlusion provokes
short- and long-term memory impairments using passive
avoidance, Y-maze, eight-arm radial maze tasks (24) and
the Morris Water Maze task (25,26).

The reports of morphologic outcomes after 2VO isch-
emia are conflicting. Some studies have found a direct cor-
relation between cerebral hypoperfusion-induced memory
deficitand CA1 cell damage (26-28), and an association of
impaired learning performance 3 weeks after the procedure
with a significant pyramidal cell loss in the CA1 region (29).
However, others have reported no correlation or only a weak
one between diminished CA1 neuron number and perfor-
mance in the Morris maze (30-32). In addition, Murakami
et al. (33) reported that mice with chronic cerebral hypo-
perfusion exhibit learning impairments in the water maze
without marked histological alterations in the hippocampus.
In summary, a direct link between 2VO ischemia-induced
memory failure and the appearance of neuronal damage in
the hippocampus has not been established (19).

Itis possible that delayed cell death processes were still
ongoing in our study, since Farkas et al. (6) reported that
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