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A B S T R A C T

Background: Chronic cerebral hypoperfusion (CCH) can induce the accumulation of reactive oxygen
species, which leads to oxidative damage, neuronal injury, and central cholinergic dysfunction in
vulnerable regions of the brain, such as the hippocampus and cerebral cortex. These effects can lead to
significant cognitive impairments in clinical populations of vascular dementia (VaD). The present studies
aimed to investigate the role of the cholinergic system in memory functions and hippocampal long-term
potentiation (LTP) impairments induced by CCH in rats.
Methods: Male Sprague Dawley rats were subjected to permanent bilateral occlusion of common carotid
arteries (PBOCCA) or sham surgery. Then, PBOCCA rats received ip injections with, either vehicle (control
group), the muscarinic receptor agonist oxotremorine (0.1 mg/kg), or the acetylcholinesterase inhibitor
physostigmine (0.1 mg/kg). Cognitive functions were evaluated using a passive avoidance task and the
Morris water maze test. In addition, hippocampal LTP was recorded in vivo under anaesthesia.
Results: The PBOCCA rats exhibited significant deficits in passive avoidance retention and spatial learning
and memory tests. They also showed a suppression of LTP formation in the hippocampus. Oxotremorine
and physostigmine significantly improved the learning and memory deficits as well as the suppression of
LTP in PBOCCA rats.
Conclusions: The present data suggest that the cholinergic system plays an important role in CCH-induced
cognitive deficits and could be an effective therapeutic target for the treatment of VaD.

© 2019 Institute of Pharmacology, Polish Academy of Sciences. Published by Elsevier B.V. All rights
reserved.
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Introduction

Dementia is a syndrome related to a general decline in
cognition and memory functions. Alzheimer’s disease (AD), the
most common form of dementia, manifests by the accumulation of
amyloid plaques and neurofibrillary tangles in the brain [1].
Vascular demencia (VaD), the second most prevalent type of
dementia after AD, results from various types of vascular-related
diseases. The incidence rate of VaD has been reported to be 6–12
cases per 1000 people over 70 years of age annually [2,3]. Risk
factors, such as advanced age, hypertension, high blood cholester-
ol, and arteriosclerosis, cause moderate cerebral hypoperfusion
and ischemic brain injuries, which lead to progressive decline in
cognitive and memory functions, as observed in VaD and AD [4,5].
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Chronic cerebral hypoperfusion (CCH) is a condition of reduced
cerebral blood flow in the brain, which can induce the accumula-
tion of reactive oxygen species (ROS) and the deprivation of
glucose and oxygen, which are vital for normal cellular functioning
and the survival of brain tissue. A sustained reduction of cerebral
blood flow may initiate a cascade of neuropathological events, such
as microglial activation, neurodegeneration, and cholinergic
dysfunction that are thought to contribute to the cognitive
impairment observed in AD and VaD [6,7]. In our previous studies,
we employed a PBOCCA rat model to study the time course of
behavioural functions after CCH. Our data have shown that
PBOCCA effectively impaired cognitive functions without affecting
basic motor function over the course of 4 weeks period. Thus, this
model provides a valuable approach to discover the potential
neuroprotective strategies against CCH-induced learning and
memory impairments [8].

Numerous pharmacological studies have supported a crucial
role of acetylcholine (ACh) in cognition by demonstrating that
drugs known to interfere with cholinergic transmission impair
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cognitive performance [9–11], while cholinergic agonists such as
physostigmine, an acetylcholinesterase (AChE) inhibitor, or oxo-
tremorine, a muscarinic receptor agonist, can improve cognitive
functions or reverse cognitive deficits in humans and non-human
species [12–15]. ACh is easily metabolized into choline and acetate
by the enzyme AChE and other non-specific esterases. Hence,
inhibition of these enzymes will provide a potential way of
increasing the amount of ACh in the synapse and helping to restore
cholinergic function in AD patients. Physostigmine, an AChE
inhibitor is known to augment the amount of ACh available in the
synaptic cleft. Another approach to cholinergic therapy is the
targeting of cholinergic receptors. Direct receptor activation may
improve cognitive performance. In addition, degeneration of basal
forebrain cholinergic neurons (BFCN), which widely innervate the
hippocampus and neocortex, has been linked to cognitive
impairments occurring in VaD and AD [16,17].

LTP is a long-lasting enhancement of synaptic strength induced
by repetitive high frequency stimulation of the pre-synaptic
terminal. Thereby, the Schaffer collateral of the CA3 area of the
hippocampus is stimulated and extracellular field potentials can be
recorded from the pyramidal cell layer of CA1. In contrast, long
term depression (LTD) describes the long-lasting decrease in
synaptic strength following repetitive low frequency stimulation
[18,19]. LTP is the leading candidate for activity-dependent
synaptic mechanisms which underlie learning and memory
functions. Moreover, cholinergic transmission has been suggested
to play an important role in the modulation of synaptic plasticity
[20,21]. Even though LTP is found in several other regions of the
brain which are associated with certain forms of memory, LTP in
the hippocampus is the most studied form of synaptic plasticity in
the mammalian brain [18,22].

To date, a potentially causal relationship between CCH,
cholinergic system dysfunction, and neurobehavioural- and LTP
abnormalities has not been established. In the present study, we
evaluated CCH-induced memory impairments, hippocampal LTP
suppression, and assessed the role of the cholinergic system in
these impairments.

Materials and methods

Animals

Male Sprague Dawley (SD) rats, 7 weeks old and weighing
between 200–250 g, were obtained from the breeding colony of the
Animal Research and Service Centre (ARASC), Universiti Sains
Malaysia (USM). They were housed five rats per cage and
maintained at a constant temperature on a standard 12:12 light/
dark cycle with lights on at 7 a.m.. Food and water were given ad
libitum. The rats were 12 weeks old at the beginning of the
experiment. All procedures performed in studies involving animals
were conducted with the approval of the Animal Ethics Committee,
USM, with the reference number USM/Animal Ethics Approval/
2014/ (92) (569).

Surgery

PBOCCA surgery was performed in the rats as described
previously [8]. Briefly, the rats were anaesthetized with a mixture
of ketamine (80 mg/kg) and xylazine (10 mg/kg) ip. In rats
randomly chosen for PBOCCA (n = 50), the common carotid arteries
were exposed via a ventral midline incision, carefully separated
from their sheaths and the vagus nerves, and permanently doubly
ligated with 5/0 silk suture. The similar surgery procedure was
employed to sham operation rats (n = 14) without ligation. The
survival rate of animal was approximately 90% following the
PBOCCA surgery. Behavioural test were started on day 28 after the
surgery with comparable bodyweight in all groups: Sham + saline,
299.57 � 3.34 g, PBOCCA + Saline, 295.29 � 4.79 g, PBOCCA + Oxo,
299.14 � 3.74 g, PBOCCA + Physos, 297.43 � 5.13 g. Only animals
that completed the whole test procedure in good health were
considered for data analysis.

Treatment conditions

The drugs used were oxotremorine, a nonselective musca-
rinic receptor agonist, and physostigmine, an AChE inhibitor
(Sigma, USA). The drugs were dissolved in physiological (pH 7.0)
saline. The rats were randomly divided into four groups for
behavioural tests and four groups for the LTP experiment.
Physiological (pH 7.0) saline was used as vehicle in this study.
Group 1: sham + saline (n = 7); Group 2: PBOCCA + saline (n = 7);
Group 3: PBOCCA + oxotremorine 0.1 mg/kg (n = 7); and Group 4:
PBOCCA + physostigmine 0.1 mg/kg (n = 7). Different group of
animals were used for behavioural studies and LTP experiment.
In the behavioural studies, rats were subjected to Passive
avoidance task and, subsequently to Morris water maze. The
drug injection volume was 1 ml/kg, which was administered
immediately after the training for behavioural tests (Passive
avoidance task: single injection, Morris water maze: repeated
injections on 5 consecutive days) and after the surgery and
30 min before the baseline recording for electrophysiological
studies (single injection). The selected dose of oxotremorine
(0.1 mg/kg) and physostigmine (0.1 mg/kg) are based on the
dosage that produced memory-enhancing effects in animal
models [23,24].

Passive avoidance task

The experimental protocol was performed as previously
described [8]. On day 28 after the surgery, an acquisition trial
was performed for habituation purpose. Herein, each rat was
allowed to freely move in both light and dark compartments.
During the training session on the next day, once the rat crossed
into the dark compartment with all four paws, a 0.5 mA foot shock
was administered for 10 s. Those rats that spent more than 100 s to
cross to the dark compartment were excluded from the experi-
ment. Twenty-four hours after the training session, a retention test
was performed for memory assessment. No electric shock was
applied during this test session. The step-through latency into the
dark compartment on the test day was used as a retention score.

Morris water maze

The Morris water maze task was performed as previously
described [8]. In brief, a circular pool of water (160 cm in diameter,
70 cm high and of 39 cm depth) that was coloured opaque by the
addition of white paint to the water was maintained at 25 �1 �C.
The pool was divided into four quadrants. A platform, 10 cm in
diameter, was situated 2 cm below the surface of the water at a
fixed position in one quadrant. On the first day, the rat was allowed
to freely explore the pool for 60 s without an escape platform for
habituation purpose. Thereafter, training sessions with a sub-
merged escape platform were conducted for 5 consecutive days
with four trials per day. Twenty-four hours after the training
session, a probe trial test was performed in the absence of the
platform to evaluate memory retention. The percentage time spent
in the target quadrant was calculated as a measure of spatial
reference memory. Visual, motor and motivational performance
was assessed immediately after the probe trial using a visible
platform test. In this trial, the visible platform was placed 1 cm
above the water surface, and the time taken to reach the platform
was recorded.



Fig. 1. Effects of oxotremorine (Oxo; 0.1 mg/kg, ip) and physostigmine (Physos;
0.1 mg/kg, ip) on memory impairment induced by bilateral occlusion of the
common carotid arteries (P) in a passive avoidance task (S – sham surgery). Data are
expressed as the mean � SEM. (n = 6–7/group) ***p < 0.001 vs. sham-saline group.
#p < 0.05, ##p < 0.01 vs. PBOCCA-Saline group (One-way ANOVA followed by
Bonferroni post-hoc tests).
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In vivo electrophysiological recordings

Surgery procedures
This experiment was conducted as previously described [25].

Animals were anaesthetised with urethane (Sigma Aldrich, USA)
2.0 g/kg, ip, in four 0.5 g/kg doses every 20 min, and an additional
dose when required. The local analgesic xylocaine (5 mg/kg) was
injected sc in the incision region. Then, the animal was placed in a
stereotaxic apparatus. Two burr holes were drilled on the skull for
electrode placement into the stratum pyramidale of the hippo-
campal CA1 (AP: -4.2 mm, ML: -3.0 mm, V: -3.0 mm) and
contralateral CA3 region of the hippocampus (AP: -4.2 mm,
ML: + 3.0 mm, V: -4.0 mm), respectively, according to [26]. Another
two holes were drilled for screws placement in the bone overlying
the frontal cortex to serve as references and ground connections
for the recording electrode. The recording electrode was connected
to an amplifier (AM system), allowing the signal to be amplified,
filtered (0.1–500 Hz) and digitized (10 kHz) by a Powerlab/4SP
system (AD Instruments, Australia) and stored in a computer using
LabChart 7 software for offline analysis. A bipolar concentric
microelectrode was connected to a stimulus isolator unit (ML 180
Stimulus Isolator, AD Instruments) providing a constant current
output.

In vivo electrophysiological recording
The intensity required to produce the maximal field excitatory

postsynaptic potential (fEPSP) amplitude was determined via
input-output curves with 0.2-ms stimulation pulses delivered to
the CA3 at intensities of 0.1–1.0 mA in 0.1 mA increments. The
purpose of increasing the stimulation intensities was to measure
any changes in basal synaptic transmission. A stimulation intensity
eliciting approximately 50–60% of the maximal fEPSP amplitude
was chosen from the input-output curves for the remainder of the
experiment. For each experiment, a 60 min period of initial
baseline fEPSP was recorded every 30 s to achieve a stable baseline.
Then, a theta burst stimulation (TBS) was applied as a train of ten
bursts (each burst consisting of 5 pulses at 100 Hz) with bursts
repeated every 200 msec for a single train. Finally, the fEPSP was
recorded every 30 s for 3 h following TBS [25,27]. At the end of the
experiment, the rat’s brain was removed and electrode placement
was verified [26] (see: Supplementary data). Only animals with
accurate placement of electrodes were considered for data
analyses.

Statistics
Behavioural performance in the Morris water maze, input-

output curves and time course changes in fEPSP amplitude after
TBS were analysed using a two-way repeated-measure ANOVA,
followed by Bonferroni post-hoc tests. Statistical analysis for the
passive avoidance task, probe trial, visible platform and mean of
the fEPSP amplitude were performed using one-way ANOVA,
followed by Bonferroni post-hoc test. All data were expressed as the
means � SEM. Probability values less than 5% (p < 0.05) were
considered significant.

Results

Passive avoidance task

Initially, we assessed the performance of the rats in the passive
avoidance task. The time taken by the rats to step through to the
dark, previously shocked-paired compartment during the reten-
tion trial is shown in Fig. 1. The PBOCCA-saline group showed
significantly shorter step-through latencies compared to the sham-
saline group (p = 0.001). Interestingly, the step-through latency
increased significantly in the PBOCCA rats treated with
oxotremorine (p = 0.04) and physostigmine (p = 0.005) compared
to the PBOCCA-saline group. However, the step through latency
among groups in the passive avoidance test on the foot-shock test
day were not significantly different (p>0.05).

Morris water maze

As shown in Fig. 2A, the PBOCCA-saline group displayed longer
escape latencies during the acquisition phase in the Morris water
maze relative to the sham-saline group. A two-way repeated
measure ANOVA revealed a significant effect of drug (F3,60 = 10.26;
p = 0.001) and test day (F4,60 = 99.05; p = 0.001) and also a drug x
test day interaction (F12,60 = 3.63; p = 0.001). Data analysis revealed
a statistically significant improvement of task performance in the
oxotremorine and physostigmine treated groups. The PBOCCA rats
that received oxotremorine had significantly shorter latencies at
day 4 (p = 0.016) and day 5 (p = 0.03) than the PBOCCA-saline group.
Similarly, the escape latencies were significantly decreased in the
PBOCCA rats injected with physostigmine at day 3 (p = 0.004), day 4
(p = 0.009), and day 5 (p = 0.047) compared to the PBOCCA-saline
group (Fig. 2A). These results suggest that physostigmine and
oxotremorine are effective in reversing some of the behavioural
deficits associated with CCH.

Probe trial performance was assessed on the sixth day, i.e. 24 h
after the last training session. Oxotremorine (p = 0.024) and
physostigmine (p = 0.009) treated groups spent significantly more
time in the target quadrant compared to saline group (Fig. 2B). The
visible platform version of the water maze task did not show any
significant effect of drugs on performance (p = 0.228, Fig. 2C).

In vivo electrophysiological recordings

The effect of cholinergic drugs on basal synaptic transmission in
the hippocampus of PBOCCA rats was assessed using input-output
curves. A two-way repeated measures ANOVA performed on input-
output curves demonstrated a significant effect of the drug
treatment (F3,108 = 8.99; p = 0.002), of stimulation intensity
(F9,108 = 283.51; p = 0.001) and a treatment x stimulation intensity
interaction (F27,108 = 5.08; p = 0.001). As shown in Fig. 3A, the
PBOCCA-saline group showed a significant depression of the fEPSP
amplitude starting from 0.3 to 1.0 mA. Oxotremorine showed a
significant increase of fEPSP amplitude at 0.7 mA (p = 0.046) and



Fig. 2. Effects of oxotremorine (Oxo; 0.1 mg/kg, ip) and physostigmine (Physos;
0.1 mg/kg, ip) on the spatial learning deficits induced by bilateral occlusion of the
common carotid arteries (P) in the Morris water maze (S – sham surgery). (A) Five
days of training period, (B) probe trial performance, and (C) visual, motor and
motivational performance. Data are expressed as the mean � SEM. (n = 6/group).
**p < 0.01, ***p < 0.001 vs. sham-saline group. #p < 0.05, ##p < 0.01 vs. PBOCCA-
saline group (Two-way repeated measures and One-way ANOVA followed by
Bonferroni post-hoc test).

Fig. 3. Effects of oxotremorine (Oxo; 0.1 mg/kg, ip) and physostigmine (Physos;
0.1 mg/kg, ip) on LTP in the CA1 hippocampus. (A) Input/output relationship, (B)
change in fEPSP amplitude before and after TBS, and (C) the mean of fEPSP
amplitude for last 60 min of 3 h LTP recording following TBS. Inserts on top of graph
show typical fEPSP traces of response after TBS. Data are expressed as the
mean � SEM. (n = 6/group). **p < 0.01, ***p < 0.001 vs. sham-saline. #p < 0.05,
##p < 0.01, ###p < 0.001 vs. PBOCCA-saline (Two-way repeated measures and
one-way ANOVA followed by Bonferroni post-hoc test).
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0.8 mA (p = 0.022). Physostigmine increased the fEPSP amplitude at
0.9 mA (p < 0.034) and 1.0 mA (p < 0.025) vs. the PBOCCA-saline
group.

The injection of oxotremorine or physostigmine reversed the
hippocampal LTP suppression in PBOCCA rats with a significant
increase of maximal fEPSP amplitude to 90% and 80%, respectively.
The level of potentiation remained stable throughout the 3 h of
recording in comparison to PBOCCA-saline group. A two-way
repeated measures ANOVA revealed a significant effect of
treatment (F3,276 = 9.40; p = 0.002), of test time (F23,276 = 442.97;
p = 0.001) and treatment x time interaction (F69,276 = 6.01;
p = 0.001; Fig. 3B).

The PBOCCA-saline group (1.30 � 0.07) exhibited a significant
inhibition of hippocampal LTP in comparison with the sham-saline
group (1.66 � 0.02; p = 0.001). In the oxotremorine (1.64 � 0.04;
p = 0.001) and physostigmine (1.63 � 0.04; p = 0.001) treated
groups the mean of fEPSP amplitude during last 60 min was
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significantly increased compared to the PBOCCA-saline group.
These results suggest that an enhancement of cholinergic
transmission could lead to a long-lasting LTP improvement in
PBOCCA rats (Fig. 3C).

Discussion

Cholinergic projections from the basal forebrain medial septal
nucleus and the vertical limb of the diagonal band of Broca to the
cortex and hippocampus play an important role in memory
functions [28]. Cognitive decline induced by CCH is associated with
the degeneration of basal forebrain cholinergic neurons [29].
Importantly, a study on the brains of VaD patients found that
cholinergic activity had been compromised [30,31]. In view of this,
we investigated the effects of the cholinesterase inhibitor,
physostigmine and the muscarinic receptor agonist, oxotremorine,
on the cognitive impairment and LTP inhibition induced by CCH in
rats. We found that enhancing cholinergic activation reversed the
cognitive impairments induced by PBOCCA in two learning tests.
Furthermore, activation of the cholinergic system reversed CCH-
induced in vivo hippocampal LTP suppression at the Schaffer
collateral CA3-CA1 synapse.

Extensive studies have proven a pivotal role of the central
cholinergic system in modulating cognitive processes in both
humans and animals [32,11,28]. In addition, there is a positive
correlation between cognitive deficits and activity in the
cholinergic system [33–35]. In the present study, we used a
passive avoidance task to evaluate the effects of physostigmine and
oxotremorine on 24 h memory retention of an aversive event.
Consistent with previous work, the results showed passive
avoidance retention as impaired following CCH [8]. Here we
demonstrate that PBOCCA rats that received physostigmine or
oxotremorine exhibit a significantly increased step-through
latency compared to the saline treated PBOCCA rats (Fig. 1). Thus,
the present study suggests that stimulation of cholinergic activity
could at least partially reverse the impaired learning and memory
functions in the PBOCCA rats.

From previous studies it is known that rats subjected to CCH
exhibit marked spatial reference learning and memory deficits
[8,36,37]. We observed significant behavioural impairments in the
PBOCCA group in a test of spatial memory. In the motivational test,
there was no significant difference in escape latency between the
PBOCCA and sham groups. These results indicate that the learning
and memory deficit in the PBOCCA group was not due to vision
impairment or motor dysfunction (Fig. 2C). On the other hand,
treatment with oxotremorine ameliorated the spatial memory
impairment in the PBOCCA rats only in the late phase of the
training. This was evident by the reduction in escape latencies
starting from day 4 during the training sessions in comparison to
the PBOCCA-saline group (Fig. 2A). This observation suggests that
sustained activation of muscarinic receptors may be required
during the acquisition phase of a hippocampus-dependent spatial
memory task. Subsequently, the reference memory, which was
assessed 24 h after the last treatment in a probe trial test, was
improved for PBOCCA rats having received oxotremorine after
post-training. The time spent at the target quadrant was
significantly increased compared to the saline group (Fig. 2B).
These results strongly suggest that an activation of the central
cholinergic system via muscarinic receptor stimulation amelio-
rates the cognitive impairment induced by CCH in rats.

There are some interactions between the cholinergic system
and cerebral blood flow through cholinergic innervation of
cerebral blood vessels. It has been reported that a treatment with
cholinesterase inhibitors, such as physostigmine and eptastigmine,
increases the extracellular level of endogenous acetylcholine,
leading to a significant increase of cerebral blood flow in different
brain regions in rats and humans [38–40]. In the present study, we
found that the spatial learning deficit induced by CCH was
improved after the administration of physostigmine, starting from
day 3 to day 5 of the training period, as well as in probe trials when
the platform was removed from the pool in the Morris water maze
(Fig. 2A and B). Furthermore, physostigmine administration did
not alter non-mnemonic factors such as motivation, motor, or
sensory processes which were assessed during the visible platform
test. These results suggest that possible mechanisms underlying
the improvement of cognitive function by the cholinergic system
may include the restoration of the cerebral blood flow in the
PBOCCA rats.

LTP at the CA1 synapse is a well-known cellular model for
exploring synaptic mechanisms underlying long-term memory in
the hippocampus. The first part of the experiment involved an
assessment of the effects of oxotremorine and physostigmine on
basal synaptic transmission at this synapse in the hippocampus by
evoked fEPSP at the CA1 region in response to increasing
stimulation of the CA3 region. The basal synaptic transmission
at this synapse was impaired in PBOCCA rats. However, after
injection of oxotremorine or physostigmine, the synaptic trans-
mission deficit was reversed in the PBOCCA rats. This reversal was
noticed through an increase in the fEPSP amplitude at higher
intensities (0.7–1.0 mA) (Fig. 3A). Therefore, it is apparent that
these drugs enhance the input-output properties of the CA1
neuron. This enhancement may occur by improving the basal
synaptic strength of α-amino-3-hydroxy-5-methyl-4-isoxazole-
propionic acid (AMPA) receptor-mediated transmission at CA3-
CA1 synapse in the hippocampus via a presynaptic mechanism
[19].

The in vivo electrophysiological recordings showed that CCH
markedly suppressed the potentiation of LTP in the Schaffer
collateral pathway of the hippocampus in PBOCCA rats. This
observation is in line with the findings reported by other
investigators [41,42]. Interestingly, both oxotremorine and physo-
stigmine partly restored the in vivo hippocampal LTP suppression
at Schaffer collateral CA3-CA1 synapse caused by CCH. This was
evident by an increase in the levels of the fEPSP amplitude
potentiation following TBS. The potentiation persisted over a
period of 3 h (Fig. 3B). These data support the view that the
cholinergic system is critical for LTP at the CA1 synapse [43,44].
Previous work reported a prevalent reduction in cognitive ability
and a synaptic plasticity impairment in neurodegenerative-related
disorders such as VaD and AD [45,46]. Recently, Wei et al. [47]
reported that miR-9-5p inhibition restores LTP suppression and
cholinergic deficits, which was correlated with improved learning
and memory capacity in PBOCCA rats. miR-9-5p is a microRNA
located on chromosome 3 of the mouse genome. Wei et al. (2017)
reported that miR-9-5p was upregulated in both the serum and
cerebrospinal fluid of patient with VaD and in the hippocampus
and cortex of CCH rats. Reduction or inhibition of miR-9-5p
rescued learning and memory performance, synaptic plasticity,
dendritic spines, cholinergic neurons, oxidative stress level, and
the neuronal loss induced by CCH. Thus, the restoration of
hippocampal LTP may be one of the mechanisms by which
oxotremorine and physostigmine produce cognitive improve-
ments in PBOCCA rats.

Conclusion

These findings further support the involvement of the
cholinergic system in counteracting the cognitive decline induced
by CCH. Activation of the cholinergic system through muscarinic
receptor and inhibition of cholinesterase activity may represent a
potential target for the treatment of impaired cognitive function in
neurodegenerative disorders such as VaD.
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