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Abstract

Background: Statins are widely used to control the level of plasma cholesterol. There is growing evidence that statins reduce the
prevalence of Alzheimer disease (AD) and dementia.

Objectives: The present study evaluated the effect of lovastatin treatment on neuronal responses of pyramidal cells of the CAiregion
of the hippocampus in a rat model of AD.

Methods: Rats randomly separated into 4 groups (n =10): the lesion group of nucleus basalis magnocellularis (NBM) that received
destruction by an electrical method (0.5 mA, 3 seconds) and lovastatin groups [lesion + lovastatin (10, 20, and 30 mg/kg)]. An in
vivo single-unit recording method was used in rats anesthetized with urethane. After 15 minutes of baseline recording from pyra-
midal neurons in the CA1region of the hippocampus, intraperitoneal injections of lovastatin and dimethyl sulfoxide (DMSO) were
administered, and neuronal response to administration of lovastatin continued to be recorded for 105 minutes.

Results: Acute injection of 30-mg/kg lovastatin excited 11 out of 17 neurons and inhibited 2 neurons. On the other hand, intraperi-
toneal injection of lovastatin in the highest dose resulted in increased spontaneous activity in the CA1 region of the hippocampus.
Conclusions: The acute use of lovastatin increases the neuronal frequency in the pyramidal neurons of the CA1 region of the hip-

pocampus.
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1. Background

Memory is the ability to remember past events by con-
scious or unconscious, as well as the mechanism for en-
coding, storing, and recalling information (1). Memory
plays a decisive role in human performance, and without
it, it is impossible to perform the simplest task (2). Over
the past decades, the subject of memory and cognitive im-
pairment has attracted many researchers. Pharmacologi-
cal studies on memory are conducted in the hope that be-
havioral findings, along with the mechanism of action of
drugs, will examine and clarify the basis of neurobiological
memory and learning (3). Alzheimer disease (AD), the most
common cause of forgetting, is a progressive neurodegen-
erative disease associated with loss of neurons in various
brain areas and memory impairment (4). Neuropathologi-
cally, the brainregions associated with cognition, learning,
and memory (especially the hippocampus and neocortex)
are more affected by AD (5). One of the neuropathological
characteristics of AD is the destruction of large cholinergic

neurons of the nucleus basalis of Meynert and balanced to
nucleus basalis magnocellularis (NBM) of rodents, which
is responsible for many of the cognitive deficiencies and
memory of the disease (6). About 90% of NBM choliner-
gic nuclei have their fibers emitted into all cortical regions
and amygdala nuclei (7). In AD, 50% to 88% of these cholin-
ergic neurons disappear (8, 9). Studies have shown that
cholinergic brain markers (including the release of acetyl-
choline and choline acetyltransferase activity) reduce and
learning and memory are damaged in NBM-lesion rats
(10). Statins, the competitive inhibitors of 3-hydroxy-3-
methylglutaryl-COA (HMG-COA) reductase, are commonly
used to treat hypercholesterolemia. Evolving evidence sug-
gests that this group of drugs has beneficial effects on neu-
rological disorders (such as AD), traumatic brain injury,
and stroke (11). In vivo experiments have shown that statin
therapy increases neurogenicity and synaptogenesis after
brain damage without altering serum cholesterol levels.
These findings suggest that statins promote neuronal pro-
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tection by releasing neurotrophic factors (12). The treat-
ment with statins leads to an increase in soluble amyloid
precursor protein (s-APP«) production and a decrease in
beta-amyloid production (13). Simvastatin and atorvas-
tatin lead to neurogenesis and inhibit neuronal death, and
lovastatin results in decreased inflammation (14). In addi-
tion to lovastatin, simvastatin, and atorvastatin repair the
cognitive impairments caused by traumatic brain injury
(15).

There is a fairly large gap between the properties of the
neuron membrane and the physiological and behavioral
events. To this end, we must be able to understand the ac-
tivity of neurons. Extra single-unit recording techniques
provided precious data about the characteristics of cen-
tral nervous system structures. In neuroscience, the single-
unit recording provides a method for measuring electro-
physiological responses to individual neurons using a mi-
croelectrode system (16). Most research on AD has exam-
ined memory defects, and spontaneous activity of neurons
in the brain has been poorly studied. Therefore, in the
present research, the effect of lovastatin on the sponta-
neous activity of pyramidal neurons in the CA1 region of
the hippocampus was studied in a rat model of AD.

2. Objectives

This study aimed to evaluate the effect of lovastatin on
the electrical activity of the CAl region in a rat model of AD.

3. Methods

Forty adult male Wistar rats weighing approximately
200 =+ 20 g were purchased from Ahvaz Jondishapur Uni-
versity of Medical Sciences. The animals were kept in a
room ataconstant temperature of 24 +2°Cand a12:12 hour
light-dark cycle and provided with water and food ad libi-
tum. The charter and ethical guidelines were followed in
conducting this research (EE[97.24.3.17933/scu.ac.ir). Lovas-
tatin (Sigma-Aldridge, USA), dissolved in 5% dimethyl sul-
foxide (DMSO) as a solvent, was studied in this research.

3.1. Alzheimer Model Induction

Rats were anesthetized with ketamine (78 mg/kg in-
traperitoneal; Alphasan, Holland)and xylazine (3 mg/kg in-
traperitoneal; Alphasan, Holland). Afterward, the NBM of
the rat was ruined by surgical procedures (AP=-1.3 mm, ML
=42.8 mm, DV=-7.6 mm) (7). The NBM was destroyed with

an electrical current for 3 seconds at 0.5 mA (17). A histol-
ogy confirmation of NBM destruction was prepared (Fig-
ure1). Animals were randomly divided into 4 groups as fol-
lows: (1) the lesion group in which the NBM of animals was
destroyed bilaterally with electrical lesion + DMSO 5%; (2)
the lesion group +10-mg/kg lovastatin (L10); (3) the lesion
group +20-mg/kglovastatin (L20); (4) and the lesion group
+30-mg/kg lovastatin (L30).

3.2. Animal Preparation and Stereotactic Surgery

After the destruction of NBM and the recovery period,
animals were prepared for electrophysiological tests. They
were anesthetized by administration of 1.5 g/kg intraperi-
toneal urethane (Sigma-Aldrich, Germany), which was per-
formed every 1 hour as needed to keep a deep and stable
level of anesthesia (18). To create a stable airway and re-
duce the respiratory noise, animals were placed in surgi-
cal tracheostomy. For this purpose, the hair in front of
the neck area was removed. Then, soft tissues of the neck
region were pushed aside to reach the trachea. A trans-
verse incision was made in the trachea, and a 1.5-mm di-
ameter polyethylene tube was inserted into it. After that,
the tracheostomy rat was slowly placed in a stereotactic de-
vice (Stoelting, USA). The rat’s skull was cleaned, and the
Bergema was identified and used as a surgical reference
point. A hole of 2 mm was created according to the atlas of
Paxinus (-3.8 mm AP, &= 2.2 mm ML, -2.4 mm DV) at the top
of the CAiregion. The body temperature was maintained at
36 -37°C throughout the experiments using a heating pad

(19).

3.3. Extracellular Single-Unit Recording

In this research, using the single-unit recording
method, the effect of lovastatin and its solvent on the
electrical activity of pyramidal hippocampal neurons was
evaluated. To do this, a tungsten electrode, a tungsten-
coated parylene microelectrode with a diameter of 127
pm, and 5-MS2 slowly were inserted into the brain to reach
the top of the hippocampus. Then, the electrode was
gently pulled down with the aid of a manual microdrive
until it reached the pyramidal cell layer of the CAl region
of the hippocampus, while the electrical potentials that
reached the tip of the electrode were monitored. The
electric signals generated by the action potentials of
pyramidal neurons (microvolt) from the electrode tip
were amplified 10000 times after reaching the amplifier.
Then, after passing a ban-pass filter, a signal was sent to
the data acquisition device and eventually displayed on
a computer. Electrical data were recorded using Spike
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Figure 1. A, Schematic position of the nucleus basalis magnocellularis region in the Paxinus atlas; B, Sample confirmation of the location of damage to the nucleus basalis

magnocellularis.

software (Spike, Science Beam, Tehran, Iran). To find the
pyramidal neuron with spontaneous activity, the elec-
trode was dropped into the hippocampus, the tip of which
was sometimes close to a neuron that could remove the
potentials from it and transfer it to the amplifier. At that
time, the peak of the signals generated by the neurons
was sufficiently large to easily identify the activity of the
surrounding peripheral neurons. Only neurons with a
signal of less than 8 times per second were accepted for
review in this study (20). The total recording time for this
research was 7200 seconds with a 1000-ms bin size, which
is constantly stored on a hard disk. The average frequency
of each unit was calculated by a computer. Peri-stimulus
time histograms (PSTHs) from 15 minutes before until 105
minutes after injection of the drug or solvent were deter-
mined. The findings were analyzed using offline software
for windows. Increasing or decreasing the frequency of
neurons more than twice the standard deviation of the
baseline activity of neurons for the 3 following points was
selected as excitatory and inhibitory neuronal activity.

3.4. Histological Verification

After the electrophysiological record was completed,
the animal’s brain was removed and placed in formalin
10%. After the preparation of the block, 20-um sections
were prepared from a nearby electrode. Slices were stained
with hematoxylin and eosin. Then, using the microscope,
the location of the electrode was determined in the CAt re-
gion of the hippocampus (Figure 2).
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3.5. Statistical Analyze

Data were analyzed using SPSS version 20 (SPSS Inc,
Chicago, I11, USA). To perform statistical comparisons in the
electrophysiology recording, the paired sample t-test was
used to evaluate the effect of the drug and vehicle on the
spontaneous activity of each neuron in each group in a 2-
hour record. Also, 1-way analysis of variance (ANOVA) and
Tukey’s post hoc test were used to evaluate the effect of
the drug on different groups. In addition, GraphPad Prism
version 6.07 was used to plot the number of excitatory, in-
hibitory, and ineffective neurons in the electrophysiology
section. Data were expressed as mean =+ SD. P values less
than 0.05 were considered statistically significant.

4. Results

To study the effect of DMSO on the firing activity of
pyramidal neurons, 0.2 mL of DMSO was injected intraperi-
toneal after baseline, and then the record continued for105
minutes. The results of the t-test for spontaneous activity
of neurons in the lesion group showed that the injection
of DMSO had no significantimprovement in the firing neu-
rons after administration compared to baseline recording
(P> 0.05). In the 10-mg/kg lovastatin group, a paired t-test
analysis showed no significant increase in the frequency
of neuronal activity after drug injection compared to the
baseline recording (P > 0.05; Figure 3A). Fourteen neu-
rons from 10 rats were registered in this group, showing
an excitatory effect on 3 neurons, an inhibitory effect on
3 neurons, and no effect on 8 neurons (Figure 3B). In the
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Figure 2. A, Schematic position of the CAl region of the hippocampus in the Paxinus atlas; B, Sample from the entry point of the electrode to the CA1region of the hippocampus.

20-mg/kg lovastatin group, a paired t-test analysis showed
a significant increase in the frequency of neuron activity
after drug injection compared to the baseline recording
(P = 0.046; Figure 4A). Fifteen neurons from 10 rats were
recorded in this group, showing an excitatory effect on 5
neurons, an inhibitory effect on 2 neurons, and no effect
on 8 neurons (Figure 4B). Also, administration of 20-mg/kg
lovastatin led to an enhancement of 48% to 97% in 3 neu-
rons, an increase in activity of 130% to 180% in 2 neurons,
and an inhibitory effect of 53% to 55% in 2 neurons. The
statistical analysis results in the 30-mg/kg lovastatin group
showed a significant increase in neuron frequency com-
pared to baseline recording (P < 0.001; Figure 5A and B).
In this group, 17 neurons from 10 rats were recorded, show-
ing a stimulatory effect on 11 neurons, an inhibitory effect
on 2 neurons, and no effect on 4 neurons (Figure 5C). Injec-
tion of 30-mg|kg lovastatin led to an enhancement in the
activity of 85% to170% in 8 neurons, 230% in 1 neuron, and
312% to370% in 2 neurons. Also, the results of 1-way ANOVA
of the mean excitatory activity showed a significant differ-
ence between the 30-mg/kg lovastatin and DMSO groups (P
= 0.032). However, no significant difference was observed
between the 20-mg/kg lovastatin and 10-mg/kg lovastatin
groups with the DMSO group (P> 0.05; Figure 6).

5. Discussion

In this study, the effects of different doses of lovas-
tatin were examined on the activity of pyramidal neu-
rons in a rat model of AD. It was found that 20- and 30-
mg/kg lovastatin had positive effects and increased spon-
taneous activity of pyramidal neurons of the hippocam-
pal CA1 region. Destruction of the cholinergic system of
NBM in rodents and primates decreases the cholinergic
function of the cortex and leads to memory deficits and
learning (21). The NBM is involved in the storage of work-
ing memory, as well as the storage of reference memory
information (22). Studies have shown that impaired per-
formance from the cholinergic system derived from the
basal forebrain that irritates several cortical regions and
the hippocampus, associated with memory deficit and
neurodegeneration observed in several types of demen-
tia, including AD (23). Studies have shown that lipophilic
statins (such as lovastatin) reduce the activity of the acetyl-
cholinesterase enzyme in the frontal cortex in rats, which
leads to an increase in acetylcholine levels in the synap-
tic cleft (24). The release of acetylcholine and activation
of muscarinic receptors leads to increased learning and
memory in an extensive range of behavioral tests (25).
The activation of muscarinic receptors leads to the de-
polarization and enhanced excitation of the pyramidal
neurons of the CAl region by activating cationic conduc-
tion and inhibiting potassium activity (26). Studies have
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Figure 3. A, Diagram of pyramidal neuron in the CA1region of the hippocampus with different responses to 10-mg/kg lovastatin injection. The firing frequency did not change
relative to the baseline firing (P> 0.05); B, Scatterplot illustrating pyramidal neurons with different responses to intraperitoneal injection of dimethyl sulfoxide and 10-mg/kg

lovastatin.

shown that acetylcholine leads to inhibition of a calcium-
activated potassium current, inhibition of leak K+ con-
ductance, and enhanced conductance in the high-voltage-
activated Ca®* channel (27). It has also been reported that
lovastatin results in upregulation of a7-nAchRs, which, in
an independent cholesterol-based mechanism, leads to an
increase in a-APPs production during APP processing, re-
sulting in a decrease in A$3 levels (24). Chen et al. reported
that treatment of hippocampal slices of mice with sim-
vastatin led to an increased presynaptic glutamate release
and an increase in the amplitude of N-methyl-D-aspartate
(NMDA) and receptor-dependent long-term potentiation
(LTP) amplitude. Isoprenoid supplementation of farnesyl
pyrophosphate resulted in the elimination of the effect of
simvastatin on its release of glutamate and LTP enhance-
ment. The results of this study suggested that by reducing
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farnesyl pyrophosphate, simvastatin resulted in increased
expression of a7-nAchR and phosphorylation of protein
kinase B and ERK2 dependent on the a7-nAchR receptor,
which led to an increase in LTP in the hippocampal slices
(28).

Mans et al. (29) showed that the ability of simvastatin
to inhibit the production of isoprenoids resulted in an in-
crease in the induction of LTP. In this study, the use of far-
nesyl reduced the amplitude of induced LTP by simvas-
tatin in the hippocampal slices of C57BL/6 mice. On the
other hand, the effect of simvastatin on LTP can be imitated
by the inhibition of farnesyltransferase. It has also been
shown that the high expression of Ras decreases the ty-
rosine phosphorylation NR2A and LTP. These findings sug-
gestthatinhibition of Ras can enhance the NMDAreceptor-
dependent synaptic plasticity. Mans et al. also reported
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Figure 4. A, Diagram of pyramidal neuron in the CA1 region of the hippocampus with different responses to 20-mg/kg lovastatin injection. The firing frequency significantly
changed relative to the baseline firing (P < 0.05); B, Scatterplot illustrating pyramidal neurons with different responses to intraperitoneal injection of dimethyl sulfoxide and

20-mg/kg lovastatin.

that LTP increased after treatment with a farnesyltrans-
ferase inhibitor, which led to the inhibition of farnesyla-
tion of Ras. It is worth mentioning that the brain of AD pa-
tients produces a large amount of farnesyl pyrophosphate
and granyl-granyl pyrophosphate (29). However, Maggo
and Ashton indicated that simvastatin and atorvastatin re-
sulted in a significant decrease in LTP in the hippocam-
pal slices of guinea pigs. In contrast, in our study, the in-
jection of lovastatin resulted in an increase in the sponta-
neous activity of pyramidal neurons of the CAl region of
the hippocampus. The reason for the difference in the re-
sults could be due to the different types of animal mod-
els (guinea pigs vs mice and rats) and that the LTP induc-
tion protocol is an important factor in the observed dif-
ference. The intensity of stimulation is a key factor in the
induction of LTP (30). Thus, according to the findings of
this research and other related studies, lovastatin may be
associated with mechanisms such as reducing isoprenoid
production, increased expression of acetylcholine recep-
tors, activation of protein kinase B, and enhancement of
NMDA receptor subunits in increased spontaneous activity
of pyramidal neurons in the CA1 region of the hippocam-
pus.
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Figure 5. A, Diagram of pyramidal neuron in the CA1 region of the hippocampus with different responses to 30-mg/kg lovastatin injection. The firing frequency significantly
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Figure 6. Comparison of the mean excitatory activity (mean = SD) in the dimethyl sulfoxide and lovastatin (10, 20, and 30 mg/kg) groups (*P < 0.05 in comparison with the
dimethyl sulfoxide group).
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