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Chronic cerebral hypoperfusion (CCH) is considered a preclinical condition of mild
cognitive impairment and thought to precede dementia. However, as the principal
cholinergic source of hippocampus, whether the septo-hippocampal neurocircuit was
impaired after CCH is still unknown. In this study, we established the CCH rat model by
bilateral common carotid artery occlusion (2VO). Under anesthesia, the medial septum
(MS) of rats was stimulated to evoke the field excitatory post-synaptic potential (fEPSP)
in the pyramidal cell layer of dCA1. Consequently, we observed decreased amplitude
of fEPSP and increased paired-pulse ratio (PPR) after 8-week CCH. After tail pinch,
we also found decreased peak frequency and shortened duration of hippocampal
theta rhythm in 2VO rats, indicating the dysfunction of septo-hippocampal neurocircuit.
Besides, by intracerebroventricularly injecting GABAergic inhibitor (bicuculline) and
cholinergic inhibitors (scopolamine and mecamylamine), we found that CCH impaired
both the pre-synaptic cholinergic release and the post-synaptic nAChR function in
MS–dCA1 circuits. These results gave an insight into the role of CCH in the impairment
of cholinergic MS–dCA1 neurocircuits. These findings may provide a new idea about the
CCH-induced neurodegenerative changes.

Keywords: chronic cerebral hypoperfusion, septo-hippocampal neurocircuit, medial septum, acetylcholine,
neurodegeneration

INTRODUCTION

The integrity of basal forebrain–hippocampal neurocircuit is essential for the regulation of spatial
and episodic memory (Ballinger et al., 2016). By performing high-resolution magnetic resonance
imaging, Taylor W. Schmitz’s team has found that the degeneration of the basal frontal brain
occurs before cognitive impairment and pathological changes in the entorhinal layer of patients
with Alzheimer’s disease (AD; Schmitz and Nathan Spreng, 2016). Furthermore, using anterograde
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and retrograde labeling techniques, it has been found that, in
5XFAD mice, the degeneration of nerve fibers in the basal
forebrain–hippocampus loop is earlier than the death of neurons
(Kim et al., 2019). These studies suggest that impairment
of the basal forebrain–hippocampal neurocircuit may be an
early indicator of AD occurrence. However, inducements and
mechanisms are still not fully elucidated.

Chronic cerebral hypoperfusion (CCH) is considered a
common cause of sporadic AD and vascular dementia (VaD;
Cole and Vassar, 2009; Gorelick et al., 2011; Honjo et al.,
2012) and a subclinical state of moderate cognitive impairment
(Maalikjy Akkawi et al., 2005; Ruitenberg et al., 2005; Gorelick
et al., 2011). Many previous studies have reported that CCH
induces cognitive decline by trigging a variety of hippocampal
pathologies, including β-amyloid deposition (Ai et al., 2013;
ElAli et al., 2013), tau phosphorylation (Sun et al., 2015;
Liu et al., 2016; Raz et al., 2019), neuronal death (Chen
et al., 2017), and even impairment of hippocampal pre-synaptic
plasticity (Yan et al., 2020). However, it is still unknown
whether and how CCH initiates the impairment of basal
forebrain–hippocampal neurocircuit.

It has been well studied that the medial septum (MS)
within basal forebrain is one of the brain regions that closely
interact with hippocampal CA1. This interaction is a precise
negative feedback adjustment system [septo-hippo-septal loop
(SHSL)], which adjusts the CA1 network excitability to different
behavioral states (Müller and Remy, 2018). Although SHSL
is controlled by the synergy of cholinergic, glutamatergic,
and GABAergic neurons together, convincing evidence has
demonstrated that cholinergic circuit in SHSL places a center
stage for normal executive and mnemonic functioning, and the
loss of cholinergic signaling is inextricably linked with cognitive
decline (Dutar et al., 1995; Teles-Grilo Ruivo and Mellor, 2013;
Ballinger et al., 2016; Dannenberg et al., 2017; Solari and Hangya,
2018). Recently, Li et al. (2019) reported that CCH impairs the
hippocampal theta synchrony between CA3 Schaffer collaterals
and CA1 areas in 2-week 2VO rats. However, whether 8-week
CCH rats display an impaired function of SHSL in vivo and
whether the cholinergic dysfunction is involved in this process
are still unclear.

In this study, we employed the electrophysiological methods
and found that CCH impaired the cholinergic circuits from MS
to the pyramidal cell layer of dCA1. This study is the first to
elucidate the impairment of MS–dCA1 neurocircuit in CCH rat
models; and it will provide an important reference for the future
mechanism study and drug research.

MATERIALS AND METHODS

Animals
Male Sprague–Dawley (SD) rats (weight 220–260 g, obtained
from the Animal Center of the Second Affiliated Hospital
of Harbin Medical University, Harbin, Heilongjiang Province,
China) were housed at 23 ± 1◦C with 55 ± 5% of humidity
and maintained on 12-h dark/light artificial cycle (lights on at
7:00 A.M.) with food and water available ad libitum. Rats for
creating permanent, bilateral common carotid artery occlusion

(2VO) were anesthetized with chloral hydrate (300 mg/kg)
by intraperitoneal injection and maintained by administrating
0.5–1.0% isoflurane. The depth of anesthesia was monitored
by detecting reflexes, heart rate, and respiratory rate. All
animal procedures were approved by the Institutional Animal
Care and Use Committee at Harbin Medical University and
the Institute of Laboratory Animal Science of China. All
procedures were conformed to the Directive 2010/63/EU of the
European Parliament.

Permanent Bilateral Common Carotid
Artery Occlusion
The method used for the preparation of 2VO rats has been
described in previous studies (Ai et al., 2013). Briefly, after
anesthesia, the bilateral common carotid arteries of rats were
exposed via a midline ventral incision, carefully separated from
the vagal nerves, and then permanently ligated with 5-0 silk
suture. After the surgical procedures, all the anterior cervical
muscles were returned to their original locations. To avoid
potential postoperative infection, the wounds were washed with
20 mg/ml of gentamycin sulfate solution before being sutured.
The rats were then allowed to recover from anesthesia before
being returned to their cages.

Surgical Procedures and Placement of
Electrodes
Under urethane anesthesia (1.2 g/kg of body weight,
supplemental doses of 0.2–0.8 g/kg as needed), the rats
were mounted on the stereotaxic frame apparatus (DW-2000,
Chengdu Taimeng Software Company Limited, China) for
the insertion of electrodes. For local anesthesia, procaine
hydrochloride (1%) was injected subcutaneously into the tissue
around the incision before surgery. A heating pad was placed
under the rat to maintain the body temperature of mice at 37◦C.
After holes were drilled into the skull, a bipolar stimulating
electrode (stainless steel, tip separation 0.5 mm) was implanted
for stimulating the MS [anterior–posterior (AP), 0.6 mm;
medio-lateral (ML), 0.1 mm; dorso-ventral (DV), 6.0 mm]. In
order to avoid the changes in the impedance of stimulating
electrodes, each stimulating electrode was prepared with two
pieces of 10-cm stainless steel with 0.25-mm diameter and
carefully cleaned before and after usage. The recording electrode
filled with 3 mol/L of NaCl was placed in the pyramidal cell layer
of the dorsal CA1 (AP, −3.8 mm; ML, 2.4 mm; DV, 2.7 mm).
The depths of the stimulating and recording electrodes were
adjusted to obtain the maximal responses (Jedlicka et al., 2009;
Yang et al., 2011).

Electrophysiological Recording and
Analysis
After a 30-min recovery from electrode implantation, MS was
stimulated by constant current pules with 30-s interval (0.1-ms
duration) from BL-420S stimulus generator (Chengdu Taimeng
Software Company Limited, China). The field excitatory
post-synaptic potential (fEPSP) recorded in dCA1 was amplified
by a ME-1 preamplifier (Chengdu Taimeng Software Company
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Limited, China); and the signals were then filtered (1 Hz–1 kHz),
digitized (20 kHz), and recorded by the software of BL-
420S. In the recording system, baseline was normalized to
0 mV, and the extracellularly recorded cation influx (excitatory
response) is defined as up-word waveform. To establish the
input–output (I/O) curves, electric stimulation with intensity
ranged from 1 to 20 V were applied to MS. The amplitude
and slope of post-synaptic potentials were expressed as the
average of three responses under each stimulation intensity.
Based on the I/O curve, the stimulus intensity corresponding
to the 50% maximum amplitude of post-synaptic potential was
used for recording the paired-pulse ratio (PPR). The inter-
stimulus interval was set between 20 and 70 ms. The PPR is
calculated by dividing the second pulse amplitude by the first
pulse amplitude. The latency of post-synaptic potential was
determined by the time between the arrival of a pre-synaptic
action and the onset of post-synaptic response. The time to peak
of post-synaptic potential was the time interval from the onset of
this measured potential to the peak amplitude. The half-width
of post-synaptic potential is the width (duration) between
half-maximal peak.

Local Field Potential
The local field potentials (LFPs) of dCA1 were recorded as
described in previous studies (Varga et al., 2008; Liu et al., 2013).
Briefly, rats were anesthetized by intraperitoneally injected 20%
urethane solution and placed on a stereotaxic frame. The animals
were maintained at a level of anesthesia at which spontaneous
theta rhythm was not presented but could be elicited by a
tail pinch. Monopolar tungsten electrode was implanted into
the pyramidal cell layer of the dorsal CA1 (AP, −3.8 mm;
ML, 2.4 mm; DV, 2.7 mm) to record hippocampal LFP. The
reference electrode was placed on the skull 2 mm away from
the recording electrode, and the ground electrode clamped
the skin on both sides of the brain. The LFP of dCA1 was
amplified by a ME-1 preamplifier (Chengdu Taimeng Software
Company Limited, China); and then the signals were filtered
(0–20 Hz) and recorded by the software of BL-420S. After
the LFP waveform became stable, the basic spontaneous LFP
was recorded for 2 min. Subsequently, the vicinity of tail base
was gently pinched with a plastic clamp for 1 min to induce
theta rhythm.

Intracerebroventricular Drug Infusions
At the beginning of each recording, a hole was drilled above
the lateral cerebral ventricle of the skull (AP, 1.0 mm; ML,
1.5 mm; DV, 4.0 mm). Then, a 5-µl Hamilton syringe with
a 33-gauge tip needle (Hamilton, Bonaduz, Switzerland)
containing bicuculline (1 µg/rat), scopolamine (10.8 µg/rat), or
mecamylamine (10 µg/rat) was inserted into the drilled lateral
cerebral ventricle of rats during the electrophysiological
recording process. The drugs (2 µl) were infused at a
rate of 0.2 µl/min. After 10 min of drug administration,
the electrophysiological recording was continued, and the
needle was indwelling until the whole recording was finished.
Bicuculline, scopolamine, and mecamylamine were purchased
from Aladdin (Shanghai Aladdin Bio-chem Technology

Company Limited, China). Bicuculline was dissolved in
dimethyl sulfoxide (DMSO). Scopolamine and mecamylamine
were dissolved in saline. All drugs were freshly prepared
before usage.

Western Blotting
Total hippocampal proteins were extracted, and the protein
content was determined by the BCA Protein Assay Kit using
bovine serum albumin as an internal standard. Protein samples
fractionated on a 10% sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE) were transferred onto
nitrocellulose membranes and incubated with primary antibody
against ChAT (Catalog. #297013, 1:1,000, Synaptic Systems) and
β-actin (Catalog. #8432, 1:1,000, Santa Cruz). The membranes
were then incubated with fluorescent secondary antibody. The
protein bands were captured using the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA) and quantified
using the Odyssey version 3.0 software. β-Actin was used as an
internal control for protein inputs.

Assessment of Acetylcholine
Concentration
The hippocampal sample used for ELISA analysis was prepared
as described in the instructions. Briefly, frozen tissue samples
from the dorsal hippocampus were homogenized in phosphate-
buffered saline (PBS; pH 7.4) at 4◦C. The extracts were
centrifuged at 3,000 rpm for approximately 20 min; and
the supernatants were collected carefully. After extraction,
the acetylcholine levels were measured immediately using the
rat acetylcholine (Ach) ELISA Kit (Catalog. #MBS774123,
MyBioSource) according to the instruction of the manufacturer.
Finally, according to the standard sample’s concentrations
and the corresponding optical density (OD) values, the linear
regression equation of the standard curve was fitted. Based
on this equation, the Ach concentrations of test samples
were calculated.

Immunofluorescence Detection
After the electrophysiological and LFP recording, rats were
perfused transcardially with 4% buffered paraformaldehyde
(PFA). The brains were then removed, dehydrated, and frozen
in OCT; and 30-µm brain slices were mounted on glass slides.
Subsequently, the brain slices were incubated with DAPI (C1005,
1:100, Beyotime) for 30 min and then washed and covered
with mounting medium. Finally, brain slices were observed by
brightfield microscopy using a ×5 objective on a Zeiss Axio
Scope A1 microscope.

Statistical Analysis
Data were described as mean ± SEM. The power spectrums
of LFPs were analyzed by Matlab 7.0. The two-tailed Student’s
t-test was applied for comparisons between the two groups;
P < 0.05 was considered statistically significant. SAS 9.1 software
(serial number: 989155, Institute Incorporation) was used for all
statistical analyses.
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RESULTS

Chronic Cerebral Hypoperfusion Impairs
the Basic Electrophysiological Properties
of Medial Septum–dCA1 Neurocircuit
To investigate whether CCH could induce the dysfunction of
the septo-hippocampal neurocircuit, we first evaluated the basic
electrophysiological properties of the MS–dCA1 neurocircuit
in vivo. A stimulating electrode was implanted in the rat MS,
and the post-synaptic potential was recorded in the pyramidal
cell layer of dCA1 region (Figures 1A–C; Li et al., 2019). First
of all, the responsiveness of MS–dCA1 neurocircuit in 2VO rats
was evaluated. As shown in Figure 1D, compared with sham
rats, dramatically higher stimulation intensity was required to
elicit the electrical activity of MS–dCA1 circuits in 2VO rats

(4.1 ± 0.53 vs. 6.14 ± 0.67 V, P = 0.0283). It suggests that the
responsiveness of MS–dCA1 neurocircuit was impaired. Next,
we wanted to explore the potential causes through analyzing
various electrophysiological properties of MS–dCA1 circuits.
We administrated a 1-V-step increased stimulation to MS-CA1
circuits and found that the fEPSP amplitudes of sham and
2VO rats increased with the enhancement of stimulus intensity
(Figure 1E). However, the fEPSP amplitude in 2VO rats was
significantly lower than that in sham rats (8 V, 1.12 ± 0.21 vs.
0.45 ± 0.12 mV, P = 0.0238; 20 V, 1.94 ± 0.22 vs.
1.15 ± 0.07 mV, P = 0.0078; Figure 1F). These results suggest
that the basic neurotransmission process of MS–dCA1 circuits
was impaired in 2VO rats. To further understand the impaired
electrophysiological activity of MS–dCA1 circuits in 2VO rats,
we continued to evaluate the detailed characteristics of fEPSP
waveform, including latency, time to peak, and half width.

FIGURE 1 | Chronic cerebral hypoperfusion (CCH) impairs the basic neurotransmission process of medial septum (MS)–dCA1 neurocircuit. (A) Schematic diagram
showing the placement of the stimulating (MS) and recording (dCA1) electrodes during in vivo electrophysiological experiment. (B) Immunostaining of brain slices; the
broken white lines show the position of stimulating and recording electrodes trace. Scale bar = 200 µm. (C) Sample MS–dCA1 field excitatory post-synaptic
potential (fEPSP) traces in the sham and bilateral common carotid artery occlusion (2VO) rats with 8- and 20-V stimulations. (D) Differences of the lowest stimulus
intensity needed for evoking a measurable response of MS–dCA1 circuit. n = 10 for sham rats, n = 7 for 2VO rats. (E) Differences of the fEPSP amplitude between
the sham and 2VO rats. n = 10 for sham rats, n = 7 for 2VO rats. (F) Comparison of input–output curves between sham and 2VO rats. n = 8 for sham rats, n = 7 for
2VO rats. (G–I) Comparison of the latency, time to peak, and half width of MS–dCA1 fEPSP in sham and 2VO rats at 8- and 20-V stimulations. n = 10 for sham rats,
n = 7 for 2VO rats. *P < 0.05 vs. sham rats, **P < 0.01 vs. sham rats.
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Latency, the time interval between the arrival of a pre-synaptic
action potential and the onset of a post-synaptic response, can
be used to infer the kinetics of quantal transmitter release
(Lin and Faber, 2002). As shown in Figure 1G, under 8-
or 20-V electric stimulation, there were no differences of
fEPSP latencies between 2VO and sham rats, indicating the
intact kinetics of transmitter release and transmission speed of
MS–dCA1 circuits in 2VO rats. Time to peak and half width
reveal the response speed of activated receptors go from low
to high ionic permeability (Lin and Faber, 2002). Here, we
found that the time to peak (4.16 ± 0.55 vs. 6.65 ± 0.53 ms,
P = 0.0057; Figure 1H) and half width (5.54 ± 0.72 vs.
8.89 ± 0.95 ms, P = 0.0137; Figure 1I) of MS–dCA1 circuit
of 2VO rats were extended under 20-V but not 8-V electric
stimulation. These analyses of fEPSP waveform properties
suggested that 8-week CCH weakened the response of receptors
following high intensity of stimulation in MS–dCA1 circuits.
Collectively, CCH impaired the connection between the MS
and the dCA1 pyramidal cells, as well as the responsive
ability of dCA1 to high-intensity stimuli but did not impair
the kinetics of transmitter release and transmission speed of
MS–dCA1 circuit.

To further verify the pre-synaptic properties, we applied
paired pulse with 8-V stimulus intensity to the MS–dCA1 circuit.
In central synapses, paired-pulse facilitation (PPF) is defined
as follows: the second stimulus evokes a larger response than
the first when two stimuli are delivered within hundreds of
milliseconds to seconds of each other (Regehr, 2012). An
increase in PPR during PPF induction indicates a decrease in
the probability of pre-synaptic neurotransmitter release (Deng
et al., 2020). Thus, we applied paired pulses with 20- to 70-ms
interval to MS to induce PPF (Figure 2A) and found significantly
higher PPR in 2VO rats, with the greatest effects at the shortest
inter-stimulus interval (20 ms, 1.12 ± 0.21 vs. 2.34 ± 0.13,
P = 0.0003; 40 ms, 1.72 ± 0.13 vs. 2.67 ± 0.13, P < 0.0001;
70 ms, 1.86 ± 0.16 vs. 2.32 ± 0.08, P = 0.0346; Figures 2B,C)
than sham rats. The same to those at basal neurotransmission
condition, the latency (Figure 2D), time to peak (Figure 2E), and
half width (Figure 2F) of MS–dCA1 fEPSP were not changed
between sham and 2VO rats. Thus, 8-week CCH impairs the
pre-synaptic function of MS–dCA1 neurocircuit.

Chronic Cerebral Hypoperfusion Damages
the Theta Rhythm of dCA1
MS, which is reciprocally connected with hippocampus, is
thought to be the rhythm generator of theta (Hangya et al.,
2009; Unal et al., 2015). Theta oscillations are LFP, which reflect
rhythmic changes of the synaptic inputs to the hippocampus
(Bragin et al., 1995). In order to further verify the phenomenon
of the impaired fEPSP of MS–dCA1 in anesthetized 2VO rats,
we recorded hippocampal LFP in the pyramidal cell layer of
dCA1 region in sham and 2VO rats (Hangya et al., 2009;
Figures 3A,B). After a 1-min tail pinch, the hippocampal LFP
shifted from delta rhythm to theta rhythm (Figures 3C,D).
However, we found that the peak theta frequency of 2VO rats
(3.05 ± 0.19 Hz) was significantly lower than that of sham rats
(3.52 ± 0.12 Hz, P = 0.0444; Figure 3E). Besides, compared

with sham rats (163.45 ± 25.44 s), 2VO rats (96.67 ± 13.83 s,
P = 0.0443) showed a significantly shortened duration of
hippocampal theta rhythm after tail pinch (Figure 3F). These
results suggest that the hippocampal theta rhythmogenesis
was impaired in 2VO rats; and this phenomenon further
demonstrated that the MS–dCA1 neurocircuit dysfunction
occurred after 8 weeks of CCH.

Chronic Cerebral Hypoperfusion Induces
Diminished Pre-synaptic Cholinergic
Function of Medial Septum–dCA1 Circuit
MS–dCA1 neurocircuit contains cholinergic and GABAergic
projections. Functionally, the cholinergic and GABAergic
projections mainly contribute to the regulation of hippocampal
function and the post-synaptic potentials of septo-hippocampal
pathway (Müller and Remy, 2018). When MS was stimulated,
we could record a mixed excitatory and inhibitory potential in
dCA1. But at this time, the inhibitory response neutralized part of
the excitatory potential. Therefore, we intracerebroventricularly
injected bicuculline (1 µg/2 µl) to block the GABAergic
function and to separately evaluate the excitatory component of
MS–dCA1 circuit (Figures 4A,B). After 10 min of bicuculline
administration, we stimulated the MS and observed a 57.1%
increase of fEPEP amplitude in dCA1 of sham rats. This 57.1%
increase of fEPEP amplitude is the response neutralized by
fIPSP when bicuculline did not exit. After the mixed response
was normalized to 100%, we calculated that the bicuculline-
sensitive potential fIPSP accounted for 26.7% [0.571/(0.571 +
1.571)] of the total MS–dCA1 post-synaptic potential, which was
close to the percentage in previous studies (Sun et al., 2014).
The phenomenon indicated that the GABAergic component
of MS–dCA1 circuit was totally inhibited. Subsequently, we
observed a significantly decreased amplitude of cholinergic
fEPSP in 2VO rats (157.08 ± 10.09% vs. 59.36 ± 15.25%,
P = 0.0003; Figures 4C–E). Besides, bicuculline administration
induced a dramatic increase of MS–dCA1 fEPSP in sham rats
(105.41 ± 1.51% vs. 157.08 ± 10.09%, P = 0.0005), while
this phenomenon was absent in 2VO rats (46.58 ± 6.45%
vs. 59.36 ± 15.25%, P = 0.4581). These results indicated that
the GABAergic neurotransmission of MS–dCA1 circuit was
impaired by CCH (Figures 4C–E). However, there were no
differences in latency (Figure 4F), time to peak (Figure 4G),
and half width (Figure 4H) of the cholinergic fEPSP between
sham and 2VO rats, suggesting that CCH impairs the cholinergic
function between MS and dCA1 pyramidal cells but did not
affect the kinetics of transmitter release and transmission speed
of MS–dCA1 circuit.

However, from the diminished cholinergic fEPSP amplitude,
we still cannot determine whether the reduced release of the
pre-synaptic transmitter or the activation of the post-synaptic
receptor contributed to the impaired septo-hippocampal
connectivity (Lin and Faber, 2002; Zamudio-Bulcock and
Valenzuela, 2011). Therefore, the paired-pulse stimulating
protocol was then applied to MS–dCA1 circuit to evaluate the
pre-synaptic cholinergic function. As predicted, compared with
that of sham rats (1.08 ± 0.14), the PPR of MS–dCA1 circuit in
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2VO rats (1.85 ± 0.2, P = 0.0103) was significantly increased,
indicating the decrease of cholinergic release probability
(Figures 5A,B). The latency (Figure 5C), time to peak
(Figure 5D), and half width (Figure 5E) of the cholinergic
fEPSP were similar among all groups. Furthermore, we
found the expression level of dorsal hippocampal ChAT was
dramatically decreased in 2VO rats (0.93 ± 0.05 vs. 0.62 ± 0.06,
P = 0.0011; Figure 5F), which further verified the impairment
of hippocampal cholinergic inputs. As a supplementation of
the diminished cholinergic release, Ach concentration of dorsal
hippocampus in 2VO rats was significantly lower than that in
sham rats (206.13 ± 1.86 vs. 193.18 ± 3.81 µg/ml, P = 0.0121;
Figure 5G). Therefore, these results collectively indicated that
the pre-synaptic cholinergic function of MS–dCA1 circuit was
impaired in 8-week CCH rats.

Chronic Cerebral Hypoperfusion Induces
Cholinergic Receptor Dysfunction of
Medial Septum–dCA1 Circuit
Subsequently, we would like to further clarify whether
the function of post-synaptic cholinergic receptors in the
MS–dCA1 circuit was impaired after CCH. Cholinergic
receptors include muscarinic acetylcholine receptor (mAChR)
and nicotinic acetylcholine receptors (nAChR). mAChRs were
identified as five subtypes, termed M1–5. These receptors are
expressed in both the hippocampal pyramidal neurons and
interneurons (Levey et al., 1995; Bell et al., 2013; Alger et al.,
2014). M1, M3, and M5 are enriched in pyramidal neurons
(Vilaró et al., 1990; Levey et al., 1995) and lead to Ca2+ influx
and activate intracellular signaling cascades by coupling to Gq

proteins (Wess, 2003), while M2 and M4 are expressed mostly
in nonpyramidal neurons (Levey et al., 1995) and coupled to
Gi/o proteins to inhibit hippocampal inhibitory interneurons
(Wess, 2003). Therefore, a mild concentration of mAChR
(10 µg/2 µl of scopolamine) blocker was used to evaluate
mAChR function in MS–dCA1 circuits (Liu et al., 2018;
Figure 6A). Based on the decreased cholinergic fEPSP amplitude
shown in Figure 4, and the previously reported disrupted central
muscarinic system in AD (Scarr, 2012), we conjectured that
the application of muscarinic inhibitor would lead to a bigger
drop of the MS–dCA1 fEPSP in 2VO rats. However, to our
surprise, the application of 10 µg/2 µl of scopolamine led to the
same decreases of the MS–dCA1 fEPSPs in sham and 2VO rats
(71.94 ± 4.16% vs. 69.14 ± 3.65%, P = 0.3088; Figures 6B–E).
This result suggested that CCH did not significantly influence
the mAChR function.

Except for mAChR, hippocampal nAChR is also reported to
express on glutamatergic pre-synaptic neurons and to enhance
the release of glutamate (Cheng and Yakel, 2014; Dannenberg
et al., 2017). Pharmacological experiments have shown that
muscarinic receptor antagonism with scopolamine results in
deficits in working and declarative memory. Simultaneous
antagonism of both muscarinic and nicotinic receptors produced
greater deficits than muscarinic blockade alone, while nicotinic
antagonism alone with mecamylamine did not show similar
deficits (Ellis et al., 2006). Hence, a non-selective nAChR blocker,
mecamylamine (10 µg/2 µl; Papke et al., 2001) was used
to evaluate the effect of CCH on nAChR function based on
scopolamine inhibition action on mAChR (Figure 6A). After
the application of nicotinic inhibitors, we found a further
decrease of the MS–dCA1 fEPSP in 2VO rats (69.14 ± 3.65%

FIGURE 2 | CCH impairs the paired-pulse facilitation (PPF) of medial septum (MS)–dCA1 neurocircuit. (A) Sample MS–dCA1 fEPSP traces during paired pulse with
20, 40, and 70 ms of inter-stimulus intervals. (B) Scatter plot summarizing the paired-pulse ratio (PPR) curve in sham and bilateral common carotid artery occlusion
(2VO) rats. n = 12 for sham rats, n = 8 for 2VO rats. (C) Differences of the PPR between the sham and 2VO rats with 20, 40, and 70 ms of inter-stimulus interval
stimulated by 8 V. Left insertion: sample fEPSP traces of the sham and 2VO rats. n = 12 for sham rats, n = 8 for 2VO rats. (D–F) Comparison of the latency, time to
peak, and half width of MS–dCA1 fEPSP during PPF in sham and 2VO rats. n = 12 for sham rats, n = 8 for 2VO rats. *P < 0.05 vs. sham rats, ***P < 0.001 vs.
sham rats.
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FIGURE 3 | CCH damages the theta rhythmogenesis of dCA1. (A) Schematic diagram showing the recording method of theta rhythm in dCA1. (B) Immunostaining
of brain slice; the broken white lines show the position of local field potential (LFP) recording electrode trace. Scale bar = 200 µm. (C) Comparison of the dCA1 LFP
in sham and bilateral common carotid artery occlusion (2VO) rats. Left panel: sample dCA1 LFP waveforms. Right panel: frequency spectrum analysis of the left
waveforms. (D) Heatmaps showing the frequency spectrum characteristics of the dCA1 LFP in sham and 2VO rats. (E,F) Comparison of the peak frequency and
duration of theta rhythm in sham and 2VO rats. n = 12 for sham rats, n = 9 for 2VO rats, *P < 0.05 vs. sham rats.

FIGURE 4 | CCH impairs the basic neurotransmission of cholinergic medial septum (MS)–dCA1 neurocircuit. (A) Schematic diagram showing the
intracerebroventricular injection of bicuculline and drug action in medial septum (MS)–dCA1 neurocircuit. (B) Immunostaining of brain slices; the broken white lines
show track of needle used for intraventricular drug administration. Scale bar = 200 µm. (C) Sample MS–dCA1 fEPSP traces after administration of bicuculline. (D)
Comparison of normalized fEPSP after the injection of bicuculline between sham and bilateral common carotid artery occlusion (2VO) rats. n = 6 for sham rats,
n = 6 for 2VO rats. (E) Column graph shows the difference of normalized fEPSP amplitude before and after the injection of bicuculline in sham and 2VO rats. Upper
insertion: sample fEPSP traces before and after the injection of bicuculline in sham and 2VO rats. n = 6 for sham rats, n = 6 for 2VO rats. (F–H) Column graph shows
the influence of bicuculline on the fEPSP latency, time to peak, and half width. n = 6 for sham rats, n = 6 for 2VO rats. ***P < 0.001 vs. sham rats.

vs. 40.29 ± 3.45%, P = 0.0317), while the MS–dCA1 fEPSP did
not change in sham rats (71.94 ± 4.16% vs. 77.59 ± 3.83%,
P = 0.5959; Figures 6B–E). The internal mechanism of this
phenomenon may be that the post-synaptic receptors cannot
be saturated by one time of transmitter release at normal
conditions (Frerking and Wilson, 1996; Edwards, 2007). This
is to say, in sham rats, a single release of Ach cannot

completely occupy the post-synaptic nAChR, so mild inhibition
of nAChR cannot affect the post-synaptic response. However,
since the reserve of hippocampal nAChR was impaired in
2VO rats, a low-level mecamylamine induced a significant
decrease of fEPSP in MS–dCA1 circuit. This increased sensitivity
to mecamylamine suggested that the nAChR function of the
MS–dCA1 neurocircuit was decreased in 2VO rats.
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FIGURE 5 | CCH impairs the pre-synaptic function of cholinergic and GABAergic medial septum (MS)–dCA1 neurocircuit. (A) Scatter plot summarizing the PPR
curve before and after the injection of bicuculline in sham and bilateral common carotid artery occlusion (2VO) rats. n = 6 for sham rats, n = 6 for 2VO rats. (B)
Column graph shows the differences of the PPR before and after the injection of bicuculline in sham and 2VO rats with 20 and 40 ms of inter-stimulus intervals.
n = 6 for sham rats, n = 6 for 2VO rats. (C–E) Column graph shows the influence of bicuculline on the fEPSP latency, time to peak, and half width during PPF.
n = 6 for sham rats, n = 6 for 2VO rats. (F) Western blot analysis with the dorsal hippocampus in sham and 2VO rats. Top: representative immunoblotting images of
ChAT and β-actin. Bottom: the digital data of the immunoblotting analysis. n = 9 for sham rats, n = 9 for 2VO rats. (G) Comparison of the dCA1 Ach concentrations
in sham and 2VO rats. n = 6 for sham rats, n = 6 for 2VO rats. *P < 0.05 vs. sham rats, **P < 0.01 vs. sham rats.

FIGURE 6 | Medial septum (MS)–dCA1 neurocircuit in CCH rat was more sensitive to cholinergic inhibition. (A) Schematic diagram showing the
intracerebroventricular injection of scopolamine and mecamylamine. (B) Sample MS–dCA1 fEPSP traces after administration of scopolamine and mecamylamine.
(C) Comparison of normalized fEPSP after the administration of cholinergic inhibitors in sham and bilateral common carotid artery occlusion (2VO) rats. n = 8 for
sham rats, n = 7 for 2VO rats. (D,E) Column graph shows the difference of normalized and changed fEPSP amplitude before and after the injection of scopolamine
and mecamylamine in sham and 2VO rats. Upper insertion: sample fEPSP traces before and after the injection of scopolamine and mecamylamine in sham and 2VO
rats. n = 8 for sham rats, n = 7 for 2VO rats. *P < 0.05 vs. sham rats, ***P < 0.001 vs. sham rats. ns, no statistical significance.

DISCUSSION

CCH is considered to be the preclinical stage of mild
cognitive impairment (Du et al., 2017); and it has already

been proved to participate in the β-amyloid deposition, tau
phosphorylation, neuronal death, impairment of hippocampal
pre-synaptic plasticity, and theta oscillation in rats (Ai et al.,
2013; Sun et al., 2015; Liu et al., 2016; Chen et al., 2017;
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Li et al., 2019; Yan et al., 2020). However, as the largest
cholinergic nucleus and the theta generator of brain, whether the
function of MS could be impaired by CCH is still unelucidated.
Here, we are the first to focus on the influence of CCH on septo-
hippocampal neurocircuit.

In vivo, an important function of septo-hippocampal pathway
is adjusting the CA1 network excitability to different behavioral
states (Müller and Remy, 2018). To evaluate the effect of CCH on
septo-hippocampal function, we established the 2VO rat models
and recorded the electrophysiological properties of pyramidal
cell layer in dCA1 through stimulating MS. By recording and
analyzing the I/O curves, we found a significantly decreased
post-synaptic potential amplitude in the MS–dCA1 circuit of
2VO rats without affecting the kinetics of transmitter release
and post-synaptic response process. Thereafter, PPR recording
revealed that CCH impaired pre-synaptic neurotransmitter
release. Since the normal function of cholinergic and GABAergic
MS–dCA1 circuit is the basis for maintaining the hippocampal
theta oscillations (Zhang et al., 2010; Rubio et al., 2012;
Vandecasteele et al., 2014; Vega-Flores et al., 2014), changes
of hippocampal theta rhythm would be the best alternative
index to reflex the function of the MS–dCA1 circuit. Previous
studies have reported that hippocampal theta rhythm can be
recorded both in alert behaving and urethane-anesthetized
animals in vivo or in brain slices in vitro (Varga et al., 2008;
Liu et al., 2013; Hernández-Pérez et al., 2016; Li et al., 2019),
and the hippocampal theta rhythm shifts to 3–4 Hz in urethane-
anesthetized rats (Varga et al., 2008; Liu et al., 2013). In
the present study, we selected LFP recording in urethane-
anesthetized animals following tail pinch to assess the theta
rhythm to keep consistent with the recording method of fEPSP;
and we observed that hippocampal theta rhythm significantly
decreased as indicated by decreased peak frequency and duration.
The result was similar to that reported previously in vitro
in 2VO rats for 3 weeks (Li et al., 2019). All these results
soundly demonstrated that 8-week CCH impaired the septo-
hippocampal function.

Previous morphological evidences have shown that the
projection from MS to the pyramidal cells of dCA1 mainly
composed of cholinergic and GABAergic components (Sun et al.,
2014); and both the cholinergic and GABAergic functions were
reported reduced in ADmodel (Loreth et al., 2012; Schmid et al.,
2016). Here, to illustrate whether CCH could affect cholinergic
function, cholinergic component of MS–dCA1 circuit were
extracted by intracerebroventricularly injecting bicuculline. We
found that, compared with that of sham rats, the amplitude
of cholinergic fEPSP in 2VO rats was significantly decreased,
suggesting impaired cholinergic transmission.

Interestingly, although CCH diminished fEPSP of
MS–dCA1 circuit, it did not affect the kinetics of transmitter
release and post-synaptic response process. This suggested
that decreased presynaptic neurotransmitter release or
declined postsynaptic activated receptor might be involved
in CCH-induced physiological remodeling process. To clarify
the hypothesis, PPR recording was performed and revealed
that CCH impaired pre-synaptic neurotransmitter release.
Furthermore, after blocking GABA function with bicuculline,

we recorded a significantly increased PPR of MS–dCA1 circuits
in 2VO rats, suggesting a decrease in pre-synaptic ACh release,
which was further verified by decreased ChAT expression and
ACh level in the dorsal hippocampus of 2VO rats. Interestingly,
in our present study, we found that the application of GABA
blocker failed to induce an increase of MS–dCA1 fEPSP in
2VO rats. Furthermore, the unchanged PPR after bicuculline
administration suggested the same increased PPR of GABAergic
MA-dCA1 circuit. These phenomena indicated the robust
impairment of GABAergic transmission in the MS–dCA1 circuit
of 2VO rats.

To further evaluate the effect of CCH on cholinergic
post-synaptic function, we intracerebroventricularly injected
scopolamine and mecamylamine to investigate the sensitivity
of MS–dCA1 to cholinergic inhibitors. We found that the
MS–dCA1 circuit of 2VO rats did not show a higher
sensitivity to scopolamine but showed a higher sensitivity to
mecamylamine. That is consistent with the previously reported
nAChR reduction in the hippocampus (Lombardo and Maskos,
2015) but not consistent with the previously reported diminished
mAChR in AD patients (Kihara and Shimohama, 2004; Scarr,
2012). Maybe it is because of the sequential impairment of
pre-synaptic to post-synaptic function during AD progression
(Hampel et al., 2018).

Transient forebrain ischemia following occlusion of the
vertebral and common carotid arteries was reported inducing
glutamate excitotoxicity and free radical formation (Gottlieb
et al., 2006), and the hippocampal fEPSPs of CA3-CA1 circuit
were found to be damaged due to impaired glutamatergic vesicle
trafficking and vesicle release in CCH rat model (Yan et al.,
2020; Zhang et al., 2020). These results suggested that impaired
glutamatergic function might be the common feature in both
acute and chronic brain ischemia. It has been known that,
except for cholinergic and GABAergic projections, glutamatergic
projection also contributes 7% of the connection between
MS and the pyramidal cell layer of dCA1. However, whether
glutamatergic projection is also impaired following CCH has
not been identified. Besides, there is still a little amount of
peri-somatic GABAergic interneurons in the pyramidal cell
layer of dCA1 (Sun et al., 2014). Whether these conditions
influence the results of our experiment still needs to be studied
in the future.

In conclusion, 8-week CCH impairs the
MS–dCA1 cholinergic-pyramidal cell circuits, including
pre-synaptic neurotransmitter release and post-synaptic
nAChR function. This will provide an important reference for
understanding the neuropathological changes induced by CCH
and for future drug research based on CCH rat model. However,
the molecular mechanisms account for the CCH impaired
pre-synaptic neurotransmitter release, and post-synaptic nAChR
function still needs to be further studied.
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