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Abstract: In recent years, people in the United States and other countries have been using smart
drugs, called nootropic or cognitive enhancers, to improve concentration and memory learning skills.
However, these drugs were originally prescribed for attention-deficit hyperactivity disorder and
dementia, and their efficacy in healthy people has not yet been established. We focused on acetyl-
choline in the hippocampus, which is responsible for memory learning, and elucidate the long-term
effects of smart drugs on the neural circuits. Smart drugs were administered orally in normal young
mice for seven weeks. The hippocampus was sectioned and compared histologically by hematoxylin
and eosin (HE) staining, immunohistochemistry for acetylcholine, and immunoelectron microscopy.
There were no significant changes in acetylcholinesterase staining. However, in HE, we found
perivascular edema, and choline acetyltransferase staining showed increased staining throughout
the hippocampus and new signal induction in the perivascular area in the CA3, especially in the
aniracetam and α-glyceryl phosphoryl choline group. Additionally, new muscarinic acetylcholine
receptor signals were observed in the CA1 due to smart drug intake, suggesting that vasodilation
might cause neuronal activation by increasing the influx of nutrients and oxygen. Moreover, these
results suggest a possible new mechanism of acetylcholine-mediated neural circuit activation by
smart drug intake.

Keywords: smart drugs; nootropic drug; cognitive enhancer; hippocampus; acetylcholine; choline
acetyltransferase; muscarinic receptors; perivascular edema; learning; immunoelectron microscopy

1. Introduction

For a long time, human beings have devised ways to improve their health and ability,
such as the selection of foods rich in beneficial nutrients and ingestion of healthy foods and
supplements. Improvement of cognitive function through food/supplements is gaining
popularity worldwide; smart drug nootropic drug (nootropic drug or cognitive enhancer)
is the most popular modality. Recently, there was a research paper that elaborated on
the hypoperfusion of the hippocampus induced by glycemic variability [1]. It has been
reported that the antioxidative supplement is also effective in improving memory [2].
Moreover, smart drugs mainly claim to “enhance brain function” and have neuropsychiatric
effects [3]. Currently, they are considered as health supplements; however, their role is not
yet clear. The use of smart drugs has increased worldwide in recent years, and they are
used extensively for improving work efficiency, concentration, and learning memory in
the United States and Europe. Additionally, a survey conducted in Japan reported that
approximately 30% of Japanese pharmacy students expressed positive opinions regarding
artificial improvement of their abilities through the use of smart drugs [4].

The piracetam analog, aniracetam, has recently received attention due to its potential
for cognitive enhancement associated with minimal reported adverse effects [5]. Both
aniracetam and piracetam are prescribed drugs for dementia, Alzheimer’s disease, and
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other brain traumas. Nootropic drugs including piracetam and aniracetam are known to
enhance synaptic plasticity or the functionality of the neurotransmitter acetylcholine. Since
it strengthens blood flow to the brain, piracetam acts on multiple areas improving cognitive
abilities such as brain metabolism, learning, memory, and concentration. During the 1970s,
a few small, poorly designed studies suggested that piracetam may improve memory in
healthy adults, but these findings have not been replicated [6–8]. However, it has been
shown to improve memory in people with age-related mental decline but does not seem
to have much benefit in healthy adults [9,10]. There are also reports that aniracetam or
piracetam was administered to normal experimental animals, and the learning experiment
was conducted on cognitive function [11–13]. Aniracetam has been shown to enhance
excitatory post-synaptic potentials [14], increase excitatory post-synaptic current (EPSC)
decay time [15], and augment long-term potentiation in the hippocampus [16]. On the
other hand, it has been reported that the administration of piracetam significantly enhances
memory learning not only in memory-impaired animals, but also in normal animals [17,18].
In addition to being involved in the cholinergic system, these drugs are reported to act as
an allosteric modulator of α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA)
receptors [19]. Their efficacy in healthy individuals and the side effects and dependence,
when taken for a long period of time, have not been clear. Clarifying the efficacy and
harmful effects of smart drugs on healthy individuals is important from a scientific and
physiological point of view.

The memory learning function must focus on the hippocampus, which is part of the
limbic system called the hippocampal formation [20]. The basic mechanism of memory
formation in the hippocampus is as follows: information from sensory organs such as
the eyes and ears first converges on the para-hippocampal olfactory infield cortex and
reaches the dentate gyrus of the hippocampal formation [21]. Information is transmitted in
the order of CA3→ CA2→ CA1 and is sorted into temporarily retained form, long-term
memory, or extinguished information [22]. Long-term memory information is sent to the
hippocampal formation and projected onto the neocortical association area through the
entorhinal cortex, followed by the formation and strengthening of the neural circuit of the
cerebral cortex, thereby preserving long-term memory.

Over the years, several studies have been conducted on the molecular mechanism
of synaptic plasticity, which is a basic neural function for the development of learning
and memory. The neurotransmitter at the synapse of the hippocampal major pathway is
glutamic acid by AMPA receptors [23]. On the contrary, acetylcholine is also involved in
the memory function [24]. In a study examining the relationship between acetylcholine
receptors and learning, rats treated with the muscarinic acetylcholine receptor inhibitor
scopolamine to CA1 in the hippocampus had unsatisfactory scopolamine concentration-
dependent inhibitory avoidance task performance [25]. Muscarinic receptors are also
considered to be involved in memory learning because the inhibitor also causes amnesia in
humans. Studies measuring acetylcholine secretion in the hippocampal CA1 region before
and after the learning process revealed that acetylcholine levels increased during learning
and remained high after learning [26].

Therefore, we tried to clarify the mechanism that affects cognitive function, assuming
that it would take us closer to the actual state of memory formation. In this study, we used
normal young mice to focus on the role of acetylcholine, especially the metabolic process of
acetylcholine and muscarinic acetylcholine receptors, in the hippocampus, which controls
memory learning, and investigated the long-term effects of smart drugs on neural circuits.

2. Materials and Methods
2.1. Animals

We analyzed the ICR strain of male mice at seven weeks of age (Charles River, Yoko-
hama, Japan). These experiments were performed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals. The Laboratory Animal Ethics
Committee of Meiji Pharmaceutical University approved these experiments (No. 2704,
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1 April 2017) and all efforts were made to minimize animal suffering and reduce the
number of animals used in the study.

2.2. Drug Administration

In this study, the dosage of drugs was calculated according to each instruction in
the product document. At seven weeks of age, each drug was orally administered to
nine male ICR strain mice for seven weeks. The administered drugs were as follows:
(i) piracetam (1.2 mg/kg bodyweight/day, UCB Pharma, A. S., Atasehir, Republic of
Turkey), (ii) aniracetam (0.75 mg/kg bodyweight/day, IASIS Pharma, Kamatero, Hel-
lenic Republic), (iii) piracetam (1.2 mg/kg bodyweight/day) and alpha-glyceryl phospho-
ryl choline (α-GPC; 0.3 mg/kg bodyweight/day, Swanson Health Products, Fargo, ND,
USA), and (iv) aniracetam (0.75 mg/kg bodyweight/day) and α-GPC (0.3 mg/kg body-
weight/day). Saline was administered to another nine age-matched male mice, which
were controls.

2.3. Tissue Preparation

Tissue preparation for histochemical analysis was performed according to the protocol
described previously [27–30]. All animals were deeply anesthetized with isoflurane and
carbon dioxide. For the histochemical and immunohistochemical analyses, three animals
from each group were perfused with a fixative containing 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4). The brain samples were then removed and postfixed in the
same fixative overnight at 4 ◦C.

For the immuno-electron microscopic analyses, three animals from each group were
perfused with a fixative containing 4% paraformaldehyde and 0.05% glutaraldehyde in
0.1 M PB (pH 7.4). The brain samples were immediately removed and postfixed in the
same fixative for 24 h at 4 ◦C.

2.4. Histological and Immunohistochemical Analysis

Histological and immunohistochemical analyses were performed in accordance with
the methods described previously [27,31–33]. For analysis using HE staining after sec-
tioning for 4 mm thickness using Brain Slicer, the brain sections including the hippocam-
pus were immersed in graded concentrations of ethanol, cleared in Lemosol A (Wako
Pure Chemical Industries, Ltd., Osaka, Japan), and embedded in paraffin. The paraffin-
embedded brain blocks were cut into 5 µm thick sections on a sliding microtome (REM-710,
Yamato Kohki Industrial, Saitama, Japan). All sections were mounted on glass slides,
deparaffinized with Lemosol A, and immersed in graded concentrations of ethanol and dis-
tilled water. Sections were stained with HE solutions. After staining, the sections were dehy-
drated with graded concentrations of ethanol, cleared with Lemosol A, and cover-slipped.

For analysis using immunohistochemical staining, brains were cut to 4 mm thickness
using Brain Slicer. Brain blocks were immersed in 30% sucrose in PB. Sections were cut
into 50 µm thick sections using a freezing microtome. Sections were washed in phosphate-
buffered solution (PBS) containing Triton-X 100 and incubated with blocking solution
containing 1% Block Ace for 60 min. Sections were incubated with each primary antibody
at 4 ◦C for three days. Primary antibodies used in this study were as follows: (i) goat
anti-choline acetyltransferase antibody (1:1000, AB144P, Millipore, Burlington, MA, USA),
(ii) rabbit-M1 receptor antibody (1:1000, YCU-PS-M1, Cosmobio, Tokyo, Japan), (iii) rabbit-
M3 receptor antibody (1:1000, YCU-PS-M3, Cosmobio, Japan), and (iv) rabbit-M4 receptor
antibody (1:1000, YCU-PS-M4, Cosmobio, Japan). After washing, the sections were incu-
bated in biotin-conjugated anti-goat or rabbit antibody (1:300, Vector Laboratories, Inc.,
Burlingame, CA, USA) for 90 min. After washing several times, sections were incubated
in avidin–biotin complex solution (VECTASTAIN Elite ABC Kit, Vector Laboratories, Inc.,
Burlingame, CA, USA), and reacted with 3,3′-diaminobenzidine (DAB) solution. Sections
were dehydrated with graded concentrations of ethanol, cleared with Lemosol A, and
were cover-slipped.
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For the detection of acetylcholinesterase, we used acetylcholinesterase rapid staining
kit (MBL lab. Co., Ltd., Nagano, Japan). According to this protocol, we stained the
acetylcholinesterase in each section. Sections were rinsed with tap water for 10 s and
incubated with staining solutions at 37 ◦C for 5 min, followed by washing under tap water,
dehydration, and mounting.

HE- and immune-stained section images were captured using a charge-coupled device
(CCD) camera (BZ-X700, Keyence, Osaka, Japan).

2.5. Immunoelectron Microscopic Analysis

Immunoelectron microscopic analysis was performed in accordance with the methods
described previously [27,31,34,35]. The brain of each mouse was cut into 50 µm thick
sections using a micro slicer. Sections including the hippocampus were washed in PBS
containing Triton-X 100 and incubated with blocking solution containing 1% Block Ace for
60 min. Sections were incubated with each primary antibody at 4 ◦C for three days. The
primary antibodies used in this study were as follows: (i) goat anti-choline acetyltransferase
antibody (1:1000 dilution in PBS, AB144P, Millipore) and (ii) rabbit-M1 receptor antibody
(1:1000, YCU-PS-M1, Cosmobio, Japan). After washing, the sections were separated into
two groups: DAB reaction group and silver-enhancement group. For DAB reaction, half of
the number of sections were incubated in biotin-conjugated anti-goat or rabbit antibody
(1:300, Vector Laboratories, Inc., Burlingame, CA, USA) for 90 min. After washing several
times, the sections were incubated in avidin–biotin complex solution (VECTASTAIN Elite
ABC Kit, Vector Laboratories, Inc., Burlingame, CA, USA), and reacted with DAB solution.
For gold-colloid reaction, half of the number of sections were incubated in 5 nm gold-
conjugated anti-goat antibody (1:200 dilution in PBS, BBI solutions, Cardiff, UK) for 90 min.
After washing several times, all sections were immersed in osmium tetroxide (OsO4; TAAB
Laboratories, Ltd., Aldermaston, UK) for 1 h and were dehydrated with ethanol and em-
bedded in Epon-812 resin (TAAB Laboratories, Ltd., Aldermaston, UK). The hippocampus
sections embedded in Epon-812 resin were trimmed under light microscopy. Ultrathin
sections (70 nm thick) were cut with a Leica EM UC6 ultramicrotome (Leica Microsystems,
Wetzlar, Germany) and were picked up on grids (Veco, Eerbeek, The Netherlands). To
eliminate false positives, the non-electron-stained ultrathin sections were examined by
transmission electron microscopy (JEM-1011, JEOL, Ltd., Tokyo, Japan), and the images
were captured through a CCD camera.

2.6. Western Blot Analysis

This study was designed to examine the hippocampus of mice following smart drug ad-
ministration; all proteins were prepared for Western blotting, as described previously [27,30,31].
Briefly, all animals (three animals/group) were deeply anesthetized with isoflurane and
carbon dioxide, followed by perfusion of each of the four mice in each group through their
left ventricle with ice-cold saline. Subsequently, their hippocampus was rapidly removed,
and homogenized.

Equal concentrations of protein from each group were then subjected to sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and transferred onto a polyvinyli-
dene difluoride membrane (ImmobilonTM-P, EMD Millipore, Billerica, MA, USA). These
membranes were blocked using 10% (w/v) skim milk (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) in PBS containing 0.1% Tween 20 for 1 h at room temperature
(RT). They were washed and incubated with a goat anti-choline acetyltransferase antibody
(1:1000, AB144P, Millipore) or a rabbit anti-acetylcholinesterase antibody (1:1000, ab97299,
Abcam, Cambridge, UK) for 2 h at RT. The membranes were washed and incubated with a
horseradish peroxidase-conjugated anti-goat or rabbit antibody (1:2000, LI-COR Corporate,
Lincoln, NE, USA) for 45 min at RT. Immunoreactive bands were detected using Western
PREMIUM chemiluminescent substrate (LI-COR Corporate, NE, USA) and a LI-COR C-
DiGit chemiluminescence Western blot scanner (LI-COR Corporate, NE, USA). We also
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used a primary antibody against α-tubulin (Sigma Aldrich, St. Louis, MO, USA) as an
internal loading control.

2.7. Data Analysis and Measurement of Perivascular Edema

Western blot images were analyzed using ImageJ software (NIH, Bethesda, MD, USA).
The densities of the immunoreactivity bands were quantified, and statistical analysis
was performed using StatView statistical software (SAS Institute Inc., Cary, NC, USA).
Differences were analyzed using analysis of variance (ANOVA), and statistical significance
was set at p < 0.05.

For the measurement of perivascular edemas, total independent 40 blood vessels
from both left and right sides of the hippocampus were examined per mouse (three ani-
mals/group). The criteria for the classification of the degree are 0: no perivascular edema;
1: limited perivascular edema (width of blood vessel > perivascular space); and 2: great
perivascular edema (width of blood vessel < perivascular space). Differences were analyzed
using ANOVA, and statistical significance was set at p < 0.05.

3. Results
3.1. Pathological Analysis

In this study, we evaluated the effect of smart drugs on the hippocampal morphology.
Using hematoxylin and eosin (HE) stain, we checked the morphological changes in the
hippocampus (Figure 1). There were no significant changes in any of the neurons belong-
ing to the hippocampus sections. Compared with the investigative findings in normal
specimens (Figure 1A), no findings such as increased or decreased cell number, disordered
arrangement, or atrophy were seen in the drug-administered specimens (Figure 1B–E).
There were also no significant changes in the pattern of HE staining.
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Figure 1. Hematoxylin and eosin (HE)-stained sections are shown: (A–E) indicate the HE-stained
hippocampal sections of the vehicle-treated animals (A), piracetam-treated animals (B), aniracetam-
treated animals (C), piracetam and α-GPC-treated animals (D), and aniracetam and α-GPC-treated
animals (E). (A’,E’) indicate the blood vessels in the hippocampus of vehicle-treated animals (A’) and
aniracetam and α-GPC-treated animals (E’). Scale bars in (E,E’) = 500 µm and 50 µm, respectively.
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On the contrary, perivascular swelling (edema) was observed in the blood vessel
morphology of the hippocampus in all the drug-administered specimens (Figure 2A).
This feature was particularly noticeable in both the aniracetam and α-GPC administration
groups (control: A’, and aniracetam and α-GPC administration group: E’ in Figure 1).
Moreover, the degree of perivascular edema of aniracetam and α-GPC administration
animals was indicated as the most severe (Figure 2B).
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aniracetam and α-GPC-treated animals, respectively. *: p < 0.05 compared with the control. (B) shows
the percentage of the degree of perivascular edema in hippocampus (total 40 blood vessels of each
animal, 3 animals/group). The criteria for classification of the degree are white bars: no perivascular
edema, gray bars: moderate perivascular edema (width of blood vessel > perivascular space), and
black bars: severe perivascular edema (width of blood vessel < perivascular space).

3.2. Distribution Changes in Acetylcholinesterase

We evaluated whether the staining changes in acetylcholinesterase hydrolyze the
neurotransmitter acetylcholine at the cholinergic synapses in the hippocampus after each
smart drug administration (Figure 3). Moreover, the hippocampus was stained well all
over by acetylcholinesterase in normal animals (Figure 3A), with almost similar staining
as observed in the hippocampus of other animals (Figure 3B–E). These results revealed
that there were no significant changes in the acetylcholinesterase staining between the
hippocampus of the normal and drug-administered mice.

3.3. Distribution Changes in Choline Acetyltransferase (Immunohistochemical and
Immuno-Ultrastructural Analysis)

We demonstrated whether the expression pattern changes in choline acetyltransferase
help in synthesizing the neurotransmitter acetylcholine in the hippocampus and are af-
fected by the administration of several types of smart drugs (Figure 4). In normal animals,
we found that the staining of choline acetyltransferase appeared fibrous all over the hip-
pocampus and was relatively abundant around the neuronal cell body (Figure 4A,A’). We
found that a small amount of choline acetyltransferase was expressed in or around blood
vessels (arrow shown in Figure 4A’). The expression patterns of choline acetylcholinesterase
with the fibrous staining were observed to be almost similar in all drug-administered ani-
mals. However, the expression of choline acetylcholinesterase in or around blood vessels
was found to be increased, especially in the aniracetam and α-GPC-administered animals
(arrows shown in Figure 4B–E’).
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stained hippocampal sections of the vehicle-treated animals (A), piracetam-treated animals (B),
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We used the immuno-electron microscopic technique to detect whether the expres-
sion sites of acetylcholinesterase were in or around blood vessels in the aniracetam and
α-GPC-treated animals. First, we used the DAB method, which helps observe signals
similar to those of immunohistochemistry (Figure 5A–A”). The signals of choline acetyl-
transferase were observed in cholinergic axons (black arrowheads in Figure 5A) and blood
vessels (black and white arrows in Figure 5A’,A”), both on the outside (black arrows in
Figure 5A’,A”) and inside the basal membrane (white arrows in Figure 5A’,A”). To exam-
ine the signals distributed inside the basal membrane in detail, analysis was performed
using the colloidal gold method (Figure 5B group). As shown in Figure 5B group, the
colloidal gold particles of choline acetyltransferase were widely distributed in the vascular
endothelial cells (black arrows in Figure 5B1,B2) and distributed at the basal membrane
boundary (white arrowheads in Figure 5B1,B2). In addition, this ultrastructural analysis
revealed swellings around the blood vessels similar to the results of histochemical analysis
(perivascular space) (black asterisks in Figure 5).
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Figure 4. Choline acetyltransferase staining sections are shown: (A–E) are the lower magnification
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aniracetam-treated animals (C,C’), piracetam and α-GPC-treated animals (D,D’), aniracetam and
α-GPC-treated animals (E,E’), respectively. Arrows indicate the choline acetyltransferase immuno-
positive staining of blood vessels. Scale bars in (E,E’) = 500 µm and 100 µm, respectively.
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Figure 5. Immunoelectron microscopic images of the choline acetyltransferase staining sections of
the aniracetam and α-GPC-treated animals are shown: (A,B) show the lower magnification views,
(A’) shows the middle magnification views, and (A”,B1,B2) show the higher magnification views.
(A–A”) indicate the DAB-reacted hippocampal sections of the aniracetam and α-GPC-treated animals.
Black arrowhead in (A) indicates the immuno-positive sites of the cholinergic axon. Black arrows in
(A’,A”) indicate the immuno-positive sites outside the basal membrane. White arrows in (A’,A”) indi-
cate the immuno-positive sites inside the basal membrane (blood vessel side). (B,B1,B1’,B2,B2’) show
the gold particles in the hippocampal sections of the aniracetam and α-GPC-treated animals. Black
arrows in (B1,B2) indicate the immuno-positive sites of blood vessels. White arrowheads in (B1,B2)
indicate the immuno-positive sites on/near the basal membrane. In (B1’,B2’), the gold particles show
the red circles. Black asterisks in Figure 4 show the swellings around the blood vessels. Scale bars in
(A,A’,A”,B,B1,B2) = 2 µm, 1 µm, 1 µm, 1 µm, 0.2 µm, and 0.2 µm, respectively.

3.4. Distribution Changes in the M1 Muscarinic Acetylcholine Receptors (Immunohistochemical
and Immuno-Ultrastructural Analysis)

To determine whether there were changes in the distribution of acetylcholine re-
ceptors, we used immunohistochemical and immuno-electron microscopic analysis. In
normal animals, most M1 muscarinic acetylcholine receptors were distributed around the
cell body except CA1 neurons (between white arrowheads in Figure 6A). However, in
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drug-administered animals, in addition to a similar expression to that of normal animals,
expression of the M1 muscarinic acetylcholine receptor was also observed in CA1 (between
white arrowheads in Figure 6B–E). Furthermore, in animals that also received α-GPC, sev-
eral expressions of M1 muscarinic acetylcholine receptors were also observed around the
dendrites and/or axons of CA1 neurons (black arrows shown in Figure 6D’,E’). Moreover,
we demonstrated the immunohistochemical analysis using antibodies for the M3 and M4
muscarinic acetylcholine receptors. These results revealed that significant changes were
not detected after each smart drug administration (data not shown).
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Figure 6. M1 muscarinic acetylcholine receptors staining sections are shown: (A–E) show the lower
magnification views, (A’–E’) show the higher magnification views. (A–E) indicate the M1 muscarinic
acetylcholine receptor-stained hippocampal sections of the vehicle-treated animals (A,A’), piracetam-
treated animals (B,B’), aniracetam-treated animals (C,C’), piracetam and α-GPC-treated animals
(D,D’), and aniracetam and α-GPC-treated animals (E,E’). White arrowheads in (A–E) indicate the
CA1 region. Black arrows in (D’,E’) show the M1 muscarinic acetylcholine receptors around the
dendrites and/or axons of CA1 neurons. Scale bars in (E,E’) = 500 µm and 100 µm, respectively.
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We investigated whether the M1 muscarinic acetylcholine receptors that were newly
expressed in the CA1 region of the aniracetam and α-GPC-treated animals are distributed
using immuno-electron microscopic analysis (Figure 7). The DAB signals of M1 muscarinic
acetylcholine receptors were distributed in the neuronal cell bodies in CA1. Moreover, from
the shape and localization, they are assumed to be the post-synapses between cholinergic
axon terminals and CA1 neurons.

J. Clin. Med. 2022, 11, x FOR PEER REVIEW 11 of 17 
 

 

rinic acetylcholine receptor-stained hippocampal sections of the vehicle-treated animals (A,A’), pi-
racetam-treated animals (B,B’), aniracetam-treated animals (C,C’), piracetam and α-GPC-treated an-
imals (D,D’), and aniracetam and α-GPC-treated animals (E,E’). White arrowheads in (A–E) indicate 
the CA1 region. Black arrows in (D’,E’) show the M1 muscarinic acetylcholine receptors around the 
dendrites and/or axons of CA1 neurons. Scale bars in (E,E’) = 500 μm and 100 μm, respectively. 

We investigated whether the M1 muscarinic acetylcholine receptors that were newly 
expressed in the CA1 region of the aniracetam and α-GPC-treated animals are distributed 
using immuno-electron microscopic analysis (Figure 7). The DAB signals of M1 musca-
rinic acetylcholine receptors were distributed in the neuronal cell bodies in CA1. Moreo-
ver, from the shape and localization, they are assumed to be the post-synapses between 
cholinergic axon terminals and CA1 neurons. 

 
Figure 7. M1 muscarinic acetylcholine receptor-staining sections are shown: (A) shows the lower 
magnification view and (A’) shows the higher magnification view. (A,A’) indicate the DAB-reacted 
M1 muscarinic acetylcholine receptors of CA1 neurons of the aniracetam and α-GPC-treated ani-
mals. Scale bars in both (A,A’) = 2 μm. 

3.5. Changes in the Expression of Acetylcholinesterase and Choline Acetyltransferase after Smart 
Drug Administration 

We evaluated the expression changes in acetylcholinesterase and choline acetyltrans-
ferase after smart drug administration using Western blot analysis (Figure 8A,B). Using 
densitometry analysis of the Western blot in drug-administered animals, a decreasing 
trend was observed in acetylcholinesterase expression; however, no significant changes 
were observed in acetylcholinesterase expression for each smart drug administration and 
control (Figure 8C). On the contrary, the expression of choline acetyltransferase after 
smart drug administration was significantly increased in aniracetam and α-GPC-treated 
animals (Figure 8D). 

 

Figure 7. M1 muscarinic acetylcholine receptor-staining sections are shown: (A) shows the lower
magnification view and (A’) shows the higher magnification view. (A,A’) indicate the DAB-reacted
M1 muscarinic acetylcholine receptors of CA1 neurons of the aniracetam and α-GPC-treated animals.
Scale bars in both (A,A’) = 2 µm.

3.5. Changes in the Expression of Acetylcholinesterase and Choline Acetyltransferase after Smart
Drug Administration

We evaluated the expression changes in acetylcholinesterase and choline acetyltrans-
ferase after smart drug administration using Western blot analysis (Figure 8A,B). Using
densitometry analysis of the Western blot in drug-administered animals, a decreasing
trend was observed in acetylcholinesterase expression; however, no significant changes
were observed in acetylcholinesterase expression for each smart drug administration and
control (Figure 8C). On the contrary, the expression of choline acetyltransferase after
smart drug administration was significantly increased in aniracetam and α-GPC-treated
animals (Figure 8D).
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Figure 8. Images of Western blot of acetylcholinesterase (A) and choline acetyltransferase (B) after
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choline acetyltransferase *: p < 0.05 compared with the control.
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4. Discussion

In the present study, we detected the effect of long-term smart drug administration.
The drug used in this experiment is a drug that has been shown to be safe and effective as a
prescription drug. However, there is no report on the histopathological examination of the
effect on the brain when used in healthy participants. Piracetam is a drug marketed for the
treatment of myoclonus and is a cognitive enhancer [36]. Aniracetam, an analog substrate
of piracetam, is four to eight times more effective than piracetam [37,38]. The functional
mechanisms of piracetam and aniracetam are not completely understood. However, these
drugs are known to improve the function of the neurotransmitter acetylcholine through
muscarinic cholinergic receptors, which are implicated in memory processes [39]. α-GPC is
also a precursor of acetylcholine and is important for the function of cholinergic neurons.
Using these drugs, we evaluated the effect of long-term smart drug administration, which
has been suggested to improve memory, in the hippocampal tissue.

The neurotransmitter in the hippocampal major neural circuit involved in memory
learning is glutamate, and glutamate receptors are important for the induction of long-
term potentiation (LTP) [40–45]. The activation of the N-methyl-D-aspartate (NMDA)-type
receptor, which is a type of glutamate receptor, is involved in LTP in the CA1 region and
dentate gyrus [43–46]. The activation of the muscarinic receptor revealed in this study may
finally affect the activation of the NMDA receptor. In a study using rat hippocampal slice
specimens [47], the change in the membrane potential of CA1 neurons associated with
NMDA activation increased in a concentration-dependent manner on the administration
of acetylcholine, which was not enhanced in the presence of the muscarinic receptor
inhibitor atropine. Therefore, it has been suggested that muscarinic receptor activation
enhances NMDA receptor activity. However, it was reported that the AMPA-type receptor
is involved in memory and learning [48–50]. In addition, as a result of measuring the
amount of acetylcholine secreted in the hippocampal CA1 region before and after learning,
it was clarified that the amount of acetylcholine secreted increased during learning and
remained high even after learning [26]. Moreover, this study showed that acetylcholine is
involved in memory learning because inhibition of the M1 receptor also inhibits excitatory
synaptic plasticity and prevents avoidance learning. Studies report that aniracetam has
been shown to positively modulate the AMPA receptor [51].

A mechanism causing LTP of synaptic transmission involved in memory formation
was reported to be enhanced by intrahippocampal acetylcholine [52]. The hippocampus
receives projections of cholinergic nerves. Stimulating this cholinergic nerve to release
acetylcholine increased the excitability of the hippocampal neurons. Furthermore, it is
reported that when LTP is induced simultaneously, the rate of potentiation increases. Analy-
sis using M1 receptor knockout mice also showed that the promotion of LTP by endogenous
acetylcholine is mediated by the M1 receptor. This study suggests the importance of cholin-
ergic nerves and the presence of M1 receptors in memory formation. We also created model
rats in which acetylcholine was attenuated by drug administration and examined memory
learning using the Morris water maze as a test for learning and memory [53]. As a result, a
significant decrease in memory learning was observed in the model rats with attenuated
acetylcholine in comparison to normal rats. In this model animal, in addition to diminished
LTP induction in hippocampal CA1, a decrease in synaptic density was observed. These
reports suggest that the formation of memory learning involves the release of acetylcholine
in the hippocampus and the M1 receptor. In this study, using Western blot analysis, we
clarified the expression of acetylcholinesterase and choline acetyltransferase in the mouse
hippocampus after long-term administration of smart drugs (Figure 9). No significant
difference was observed in acetylcholinesterase; hence, it is considered that the mechanism
of decomposition of acetylcholine is normal. On the contrary, choline acetyltransferase
showed a significant increase with long-term administration of smart drugs, especially in
aniracetam and α-GPC-treated animals. Therefore, it was suggested that the hippocampal
acetylcholine concentration increased due to the long-term administration of smart drugs.
Furthermore, it was possible that activation of muscarinic receptors at least, especially M1
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receptors (Figure 6), may lead to further enhancement of glutamate receptor activity, lead-
ing to LTP of synaptic transmission. It has been reported that the nicotinic acetylcholine
receptor is also involved in LTP [54–56]. Therefore, it will be necessary to analyze the
nicotinic acetylcholine receptor associated with smart drug intake.
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Long-term smart drug administration induced ChAT expression in the vascular endothelial cells and
induced perivascular edema. ChAT: choline acetyltransferase; Ach: acetylcholine.

We also found that smart drug administration caused the induction of choline acetyl-
transferase and mediated intracellular synthesis of acetylcholine in vascular endothelial
cells (Figures 4 and 5). Further studies [57,58] have shown that when acetylcholine stim-
ulates muscarinic receptors in vascular endothelial cells, nitric oxide is produced and
vasodilation occurs. As blood contains a large amount of acetylcholinesterase, the ori-
gin of acetylcholine that acts on vascular endothelial cells was previously unknown in
detail. However, it was reported that vascular endothelial cells synthesize and release
acetylcholine, which is subsequently transmitted [57,59]. It has been suggested that it
acts not only as a substance, but also as an autacoid. Kirkpatrick et al. [60,61] found the
expression of choline acetyltransferase activity and acetylcholine in human umbilical vein
vascular endothelial cells. In addition, they discovered the intercellular adhesion molecule
expression-promoting effect of non-nervous acetylcholine. This non-neuronal cholinergic
system has been reported from bacteria to mammals, and its function is drawing atten-
tion [62–67]. In mammals, the non-neuronal acetylcholine expression has been observed
in reproductive organs, immune system cells, epidermal keratinocytes, airway epithelial
cells, and vascular endothelial cells [68]. Although non-neuronal acetylcholine is predicted
to function as a local cell signaling or trophic molecule [69], the physiological significance
of the synthesis and release of non-neuronal acetylcholine in the endothelial cells remains
unclear. In intestinal epithelial cells, acetylcholine is critical in controlling the intestinal
epithelial ion transport, which strongly influences water movement and hydration [70].
More recently, the non-neuronal release of acetylcholine from colonocytes coupled with pro-
pionate stimulation has been shown to play a key role in chloride secretion [71]. Therefore,
in vascular endothelial cells, it is possible that acetylcholine from endothelial cells is related
to the transport functions of water movement and/or chloride secretion (Figures 2 and 9).

This study is a histological analysis of the effects of smart drug administration (Figure 10).
The results revealed in this study indicate that the long-term use of smart drugs may cause
dilation of blood vessels in the hippocampus and increase the influx of nutrients and
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oxygen to promote nerve cell activation. Moreover, M1 receptors in the CA1 neurons were
newly induced. It is suggested that the LTP of synaptic transmission through muscarinic
receptors to cells is induced and expressed, and there is a possibility of a new neural circuit
activation mechanism mediated by acetylcholine. Based on these results, by clarifying
whether these histological changes are similarly caused in the human brain, the effect of
improving cognitive function by smart drugs and the mechanism of the memory-improving
effect will be clarified in future studies.
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