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ABSTRACT

Obijective: To study the mechanism of acupuncture-promoted synaptic plasticity
in hippocampal neurons of senescence-accelerated mouse-prone 8 mice with

respect to neuronal energy substrate transport.

Methods: Forty-three senescence-accelerated mouse-prone 8 mice were randomly
divided into Alzheimer’s disease model and acupuncture groups, and twenty
senescence-accelerated mouse resistant 1 mice were used as the normal group.
Acupuncture group received acupuncture at the “Baihui” and “Yongquan”
acupoints for 40 days. The Morris water maze was used to detect the learning
and memory capabilities of the mice, and in vivo electrophysiology and transmission
electron microscopy were used to evaluate the synaptic functional and structural
plasticity of hippocampal neurons. Glucose, lactate, and pyruvate in the
hippocampal intercellular fluid, as well as the expression of glucose transporter
3 and monocarboxylate transporters 2 and 4, were analyzed using microdialysis,

immunohistochemistry, and western blotting.

Results: The Morris water maze data showed that compared with Alzheimer’s
disease model mice, mice of acupuncture group exhibited a shorter escape latency,
increased number of effective zone crossings, and increased percentage of
swimming distance in the target quadrant. Acupuncture increased the postsynaptic
density thickness of Alzheimer’s disease model mice and decreased the latency
amplitude after tetanic stimulation and width of the synaptic cleft. Glucose, lactate,
and pyruvate contents in the hippocampal intercellular fluid were significantly
reduced in Alzheimer’s disease model mice, but the reductions were more pronounced
after acupuncture treatment. Furthermore, acupuncture prominently elevated
glucose transporter 3 and monocarboxylate transporters 2 expression in the CA1
and dentate gyrus regions of the hippocampus of Alzheimer’s disease model
mice. The elevation of monocarboxylate transporters 4 expression mostly appeared
in the CA1 region.

Conclusion: Acupuncture improved the learning and memory capabilities as
well as the hippocampal synaptic structural plasticity of senescence-accelerated
mouse-prone 8 mice. lts effects were likely related to the regulation of glucose
transporter 3, monocarboxylate transporters 2, and monocarboxylate transporters
4 expression in the hippocampal tissue to increase the energy substrate reserve

of neurons and improve the substrate-matching ability of the cellular response.

Keywords: acupuncture; Alzheimer’s disease; synaptic plasticity; neuronal energy
substrate transport
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Introduction

Alzheimer’s disease (AD), a degenerative disease
of the central nervous system (CNS), is predominant
in the older population and is accompanied by
progressive memory and cognitive impairments.
The main pathological features include amyloid-
beta (AB) plaques and tau protein deposition’. The
hippocampus is a key area of early damage in AD?;
specifically, impairment of hippocampal synaptic
plasticity is a pathological mechanism of AD*“.
Additionally, impaired neuronal energy metabolism
related to AB in the brain is an early event in AD
and a common pathway leading to neuronal
degeneration>®, and the degree of reduced glucose
metabolism in the brain is proportional to the level
of reduced learning and memory capacity in AD’.
As is well-known, neuronal energy metabolism
substrates are formed not only by glucose, but also
by lactate and pyruvate®. Lactate transportation
among astrocytes—neurons is essential for maintaining
long-term potentiation (LTP) and forming long-term
memory’, and is crucial for energy metabolism in
the pathophysiological states of the nervous system™ .
However, different energy substrates must be
transported from the blood to the brain interstitial
fluid (BIF) and neurons using glucose transporters
(GLUTs) and monocarboxylate transporters (MCTs)" .
GLUT3 is distributed in neurons and is the main
glucose transporter from the extracellular matrix into
the neurons'?. MCTs are responsible for transporting
monocarboxylic acids such as lactate and pyruvate,
of which MCT4 is mainly expressed in astrocytes,
whereas MCT2 is primarily expressed in neurons'"'3,
Therefore, the level of transporter protein expression
directly determines the efficiency of substrate uptake
by neurons, and probably affects the functional
activity of neurons associated with learning and

memory.

Previous clinical and experimental studies have
proven the therapeutic effects of acupuncture
treatment in AD''®. Acupuncture can improve the
learning and memory capabilities in animal models
of AD, and has benign regulatory effects on
mitochondrial ultrastructure, mitochondrial respiratory

chain enzyme activity, and lactate in hippocampal
neurons of senescence-accelerated mouse-prone 8
(SAMP8) mice, while promoting synaptic structural
plasticity. These results confirm that acupuncture
effectively improves energy metabolism in the brains
of SAMP8 mice and promotes synaptic plasticity of
hippocampal neurons. However, it is still unclear
whether the promotion of hippocampal neuronal
synaptic plasticity by acupuncture treatment is
related to the substrate transportation of energy
metabolism. Thus, in this study, we explored the
possible mechanisms of acupuncture-promoted
synaptic plasticity from the roles of neurons and
astrocytes in energy substrate transportation in the
AD brain using neuron-specific GLUT3 and MCT2
and astrocyte-specific MCT4 transporters as the
entry points.

Materials and methods

ANIMAL GROUPS

This study was conducted in compliance with the
Regulations on the Administration of Animal
Experiments, issued by the Ministry of Science and
Technology of the People’s Republic of China, and
ethical approval was obtained from the Ethics
Committee of Shaanxi University of Chinese Medicine.
Sixty male SAMP8 mice and twenty 8-month-old male
SAMR1 mice (20+2 g) were purchased from the
Animal Center, Laboratory of Senile Encephalopathy,
First Affiliated Hospital of Tianjin University of
Traditional Chinese Medicine {(animal lot: SCXK
[Jin] 2008-0001). The mice were individually housed
in an environmentally controlled vivarium under a
12 h light-dark cycle (temperature 25+3°C, humidity
40-60%). Food and water were provided ad libitum.
After a week of adaptive domestication, SAMP8
mice were screened using the Morris water maze
(MWM) method, as previously reported™. After
completing the test, animals with visual, motor, and
sensory impairments were excluded. The remaining
53 SAMP8 mice were randomly divided into two
groups: AD (n=27) and acupuncture (A) (h=26) groups.
All 20 SAMR1T mice were included in normal (N)
group.
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ACUPUNCTURE TREATMENT

In Group A, the “Baihui” (GV20) and “Yongquan” (K11)
acupoints, which showed some improvement in
learning and memory ability'*'>%, were selected for
treatment. The locations of these acupoints were based
on the “Atlas of Animal Acupuncture Points” developed
by the Experimental Acupuncture Branch of the
Chinese Acupuncture and Moxibustion Society. After
local skin disinfection on the acupoints, disposable
sterile acupuncture needles (0.19 mm x 10 mm)
(Suzhou Medical Supplies Factory, Jiangsu, China) were
inserted 2-3 mm into the “Baihui” and “Yongquan”
points forward and backward, respectively, and the
needles were retained for 20 minutes. During this
period, the twisting method was used to perform mild
reinforcing-attenuating acupuncture once every 5
minutes, with a frequency of 150 times/min and a
duration of 10 seconds/ time. The bilateral “Yongquan”
points were alternately needled daily. Mice in the N
and AD groups received only grasping and fixation
without acupuncture. Grasping, fixation, and
acupuncture treatments were performed by the same
operator. Acupuncture treatment (20 min/ session,
1 time/day) lasting for 5 days was considered as one
treatment course, and eight courses were performed
with an interval of 2 days between each session.

MWM TEST

The test was conducted as previously reported™.
After performing acupuncture, a 5-day place
navigation test (PNT) and the 1-day spatial probe
test (SPT) were performed in each mice group to
evaluate their learning and memory capabilities.
The criteria for evaluation included the time from
placement in the water to finding the platform
(escape latency), number of effective zone crossings,
and percentage of swimming distance in the target
quadrant. Swimming distance was automatically
monitored by a video camera mounted on the
ceiling of the room. All data were analyzed using
Watermaze software (Taimeng Ltd, Chengdu, China).

IN VIVO ELECTROPHYSIOLOGY MEASUREMENT
OF HIPPOCAMPAL LTP
Electrophysiological tests have been used to evaluate

changes in synaptic functional plasticity?®. Randomly

chosen mice from each group (n=5in group N, n=6
in groups AD and A) were anesthetized with urethane
(1.5 g/kg) and fixed in a stereotaxic apparatus
(Stoelting, USA). By referring to the stereotaxic atlas?’,
the corresponding area of the skull was drilled. The
signal recording electrode was slowly inserted into
the dentate gyrus (DG) granule cell layer of the
hippocampus, the stimulating electrode was inserted
into the front perforant path (PP), and the reference
electrode was clamped to the scalp. The stimulator
parameters were adjusted to a wave width of 100 ps
and current of 0.3 mA to induce a population spike
(PS). Then, the stimulation and recording electrodes
were adjusted to obtain an optimal PS, and the
stimulation intensity was adjusted to 1/3-1/2 of the
maximum PS value after 60 min. After PS was recorded
for 30 min as the baseline, tetanic stimulation (TS)
was administered to induce LTP. Each string of TS
consisted of five pulse waves with a frequency of
150 Hz and width of 150 ps. Eight strings were
administered at an interval of 10 s. Next, PS was
recorded for 60 min after three TS cycles. The recorded
signals were amplified and converted using a
microelectrode amplifier (Axoclamp 2B; Axon
Instruments, USA) and digital-to-analog converter
(Digidata 1322A; Axon Instruments), respectively.
Finally, the amplitude changes in PS and latency after
TS (%) were analyzed using the WinLTP Software
(University of Bristol, England, UK). The ratio of the PS
and latency evoked by each single-pulse test stimulus
(with the same parameters as the baseline period)
after TS to the baseline value was the amplitude
change. LTP was defined as at least a 120% increase
in the average PS amplitude and was maintained for

a minimum of 30 min compared to the baseline value.

TTRANSMISSION ELECTRON MICROSCOPY
OBSERVATION AND MEASUREMENT OF
HIPPOCAMPAL SYNAPSE

Transmission electron microscopy (TEM)was conducted
to observe the ultrastructure of hippocampal synapses
in each group™. After the MWM test, all mice
groups (n=4 per group) were anesthetized with 1%
pentobarbital sodium at a concentration of 3 mlL/kg.

The CA1 region of the left hippocampus was dissected
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and trimmed to approximately 1 mm? after fixing the
perfused brain tissue with 4% paraformaldehyde.
Next, the sections were fixed, dehydrated, embedded
in Epon812 (Beijing Modern Oriental Fine Chemicals
Co. Ltd., Beijing, China), and sectioned (thickness:
100 pm). Finally, the sections were double-stained and
observed using TEM (Hitachi H-6001V, Japan). The
thickness (nm) of postsynaptic density (PSD), width
(nm) of the synaptic cleft, and synaptic curvature were
calculated using Image-Pro Plus software (version 6.0;
Media Cybernetics, USA) with reference to the synaptic

confirmation criteria?? and stereological formulas?.

MICRODIALYSIS AND ENERGY SUBSTRATE ASSAY
Microdialysis was applied to evaluated changes in
lactate, glucose, and pyruvate concentrations in the
hippocampal intercellular fluid (HIF) of each mice
group. Mice groups (n=6 per group) were anesthetized
with 1% sodium pentobarbital (3 mL/kg), and mounted
on a stereotaxic instrument (Stoelting) after the MWM
test. First, probe catheter embedding was performed
in the left hippocampus with reference to the mouse
brain stereotaxic atlas (positioning coordinates=
anteroposterior: -2.0 mm, mediolateral: 1.5 mm,
dorsoventral: 2.0 mm). Three days later, the core of the
probe catheter was withdrawn, and the microdialysis
probe CMA7 (CMA, Sweden) was inserted into the
guide cannula (CMA) to the calibrated depth.
Subsequently, using Ringer’s solution (Sichuan Kelun
Pharmaceutical Co., Ltd., Sichuan, China) as the
perfusion fluid, each rat was dialyzed at a constant
flow rate of 1 pl/min using a CMA402 Syringe Pump
(CMA). The dialysate was collected every 20 min using
a MAB 85 Fraction Collector (CMA), and dialysis was
continued for 120 min after a 60 min stable phase to
obtain six valid samples. Finally, the levels of lactate,
glucose, and pyruvate in each dialysate were
measured separately using a CMA600 Microdialysis
Analyzer (CMA), following the operating instructions
of the corresponding kits (Lactate Test Kit, Glucose
Test Kit, Pyruvate Test Kit; M Dialysis AB, Sweden).

IMMUNOHISTOCHEMISTRY OF ENERGY
TRANSPORTERS
In another three randomly selected mice groups

(n=7 for groups N and A, n=6 for group AD), the

right hippocampus was isolated and fixed in 4%
paraformaldehyde, and dehydration and paraffin
embedding were performed after 24 h. The tissues
were individually dewaxed, rehydrated, and processed
by coronal sectioning (thickness: 10 um). The sections
were incubated with 3% hydrogen peroxide for 10 min
at room temperature to deactivate the endogenous
enzymes. Then, antigen repair and closure of sections
were performed with 0.01 M citrate buffer (pH=6.0)
and 5% bovine serum albumin, respectively. Next,
the sections were incubated with anti-MCT2 antibody
(1:200; AB3542; Millipore, Germany), anti-MCT4
antibody (1:200; AB3314P; Millipore), and anti-GLUT
3 antibody (1:200; AB1344; Millipore), and kept at
4°C overnight. Subsequently, secondary antibody
and strept avidin-biotin complex (Beijing Zhongshan
Jingiao Biotechnology Co., Ltd., Beijing, China) were
added, and the processed sections were incubated
at 37°C for 30 min. Finally, after staining, photographs
of the hippocampal CA1, CA3, and DG regions for
each section were observed under a microscope
with a 400X field of view, and the mean optical
density (MOD) values were calculated using Image-

Pro Plus software (version 6.0; Media Cybernetics).

WESTERN BLOTTING OF ENERGY TRANSPORTERS
The left hippocampus of each mice group (n=7 for
groups N and A, n=6 for group AD) was isolated
after anesthetization and stored at -80°C. First, the
samples were homogenized and centrifuged (4°C, 5
min, 12000 r/min), and the supernatant was collected
to evaluate the protein concentration. Equal amounts
of protein were separated by electrophoresis and
transferred onto polyvinylidene fluoride membranes
through electroblotting. The membranes were then
blocked with 5% skimmed milk at room temperature
for 1 h. Afterward, the membranes of each mice group
were incubated overnight at 4°C with the anti-
GLUT3 antibody, anti-MCT2 antibody, anti-MCT4
antibody (1:200; Millipore), and beta-actin (EarthOx,
USA), respectively. The sections were then washed
and incubated with a secondary antibody (Beijing
Zhongshan Jingiao Biotechnology Co., Ltd.) at room
temperature for 1 h. Finally, they were exposed and

observed, and the target bands were analyzed using
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Quantity One software (Bio-Rad, Germany). The ratio
of the grayscale of the target protein to that of the
internal reference protein was used to determine

the relative expression of the target protein.

STATISTICAL ANALYSIS

Data are expressed as mean * standard deviation,
and all statistical analyses were performed using
SPSS software (version 22.0; IBM, Armonk, NY, USA).
Escape latency results were analyzed using a repeated-
measures analysis of variance (ANOVA), while a one-
way ANOVA was conducted on other experimental

parameters. Statistical significance was set at P<0.05.

Results

ACUPUNCTURE IMPROVED LEARNING AND
MEMORY CAPABILITIES OF SAMP8 MICE
ACCORDING TO THE MWM TEST

Compared with group N, the AD group exhibited
reduced learning capability'®, represented by a

A 80

significant prolongation of the escape latency in
the PNT from days 1 to 5 (P<0.01) (Fig. 1A, Table
1). After eight acupuncture sessions, group A mice
demonstrated a shorter escape latency from days
1 to 3 compared with the AD group, although the
difference was not significant (P>0.05). However,
the escape latency in group A was significantly
shorter on days 4 and 5 (P<0.05) (Fig. 1A, Table 1).

In the SPT, compared with group N, the AD group
had a remarkably lower percentage of target quadrant
swimming distance and number of effective zone
crossings (P<0.01) (Fig. 1B-1C, Table 2), indicating
a decrease in memory capacity'. However, after
acupuncture treatment, both indices were significantly
increased compared with those in the AD group
(P<0.05) (Fig. 1B-1C, Table 2). In conclusion, the
spatial learning and memory capabilities of SAMP8
mice were impaired, which could be improved by

acupuncture treatment.
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Fig. 1 The learning and memory capabilities of SAMP8 mice. (A) The escape latency. (B, C) The percentage of target
quadrant swimming distance and the number of effective zone crossings. ("P<0.01;#P<0.05). The error bars indicate

standard deviation. N, normal group; AD, Alzheimer’s disease model group; A, acupuncture treatment group
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Table 1

The escape latency(s) in PNT from the 1%t to the 5" day among groups.

Group n  Day1 Day?2 Day4 Day5

N 20 36.79+£14.79 28.02+11.85 27.25x11.10 23.14+11.58 21.52+10.25
AD 24 53.74x14.20" 52.97%£13.22" 50.49+12.52" 51.39+11.34" 51.97+£13.53"
A 19 51.46+15.88 46.88+12.03 43.80+11.80 40.25+11.37%  38.97+11.82*

Note: ™ P<0.01, group AD vs group N;* P<0.05, group A vs group AD.

Table 2
The percentage of target quadrant swimming distance and the number of crossing effective zone among
groups.

Group n The percentage of target quadrant The number of crossing effective

swimming distance (%) zone (time)

N 20 0.37+0.05 6.91+2.84

AD 14 0.21+0.10" 2.40£1.07"

A 19 0.28+0.09* 4.38+1.66%

Note: ™ P<0.01, group AD vs group N;* P<0.05, group A vs group AD.

ACUPUNCTURE HAD A CERTAIN FACILITATIVE
EFFECT ON LTP IN SAMP8 MICE

To better understand the effect of acupuncture on
synaptic functional plasticity, we evaluated amplitude
changes in PS and latency after TS (%), which can
reflect changes in synaptic transmission efficacy.
The test showed that the PS amplitude in the AD
group was slightly higher than that in the N group,
but the difference was not significant (P>0.05) (Fig.
2A). After acupuncture treatment at GV20 and K11,
there was a certain increment in group A compared
with that in the AD group, although there was no
statistical difference (P>0.05) (Fig. 2A-2B). However,
there was a significant increase in group A compared
with group N (group A vs. group N: 365.16+49.52%
vs. 182.81£17.90%, P<0.05, Fig. 2A). Additionally,
there was a slight increase in the latency amplitude
in the AD group compared to that in the N group
(P>0.05) (Fig. 2C). After acupuncture treatment, it
decreased enormously in group A compared with
that in groups AD and N (group A vs. group AD:
85.92+2.78% vs. 105.02+£2.42%, P<0.05; group A
vs. group N: 85.92+2.78% vs. 93.11+1.28%, P<0.05,
Fig. 2C-2D). This suggests that the synaptic
transmission efficacy in the hippocampal DG region

of SAMP8 mice was not altered, but there was a
tendency for facilitation. Acupuncture treatment
reduced the latency amplitude and increased the
PS amplitude, indicating that postsynaptic activity
was enhanced during acupuncture treatment, and

acupuncture promoted LTP induction.

ACUPUNCTURE IMPROVED THE SYNAPTIC
ULTRASTRUCTURE OF HIPPOCAMPAL NEURONS
OF SAMP8 MICE BASED ON TEM

Compared with group N mice, the PSD thickness (nm)
and synaptic interface curvature in group AD mice
decreased, and the width of the synaptic cleft (hm)
increased significantly (P<0.01) (Fig. 3D-3F, Table
3). In group A mice, which received acupuncture
treatment, the PSD thickness increased, and the
width of the synaptic cleft decreased compared
with those in group AD (P<0.05) (Fig. 3D-3E, Table
3), although comparison of the synaptic interface
curvature showed no significant difference (P>0.05)
(Fig. 3F). Comparisons of these ultrastructural
parameters indicated that there was impairment of
synaptic structural plasticity in hippocampal neurons
of SAMP8 mice, and this damage could be effectively
rectified through acupuncture treatment.
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Acupuncture improves hippocampal synaptic plasticity
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Fig. 2 The hippocampal synaptic functional plasticity of SAMP8 mice. (A, B) The PS amplitude. (C, D) The latency amplitude.
("P<0.05; #P<0.05). The error bars indicate standard deviation. PS, population spike; N, normal group; AD, Alzheimer’s
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Table 3

The effect of acupuncture treatment on the synaptic ultrastructure of hippocampal neurons in the SAMP8

mice.
Group n The PSD thickness (nm) The width of the The curvature of
synaptic cleft(nm) synaptic interface
N 4 56.18+12.83 23.29+£3.16 1.09+0.03
AD 4 36.71£11.94™ 31.02+5.29™ 1.04+0.04™
A 4 50.29+10.42# 26.53+4.87% 1.05+0.04

Note: ™ P<0.01, group AD vs group N;* P<0.05, group A vs group AD.

ACUPUNCTURE REDUCED LACTATE, GLUCOSE,
AND PYRUVATE CONTENTS IN THE HIF OF SAMP8
MICE

To identify metabolism-related factors related to
cognitive improvement in SAMP8 mice during
acupuncture treatment, glucose, lactate, and pyruvate
levels in the HIF were detected using microdialysis.
Compared with those in group N, lactate, glucose,
and pyruvate levels in the BIF were significantly
reduced in the AD group (group AD vs. group N:
lactate: 39.84+8.81 ymol/Lvs. 72.94£16.35 pmol/L;
glucose: 47.69+4.17 umol/Lvs. 63.85£6.67 umol/L;
pyruvate: 4.46+1.16 pmol/L vs 5.53+1.12 pmol/L,
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P<0.01, Fig. 4A-4D). After eight acupuncture
treatment sessions, lactate, glucose, and pyruvate
concentrations in group A were all prominently
decreased compared with those in group AD (group
A vs. group AD: lactate: 4.08+1.57 pmol/L vs.
39.84+8.81 uymol/L; glucose: 4.70+0.94 pmol/L vs.
47.69+4.17 pmol/L; pyruvate: 0.84+0.35 pmol/L
vs. 4.46+x1.16 pmol/L, P<0.01, Fig. 4A-4D). This
suggests that acupuncture treatment at GV20 and
K11 remarkably reduced lactate, glucose, and
pyruvate levels in the HIF of SAMP8 mice, and that
neuronal uptake of lactate, glucose, and pyruvate

in brain intercellular fluid might have been increased.
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Fig. 4 The neuronal energy metabolism of SAMP8 mice. (A-C) Changes in lactate, glucose, and pyruvate
concentrations in the hippocampal intercellular fluid of each mice group at six different periods during continuous

dialysis. (D) The mean levels of substrates. ("P<0.01, #P<0.01). The error bars indicate standard deviation. N, normal

group; AD, Alzheimer’s disease model group; A, acupuncture treatment group
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ACUPUNCTURE ADVANCED GLUT3 AND MCT
EXPRESSION IN HIPPOCAMPAL CA1 AND DG
REGIONS OF SAMP8 MICE

To further understand the differences in GLUT3,
MCT2, and MCT4 expression in various subregions
of the hippocampus, the levels of these proteins in
the CA1, CA3, and DG regions of the hippocampus
were detected using immunohistochemistry. The
analysis revealed that the AD group showed reduced
GLUT3 levels in the CA1, CA3, and DG regions of
the hippocampus in SAMP8 mice compared with
those in group N (CA1: P<0.01; CA3: P<0.05; DG:
P<0.01, Fig. 5A-5B, Table 4). After eight acupuncture
treatment courses at GV20 and K11, group A
showed increased GLUT3 levels in the CA1 and DG
regions compared with those in group AD (P<0.01)
(Fig. 5A-5B, Table 4), although there was no significant
difference in the CA3 region.

Furthermore, the MCT2 level was remarkably reduced
in the CA1, CA3, and DG regions of SAMP8 mice
compared with that in group N (P<0.01) (Fig. 5C-5D,
Table 5). After acupuncture treatment at GV20 and
K11, group A showed increased MCT2 expression
in the CA1 and DG regions compared with that in
the AD group (CA1: P<0.01; DG: P<0.05, Fig. 5C-5D,
Table 5), although there was no statistical significance
in the CA3 region.

Additionally, group AD showed reduced MCT4
levels in the CA1 region of SAMP8 mice, compared
with that in group N (group AD vs. group N:
0.1948+0.0311 vs. 0.2608+0.0185, P<0.01, Fig.
5E-5F), although the changes in the CA3 and DG
regions were not statistically significant. After
acupuncture treatment, MCT4 expression increased
in the CA1 region of SAMP8 mice compared to that
in group AD (group A vs. group AD: 0.2314+0.0364
vs. 0.1948+0.0311, P<0.05, Fig. 5E-5F), although
there were no statistical differences in the CA3 and

DG regions.

Next, the MOD ratios of MCT4 to MCT2 in the CA1,
CA3, and DG regions were compared to understand
the outcome of acupuncture treatment on MCT2
and MCT4. The MCT4/MCT2 value in the CA1 region

showed a remarkable difference between groups A
and AD (group A vs. group AD: 0.9792+0.0552 vs.
1.1164+0.0931, P<0.05, Fig. 5G). However, the
discrepancies in the other groups and regions were
not statistically significant.

In summary, acupuncture facilitated GLUT3 and
MCT2 expression in the CA1 and DG subregions of
SAMP8 mice, and the regulatory effect on MCT4
was mainly in the CA1 region. A comparison of the
MCT4/MCT2 values in the CA1 region suggested
that acupuncture treatment elevated MCT2 more
significantly than MCT4, indicating that the effect

of acupuncture on neurons was more remarkable.

ACUPUNCTURE ENHANCED GLUT3 AND MCT2
EXPRESSION IN THE HIPPOCAMPUS OF SAMP8
MICE

Since the level of energy substrate transport proteins
directly affects the energy substrate contents in
HIF, the total expression of GLUT3, MCT2, and
MCT4 in the hippocampus of each mice group was
evaluated using western blotting. The expression
of GLUT3, MCT2, and MCT4 in the hippocampus
of SAMP8 mice was lower than those in group N
(group AD vs. group N; GLUT3: 0.26x0.07 vs.
0.52+0.09, P<0.01; MCT2: 0.57+0.13 vs. 0.89+0.09,
P<0.01; MCT4: 0.45+0.12 vs. 0.53+0.13, P<0.05,
Fig. 6A-6B). Additionally, the levels of GLUT3 and
MCT2 proteins increased noticeably after eight
acupuncture treatment courses (group A vs. group
AD; GLUT3: 0.41+0.11 vs. 0.26+0.07, P<0.01;
MCT2:0.76+0.11 vs. 0.57+0.13, P<0.01, Fig. 6A-6B),
whereas there was no change in MCT4 (P>0.05).
These findings confirmed that acupuncture treatment
was effective in boosting GLUT3 and MCT2
expression in the hippocampus of SAMP8 mice.
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Acupuncture improves hippocampal synaptic plasticity
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Fig. 5 The GLUT3 and monocarboxylate transporter (MCT) expression in the hippocampal regions of SAMP8 mice. (A,
B) A1-A3 present GLUT3 expression in the hippocampal CA1, CA3, and DG regions of group N mice (400X microscope),
B1-B3 present GLUT3 expression in the hippocampal CA1, CA3, and DG regions for group AD, C1-C3 present GLUT3
expression in the hippocampal CA1, CA3, and DG regions of group A mice. (C, D) and (E, F) represent MCT2 and MCT4,
respectively. (G) The MCT4/MCT2 value in the hippocampal regions for groups N, AD and A. ("P<0.01, "P<0.05, #P<0.01,

#P<0.05). The error bars indicate standard deviation. N, normal group; AD, Alzheimer's disease model group; A, acupuncture
treatment group
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Table 4

The level of GLUT3 in the hippocampal CA1, CA3 and DG regions of each group of the mice.

Group n CA1 CA3 DG

N 7 0.3303+0.0296 0.2602+0.0412 0.275+0.0374
AD 6 0.1728+0.0424™ 0.2029+0.0615" 0.1603+0.0342™
A 7 0.2713+0.0239** 0.2148+0.0303 0.2367+0.0128*

Note: ™ P<0.01, " P<0.05, group AD vs group N;# P<0.01, group A vs group AD.

Table 5

The level of MCT2 in the hippocampal CA1, CA3 and DG regions of each group of the mice.
Group n CA1 CA3 DG
N 7 0.3538+0.0389 0.3354+0.0249 0.2805=+0.0359
AD 6 0.2073+0.0436™ 0.2841+0.0341™ 0.2086+0.0376™
A 7 0.3019+0.0237# 0.2803+0.0482 0.2492+0.0151%

Note: ™ P<0.01, group AD vs group N;* P<0.01, # P<0.05, group A vs group AD.
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Fig. 6 The GLUT3 and monocarboxylate transporter (MCT) expression in the hippocampus of SAMP8 mice. (A) The

clear protein bands of hippocampal GLUT3, MCT2, and MCT4 in different groups and their comparisons with the
internal reference of B-actin can be seen. (B) GLUT3, MCT2, and MCT4 expression in the hippocampus. ("P<0.01, "P<0.05,

#P<0.01). The error bars indicate standard deviation. N, normal group; AD, Alzheimer's disease model group; A,

acupuncture treatment group

Discussion

SYNAPTIC PLASTICITY OF HIPPOCAMPAL
NEURONS AND LEARNING AND MEMORY
CAPACITIES

In this study, the SAMP8 mouse was selected as an AD

model because it shows the rapid aging characteristics

© 2024 European Society of Medicine

of AD and typical pathological changes in the CNS?.
As an important brain region responsible for learning
and memory, the hippocampus is involved in the
acquisition and maintenance of declarative memory?,
which we examined using the MWM test in this
study. Therefore, the decline in MWM performance
in SAMP8 mice was consistent with impairment of
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learning and memory competence in AD. The
hippocampus is the first brain region to be damaged
in AD, including the hippocampal CA1, CA3, and
DG subregions, but the CA1 region is most seriously
impaired*??’. The synaptic plasticity of hippocampal
neurons is crucial for the formation of learning and
memory, especially LTP, which is the physiological
basis for learning and memory?®. Damage to the
synaptic structure and functional plasticity caused
by reduced numbers, altered morphological structure,
and dysfunctional transmission of synapses is an
important manifestation of hippocampal neuron
injury and a crucial pathological mechanism of AD3“.
Thus, TEM observation showed that the PSD thickness
and synaptic interface curvature decreased, and
the width of the synaptic cleft increased in the
hippocampal CA1 region of SAMP8 mice, indicating
that synaptic structural plasticity was indeed damaged
in AD.

Synaptic functional plasticity is reflected in the
enhancement and weakening of synaptic transmission
efficiency, including LTP and long-term depression?.
LTP is a major electrophysiological indicator of
synaptic plasticity?”. Synaptic structural and functional
plasticity are based on and influence each other.
Impairment of synaptic structural plasticity triggers
a reduction in synaptic transmission efficiency.
However, the LTP experiment results in this study
showed that the amplitude changes of PS and the
latency after TS in SAMP8 mice were not significantly
different from those in SAMR1 mice, indicating that
the synaptic transmission efficacy of the PP-DG
pathway was not significantly changed. Several
factors contributed to this inconsistency. The first is
the differences in the hippocampal subregions. Each
subregion has different physicochemical properties
and is involved in learning memory function to
different degrees®; thus, there are differences in
AD susceptibility among the subregions. The dorsal
hippocampus mainly occupies the CA1 area, and is
closely associated with leaming and memory?®',
while the ventral hippocampus mainly covers the
DG area, is more relevant to emotional stress, and

is one of the key areas of emotional memory323,

Although AD may involve the entire hippocampus,
the CA1 region is the earliest and most seriously
damaged?. Therefore, atrophy of the CA1 region is
suggested to be an important biomarker for the
preclinical stages of AD?. In contrast, the postsynaptic
responses recorded in vivo in this study were from
the DG area, which may be an important reason for
the discrepancy between the LTP results and those
of the MWM and TEM experiments. Additionally,
this may be related to the age of mice. An LTP study
showed that the PS amplitude of SAMR1 mice
increased and then decreased with age, while the PS
amplitude of SAMP8 mice continued to decrease®;
thus, we could conclude that there was no significant
difference in the PS amplitude between 8-month-
old SAMR1 and SAMP8 mice. Additionally, the
stronger immune function in SAMR1 mice led to an
enhanced acute inflammatory response in the brain
tissue during LTP measurement, while excessive
inflammatory factors inhibited LTP3*. Meanwhile,
SAMR1 mice, which are normal mice, may be more
responsive to the condition of fetter, and this stress
had an impact on the LTP results. Furthermore, the
relationship between hippocampal tertiary synapses
and primary and secondary synapses is not a simple
linear one™; thus, the electrophysiological record
of the primary synaptic pathway PP-DG may not
reflect the synaptic transmission efficiency of the
downstream CA1 region. Nevertheless, the LTP test
in this study revealed a tendency of LTP facilitation
evoked by the PP-DG pathway in SAMP8 mice, but
the difference was not statistically significant, which
may be due to the small sample size in this study.
Thus, there is no evidence that SAMP8 mice do not
experience impairments in synaptic functional

plasticity.

After acupuncture treatment at acupoints GV20
and K11, mice showed enhanced learning and
memory capabilities, increased PSD thickness,
reduced synaptic cleft width in hippocampal
neurons, increased PS amplitude, and shortened
latency amplitude. These results confirmed that
postsynaptic activity and synaptic transmission

efficacy were promoted by acupuncture treatment.
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Although the change in the PS amplitude was not
significant, it confirmed that acupuncture facilitates
TS-induced hippocampal synaptic LTP. These results
were also confirmed by previous studies! 1520353,
Consequently, we can conclude that acupuncture
promotes spatial learning and memory capabilities
of SAMP8 mice by improving synaptic structural
plasticity of hippocampal neurons.

ENERGY METABOLISM OF HIPPOCAMPAL
NEURONS AND SYNAPTIC PLASTICITY

In the CNS, energy substrates such as glucose,
lactate, and pyruvate cannot pass freely through the
cell membrane, and must rely on GLUTs and MCTs
to enter the BIF from the blood and eventually be
taken up by neurons’'". GLUT3 is a neuron-specific
glucose transporter with a high affinity for glucose,
and is crucial for glucose uptake by neurons'™.
MCTs are responsible for the transportation of
monocarboxylic acids, such as lactate and pyruvate,
of which MCT4 is mainly expressed in astrocytes,
whereas MCT2 is primarily expressed in neurons''.
Additionally, MCT2 is also expressed on the
postsynaptic membrane and postsynaptic densities
of hippocampal and cerebellar glutamatergic
synapses, suggesting a close relationship between
MCT2 and synaptic plasticity’. Therefore, the
concentration of energy substrates in HIF is closely
related to these transporters. When glucose and
lactate are present together, neurons preferentially
oxidize lactate®®. Since lactate does not readily
cross the blood-brain barrier, lactate in the blood
is not the primary source of lactate in the CNS, but
rather in the astrocytes®. Astrocytes are the main
site for glycogen storage and lactate production, but
uptake and utilization of lactate occur in neurons;
thus, a lactate transport system must exist between
astrocytes and neurons. Astrocytes take up 80% of
the glucose in the blood and convert it into lactate,
which is transported extracellularly via MCT4 and
then intracellularly via MCT2 to the neuron for
neuronal energy consumption®#%41 |actate
transportation between astrocytes and neurons is
essential for maintaining LTP and forming long-term

memory’, and is critical for energy metabolism in

the pathophysiological states of the nervous

system'°.

In this study, we found that the levels of lactate,
glucose, and pyruvate in the BIF of SAMP8 mice
decreased remarkably, indicating that the source
of these substances in the BIF is insufficient and
that impaired neuronal energy metabolism is a
fundamental pathological feature of AD, which is
consistent with other reports’” 2. Moreover, GLUT3
and MCT2 expression in the hippocampal CAT,
CA3, and DG subregions and MCT4 expression in
the CA1 region was significantly reduced in SAMP8
mice, indicating a general impairment in the uptake
of energy substrates by hippocampal neurons. This
served as another piece of evidence regarding the
decrease in lactate, glucose, and pyruvate contents
in the BIF of SAMP8 mice. We also found that the
transmembrane transportation of lactate between
astrocytes and neurons was reduced, which led to
the impairment of energy supply to neurons, synaptic
plasticity function, and learning and memory
capabilities. Therefore, impairment of synaptic
structural plasticity in the hippocampal CA1 region
and deterioration of MWM performance in SAMP8
mice were observed in the TEM and MWM
experiments. However, after eight sessions of
effective acupuncture treatment at GV20 and K11,
lactate, glucose, and pyruvate levels in the BIF were
significantly reduced from previous levels, which
seemed to be contradictory to the improvement of
learning and memory capabilities as well as the
synaptic structural plasticity in the mice after
acupuncture treatment. In this study, there were
several reasons for this finding. First, the substrate
source in the BIF itself was reduced due to the
rapid aging process of SAMP8 mice, and 8 weeks
of acupuncture treatment could improve, but not
reverse, the aging process and increase the substrate
source in the BIF. Second, GLUT3 and MCT2
expression in the hippocampal CA1 and DG regions
increased remarkably after acupuncture treatment,
suggesting an increased uptake of lactate, glucose,
and pyruvate in the BIF by neurons. Finally, the

immunohistochemistry ~ experiment showed a
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modulatory effect of acupuncture on MCT4; therefore,
we could conclude that MCT4 enhanced lactate
transportation between astrocytes and neurons, and
promoted the ability to store and match substrates.
MCT2 had the highest affinity for lactate, whereas
MCT4 had the lowest. MCT2 is saturated at low
concentrations, whereas MCT4 is less susceptible
to saturation and has a higher transporter space
and efficiency®#. Consequently, a slight modulation
of MCT4 by acupuncture will significantly impact
lactate supply to neurons. Additionally, microdialysis
was performed during the day when mice were in
the glycogen reserve stage in the brain, which also

provided a basis for lactate reduction in the HIF*.

In summary, the hippocampal CA1 and DG subregions
are the main regions regulated by acupuncture
treatment, whereas neurons are the main targets of
action. By producing optimal effects on multiple
links of energy substrate transportation in the brain
of SAMP8 mice, acupuncture treatment provides
energy for synaptic plasticity and functional neuronal
activity, and ultimately has positive effects on learming
and memory capabilities. Nevertheless, this study
had some limitations. First, our study only
investigated GLUT3, MCT2, and MCT4 expression,
and did not address other substances related to
energy metabolism. Second, whether the substrate
transportation of energy metabolism and the role
of astrocytes in neuronal energy metabolism is
crucial in promoting synaptic plasticity of hippocampal
neurons by acupuncture was not examined. Third,
this study did not explore how acupuncture treatment
regulates GLUT3, MCT2, and MCT4; this will be
investigated in the next stage of this research.

Conclusion

Acupuncture can improve spatial learning and
memory capabilities, as well as hippocampal synaptic
plasticity in SAMP8 mice. Possible mechanisms for
this are remodeling of neuronal energy metabolism
disorders, which increase the energy substrate reserve
of neurons and improve the substrate-matching
ability of cellular response by regulating the
expression of neuron-specific GLUT3 and MCT2

and astrocyte-specific MCT4 in the hippocampal
CA1 and DG regions. We hope that our study will
provide new ideas and experimental evidence for
the study of mechanisms of acupuncture-promoted
nerve rehabilitation, and serve as the groundwork
for further studies of acupuncture-induced synaptic

plasticity.
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