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Abstract

vascular type dementia.

Acetylcholine receptor

Background: Vascular dementia is the second dementing illness after Alzheimer’s disease and caused by reduced

blood flow to the brain, and affects cognitive abilities. Our previous study found that auricular electrical stimulation
(ES) improved motor and learning impairment, and this phenomenon related with nicotinic acetylcholine receptor
(NAChR) expressed cells. However, the underlying mechanism was not clear. In the present study, we investigated

the effects of auricular ES on cortical blood flow (CBF) and acetylcholine (ACh) - nAChRs expressed cells.

Methods: Vascular dementia rat animal model was established by permanent occlusions of common carotid
arteries with 6-0 nylon suture filament. At 21 day after surgery, motor impairment was confirmed by rotarod test.
15-Hz auricular ES were applied to the ears for 20 min and CBF was recorded at the mean time. The brains were
immediately dissected for immunohistochemical stain and western blot analysis.

Results: Our results showed that 15-Hz auricular ES rapidly elevated CBF in the middle cerebral artery. The numbers
of NAChR a4 immuno-positive cells and western blot levels were significally increased by 15-Hz auricular ES in the
hippocampal CA2 output cortex. The numbers of choline acetyltransferase (ChAT) — a key enzyme for biosynthesis
of ACh — immuno-positive cells and western blot levels had no significant differences.

Conclusions: The present data suggested that the 15-Hz auricular ES for 20 min rapidly elevated cortical blood
flow, promoted the expression of NAChR a4, and would be beneficial for the treatment of Alzheimer type and
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Background

Vascular dementia is the second dementing illness after
Alzheimer’s disease. It is a progressive disease caused by
reduced blood flow to the brain, and affects cognitive
abilities such as loss of executive functions [27]. The
neuropathological causes of vascular dementia include:
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cerebral small vessel disease, large vessel disease, stra-
tegic infarct, severe hypoperfusion state, angiopathy,
haemorrhage/microbleed and hereditary vasculopathy
[13]. Subcortical ischaemic vascular dementia, dues to
small vessel disease and hypoperfusion, attributes to
major proportion of them. Small vessel cerebral ischae-
mia causes neural damage to the hippocampus, the cere-
bral cortex, and the white matter areas [35]. The most
common model is bilateral carotid artery occlusion (2
vessel occlusion, 2VO) in rats, leading to global chronic
hypoperfusion and white matter injury [35].

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12929-019-0526-9&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:clhsieh@mail.cmuh.org.tw

Huang et al. Journal of Biomedical Science (2019) 26:36

The expression of nicotinic acetylcholine receptor
(nAChR) declines with age and in dementia [15, 26, 31].
The functioning of AChR exerts neuroprotective effects
against neurodegenerative diseases and prevents cogni-
tive impairment. Cholinergic dysfunction is observed in
patients with vascular dementia [22, 29] and animal
models [4, 30]. Recent studies [9, 11] have reported that
auricular acupuncture increases parasympathetic activity
which then activates the solitary tract nucleus and has
been demonstrated increasing the activity of vagus nerve
[11, 18], but less understanding about cerebral hypoper-
fusion. In our previous study, the results found that aur-
icular electrical stimulation (ES) ameliorated learning
and memory impairment and has neuroprotective ef-
fects, which are related with nAChR expressed cells [17].
Therefore, we further investigated the effects of auricular
ES to cortical blood flow (CBF) during stimulating phase
and ACh — nAChRs expressed cells.

In this study, we first established a subcortical ischae-
mia 2VO rat model and investigated the effects of aur-
icular ES to CBF by using laser-Doppler flowmeter. The
nAChRs and choline acetyltransferase (ChAT) in hippo-
campus CA2 output cortex or habenular nuclei and
were examined by immunohistochemical staining and
western blot analysis. Our data suggested that 15-Hz
auricular ES could elevate CBF and increase immunore-
active cells and western blot levels of nAChR a4.

Methods

Animals

The male Wistar rats weighing 250-300 g were used in
this study and purchased (BioLASCO, Taipei, Taiwan). A
12-12-h light—dark cycle was maintained, and the room
temperature was controlled at 25 °C. Adequate food and
water were provided. The Animal Care and Use Com-
mittee of China Medical University approved the use of
these animals. In addition, all procedures were per-
formed according to the Guide for the Use of Laboratory
Animals (National Academy Press).

Induction of 2 VO animal model

The rats were anesthetized with chloral hydrate (400
mg/kg) (Sigma, St. Louis, MO, USA). Through a midline
cervical incision, both common carotid arteries were ex-
posed and permanent occlusion by 6-0 nylon suture
filament. The surgical sites were sutured with 3—0 nylon
filament suture and the rats were housed for 21 days.

Grouping

The total of eighteen rats were randomly divided into
three groups, each group was 6 rats as follows: (1) 2VO
+15-Hz ES group: in which the rats received 2 VO sur-
gery and 15Hz ES at right lateral ear (using clip elec-
trodes with the cathode placed at the ear apex and
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anode at the ear lobe; 2mA in intensity, 15 Hz for 20
min); (2) 2VO + Sham ES group: in which the rats re-
ceived 2 VO surgery but not undergo ES; (3) Control
group: in which the rats’ common carotid arteries were
exposed without occlusion and received 15- Hz ES at
right lateral ear.

Rotarod test

Before 2VO surgery, rats were placed on a Rotamex
(Columbus Instrument, Ohio, USA) with an initial speed
of 4rpm and which increased by 1rpm every 8s until
the maximum speed of 40 rpm was attained. The latency
spent by the rat on the rotarod before stepping out was
recorded, the test was performed six times, and the aver-
age of the three longest times recorded was calculated as
described previously [17]. At 21 day after surgery, rats
were examined again.

Measurement of CBF

After rotarod test, rats were anesthetized with chloral
hydrate (400 mg/kg) and then placed in a stereotaxic ap-
paratus in the prone position. The parietal bone was
thinned using a grinding machine to remove skull. A
laser Doppler Blood-Flow Monitor probe (DRT4; Moor
Instrument Ltd., England) was placed 5mm lateral, 1
mm posterior to the bregma to measure the CBF of mid-
dle cerebral artery - branch of bilateral carotid artery in
the neocortex as described previously [17]. CBF was re-
corded in BPU (Blood Perfusion Units) within 20 min in
the Pre-ES, ES and Post-ES phase, whether receiving
auricular ES or not.

Immunohistochemical staining

After measuring of CBE rats were further anesthetized
with overdose chloral hydrate, perfused with 200 mL of
0.9% saline, and then brains were removed. The brains
were fixed in 4% paraformaldehyde for 3 days and were
transferred to 30% sucrose (w/v) for 3 days. The brains
were embedded in frozen section media (Leica Surgipath,
USA) and cut into 15-pm sections in cryostat (Leica,
USA), rinsed with 0.01% Tween 20 / phosphate buffered
saline (PBS-T) twice and soaked in 3% H,O, / methanol
for 15 min to inhibit endogenous peroxidase activity. The
sections were then blocking with 10% normal goat serum
(Genemed Biotechnologies, CA, USA) for 20 min at room
temperature. The sections were incubated with a primary
antibody, the nAChR a4 (1:500) (abcam, MA, USA) or
ChAT (1:500) (Thermo Scientific, MA, USA), at 4 °C over-
night in a moisture chamber. The sections were subse-
quently incubated with the biotinylated-conjugated
secondary antibody (Genemed Biotechnologies, CA, USA)
for 10 min at room temperature, followed by incubation
with the streptavidin-peroxidase complex (Genemed Bio-
technologies, CA, USA). The sections were visualized
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using 3,3'-diaminobenzidine (Scytek Laboratories, UT,
USA) as the chromogen and counterstained with hema-
toxylin(Genemed Biotechnologies, CA, USA). During the
incubation steps, the sections were washed with PBS-T
three times for 10 min per cycle. The stained sections
were mounted in mounting media (Assistant-Histokitt,
Germany), immunoreactive cells were calculated and pho-
tography was captured under the microscope (Axioskop
40, Zeiss, Germany).

Western blot analysis

In addition, total of nine rats were randomly divided into
three groups, each group was 3 rats as mentid habenular
nucleus were excised, respectively, immediately for
protein extraction. Total protein was prepared by
homogenizing the cortex and the habenular nucleus in a
lysis buffer. From each sample, 20 pug of proteins were
extracted and analyzed through a BCA protein assay.
They were subjected to 10% SDS-Tris glycine gel elec-
trophoresis and transferred to a nitrocellulose mem-
brane. The membrane was blocked with 5% nonfat milk
in a TBST buffer (10 mmol/L of Tris, pH 7.5, 100 mmol/
L of NaCl, and 0.1% Tween 20), incubated with a pri-
mary antibody, the nAChRa4 (1:1000,abcam,MA, USA)
or ChAT (1:1000, Thermo Scientific, MA, USA) in PBS
for overnight at 4°C. Peroxidase-conjugated secondary
antibody (1:2000) was used as the secondary antibody.
The membrane was developed using the ECL-Plus pro-
tein detection kit.

Statistical analysis

All data were presented as mean * standard deviation.
Statistical significance was analyzed through one-way
ANOVA, followed by Tukey’s post hoc test. A p value of
<0.05 was considered statistically significant.

Results

2VO animal model and auricular ES increased CBF

We estimated the motor function of 2VO animal model
by rotarod test. The time of latency in the rotarod test
before 2VO surgery had no significant differences among
all groups (Table 1, Pre-2VO). At 21 day after surgery,

Table 1 Latency to step out in the rotarod test. The eighteen
Wistar rats were randomly divided into three groups, and time
of latency to step out was recorded (s) before 2VO surgery
(Pre-2VO). At 21 day after surgery, time of latency to step out
was recorded among all groups

Group Pre-2VO (s) Post-2VO (s)
2VO + 15-Hz ES 380.1 + 1019 1970 £ 567"
2VO + Sham ES 3033 + 436 1473 £325
Control 3442 + 827 2804 + 63.7

Data were represent as mean +SD (s); n =6; ~ P < 0.001 Pre-2VO vs. Post-2VO
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the time of latency was 197.0 £ 56.7 (s) in 2VO + 15-Hz
ES group, 147.3 £ 32.5 (s) in 2VO + Sham ES group, and
280.4+63.7 (s) in Control group. The rats received 2
VO surgery had motor function impairment (Pre-2VO
vs. Post-2VO in surgery groups, ***p < 0.001; n = 6; Table
1). We further investigated the effect of auricular ES to
CBF value in Pre-ES, ES and Post-ES phase (Fig. 1a).
After 2VO surgery, CBF was significantly reduced com-
paring to control group (124.7 +44.5 vs. 242.8 +107.2
BPU, *p < 0.05; n = 6; Table 2) in the Pre-ES phase. Dur-
ing ES phase, auricular ES significantly elevated CBF
(19.4 + 8.4 BPU, #p<0.05; ES vs. Pre-ES phase; n =6;
Table 2) in the 2VO + 15Hz ES group, but had no ef-
fects in the sham ES and control group. After auricular
ES, all groups had no significant between Post-ES and
ES or Pre-ES phase (Table 2).

Auricular ES promoted the expression of nAChR a4 in the
hippocampal CA2 output cortex and habenular nuclei

The nAChRs play a crucial role in the vasodilation medi-
ated by nitric oxide in the cerebral cortex. These effects
were dependent on increasing numbers of nAChR
a4d-like subtype [21, 33]. After measurement of CBE, the
rat brains were immediately dissected, the nAChR a4
subtype was further recognized by immunohistochemi-
cal stain in the hippocampal CA2 output cortex (Fig. 2a
and b) and habenular nuclei (Fig. 3a and b). Our results
demonstrated auricular ES elevated the numbers of
nAChR a4 subtype immuno-positive cells (188 + 26, Fig.
2¢; n =6) compared to Sham ES (121 + 25, *P < 0.05; n =
6) and control (109 + 30, *P < 0.05; n = 6) in the hippocam-
pal CA2 output cortex. It was also increased in 2VO +
15-Hz ES group (166 + 35, Fig. 3c; n =6), compared to
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Fig. 1 CBF were measured in Pre-ES, ES and Post-ES phase. After
rotarod test, a laser Doppler Blood-Flow Monitor probe was put on
rats' middle cerebral artery under anesthetic condition and CBF were
recorded within 20 min as showed
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Table 2 CBF was recorded in the Pre-ES, ES and Post-ES phase.
CSF was presented as average within 20 min. The deviation of
different phase was calculated at EA vs Pre-ES, Post-ES vs ES,
and Post-ES vs Pre-ES column

2VO+15-HzES  2VO+Sham ES  Control
Pre-ES 1247 + 445" 167.1 + 488 2428 +107.2
ES 144.1 + 477 1480+ 510 2351+ 1138
Post-ES 1345 + 538 1362 + 459 2185 + 1102
EA vs Pre-ES 194 + 84" —19.1 +303 77 +277
Post-ES vs ES -95+ 114 -118+215 —16.7 + 248
Post-ES vs Pre-ES 9.9 £ 17.9 309 + 454 244 + 498

Data represent mean = SD (n=6). ‘p < 0.05, 2VO + 15-Hz ES group vs Control
group in Pre-ES phase. P < 0.05, EA vs Pre-ES phase in the 2VO + 15-Hz
ES group

Sham ES (95 + 25, *P < 0.05; n = 6) and control (105 + 28,
*P < 0.05; n = 6) in habenular nuclei.

In the western blot analysis, the nAChR a4/actin ratio
was 1.40 £0.07 (n =3) in 2VO + 15-Hz ES group com-
pare to Sham ES (1.24 + 0.03, *P < 0.05; # = 3) and con-
trol (1.29+0.06, P >0.05; n =3) in the hippocampal
CA2 output cortex (Fig. 2d and e); the nAChR a4/actin
ratio was 1.32+0.10 (# =3) in 2VO + 15-Hz ES group
compare to Sham ES (1.24+0.14, P >0.05; n =3) and
control (1.33+0.08, P >0.05; n =3) in the habenular
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nucleus (Fig. 3d and e) Our results demonstrated auricu-
lar ES elevated the levels of nAChR a4 in in the hippo-
campal CA2 output cortex, but not in the habenular
nucleus..

Auricular ES did not change the expression of ChAT in
the hippocampal CA2 output cortex and habenular nuclei
ChAT is a key enzyme for biosynthesis of ACh and as a
specific indicator for monitoring the functional state of
cholinergic neurons [25]. We further investigated ChAT
immuno-positive cells in CA2 output cortex (Fig. 4a and
b) and habenular nuclei (Fig. 5a and b). The ChAT
immuno-positive cells was 82.17 £ 30.23 (n =6) in 2VO
+15-Hz ES group compare to Sham ES (68.83 +21.18,
P >0.05; n =6) and control (60.83 +19.67, P >0.05; n =
6) in the hippocampal CA2 output cortex (Fig. 4c); the
ChAT immuno-positive cells was 30.83 £ 9.20 (1 =6) in
2VO +15-Hz ES group compare to Sham ES (22.33 +
8.04, P > 0.05; n = 6) and control (23.67 +12.13, P > 0.05;
n =6) in the habenular nucleus (Fig. 5c).

In the western blot analysis, the ChAT /actin ratio was
1.10 £ 0.07 (n =3) in 2VO + 15-Hz ES group compare to
Sham ES (1.06 £ 0.03, P >0.05; n = 3) and control (1.11
+0.04, P >0.05; n =3) in the hippocampal CA2 output
cortex (Fig. 4d and e); the ChAT/actin ratio was 0.61 +
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Fig. 2 The immunohistochemical staining of the nAChR a4 in the hippocampal CA2 output cortex. The nAChR a4 immunoreactive cells were
marked by arrowhead a in 400X and the counts of nAChR a4 immunoreactive cells were increased in 2VO + 15-Hz ES group; b nAChR o4
subtype was recognized in the hippocampal CA2 output cortex. (75 X 75 um, scale bar =50 um); ¢ Data represent mean + SD in the counts of
nAChR a4 immunoreactive cells (n =6); d The levels of NAChR a4 were increased in western blot analysis in 2VO + 15-Hz ES group; e Data
represent mean + SD in the western blot levels of nNAChR a4 (n = 3); *P < 0.05
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Fig. 3 The immunohistochemical staining of NAChR a4 in the habenular nuclei. The nAChR immunoreactive cells were marked by arrowhead a
in 400X and the counts of NAChR immunoreactive cells were increased in 2VO + 15-Hz ES group; b nAChR a4 subtype was recognized in the
habenular nuclei. (75 X 30 um, scale bar =50 um); ¢ Data represent mean + SD in the nAChR immunoreactive cells (n =6); d The levels of nAChR
a4 in western blot analysis; @ Data represent mean £ SD in the western blot levels of nNAChR a4 (n = 3); *P < 0.05
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Fig. 4 The immunohistochemical staining of the ChAT in the hippocampal CA2 output cortex. The ChAT immunoreactive cells were marked by
arrowhead a in 400X and the counts of ChAT immunoreactive cells had no significant difference in each group; b ChAT was recognized in the
hippocampal CA2 output cortex. (75 X 75 um, scale bar =50 um); ¢ Data represent mean + SD in the counts of ChAT immunoreactive cells (n =6);

d The levels of ChAT in western blot analysis; e Data represent mean + SD in the western blot levels of ChAT (n =3)
- J
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0.04 (n =3) in 2VO + 15-Hz ES group compare to Sham
ES (0.60 £ 0.11, P > 0.05; n = 3) and control (0.71 + 0.04,
P >0.05; n =3) in the in the habenular nucleus (Fig. 5d
and e). Our results showed short-term 15-Hz auricular
ES did not change the expression of ChAT in the hippo-
campal CA2 output cortex and habenular nuclei.

Discussion

CBF has been predicted as a marker for the progres-
sion from mild cognitive impairment into Alzheimer’s
disease. The reconstruction of global chronic hypo-
perfusion animal models seems to be an ideal strategy
to elucidate the relationship. Here, we showed 15-Hz
auricular ES increased CBF in real-time by monitor-
ing the middle cerebral artery in 2 VO rats model.
This finding provided direct evidence for auricular
acupuncture in the treatment of dementia. The in-
crease of CBF mediated by acupuncture is believed as
a reflex response through ACh originating in the nu-
cleus of basalis of Meynert [34] and vasodilation by
endothelial nitric oxide synthase [16].

Cholinergic therapies improve cognitive impairment in
dementia patients [14, 23, 24] and the mechanisms of
cholinergic treatment are not still well-known, may act
through the cholinergic anti-inflammatory pathway,
regulation of oxidative stress and energy metabolism
[36]. The decrease of nicotinic receptor has been

demonstrated in patients with Alzheimer disease [37]
and it suggests cholinergic receptors as candidates to
rescue dementia. In the present data, we found 15-Hz
auricular ES promoted the expression of nAChR a4 sub-
types in the hippocampus CA2 output cortex. It is now
well known that exposure to nicotine results in nAChR
up-regulation in cultured cells [2, 8], animals [39] and
humans [5, 6]. The augmentation of nAChRs may be a
positive feedback process through ACh release [1].

The nicotine-induced nAChR 42 up-regulation has
showed neuroprotection against excitotoxicity [32, 38].
This mechanism may be involved in survival, cell prolif-
eration and anti-apoptosis pathway [19, 28]. However,
nAChR a4f2 has anti-inflammatory effects [12] or in-
flammatory reaction [20] oppositely. It may be induced
by expression of nAChR a4f2 in different brain regions
and different cell types. The cholinergic neurons, which
originate from basal forebrain and medial septal region,
innervate to cortical mantle, olfactory bulb, hippocam-
pus and amygdala. ChAT is synthesized in the perikayon
of cholinergic neurons and transported to the nerve ter-
minals, controlled by both slow (1-23 mm/day) and
rapid (30-200 mm/day) axoplasmic flows [25]. In the
present data, we found short-term (once, 20 min) 15-Hz
auricular ES did not increase the expression of ChAT.
This phenomenon may have been due to the transport
rate of ChAT. Taken together, 15-Hz auricular ES
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elevated CBF and nAChR o4 levels in the hippocampal
CA2 output cortex in the 2 VO animal model, suggest-
ing 15-Hz auricular ES is beneficial for the treatment of
Alzheimer type and vascular type dementia. Auricular
stimulation can through auriculo-vagal afferent pathway
to nucleus tractus solitaris (NTS). The NTS plays an im-
portant role in the regulation of autonomic activities and
project widely the information that receives from other
brain structure [10]. Ear lobe ES can induce the central
projection of the auricular branch of the vagus nerve to
NTS in human [7]. In addition, anticonvulsive effect of
electroacupuncture results from the collaboration of its
anti-inflammatory and neurotrophic action through
NTS in epilepsy models [3]. Therefore, suggesting NTS
plays a critical role in 15-Hz auricular ES elevated CBF
and nAChR a4, this suggestion need further study in the
future.

Conclusions

In conclusion, the 15-Hz auricular ES for 20 min led to
elevated CBF of middle cerebral artery, increase the ex-
pression of nAChR in the cerebral cortex. Our present
data provide evidences auricular ES would be useful for
the treatment of Alzheimer type and vascular type
dementia.
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