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Abstract
Objective: Electroacupuncture (EA) is an alternative treatment option for pain. Different frequencies of EA have different pain-
relieving effects; however, the central mechanism is still not well understood.

Methods: The Fos2A-iCreER (TRAP):AI9 mice were divided into three groups (sham, 2 Hz, and 100 Hz). The mice were
intraperitoneally injected with 4-hydroxytamoxifen (4-OHT) immediately after EA at Zusanli (ST36) for 30 min to record the activated
neurons. One week later, the mice were sacrificed, and the number of TRAP-treated neurons activated by EA in the thalamus,
amygdala, cortex, and hypothalamus was determined.

Results: In the cortex, 2 Hz EA activated more TRAP-treated neurons than 100 Hz EA did in the cingulate cortex area 1 (Cg1)
and primary somatosensory cortex (S1), and 2 and 100 Hz EAs did not differ from sham EA. TRAP-treated neurons activated by 2
Hz EA were upregulated in the insular cortex (IC) and secondary somatosensory cortex (S2) compared with those activated by 100
Hz and sham EA. In the thalamus, the number of TRAP-treated neurons activated by 2 Hz EA was elevated in the paraventricular
thalamic nucleus (PV) compared with those activated by sham EA. In the ventrolateral thalamic nucleus (VL), the number of TRAP-
treated neurons activated by 2 Hz EA was significantly upregulated compared with those activated by 100 Hz EA, and sham
EA showed no difference compared with 2 or 100 Hz EA. TRAP-treated neurons were more frequently activated in the ventral
posterolateral thalamic nucleus (VPL) by 2 Hz EA than by 100 Hz or sham EA.

Conclusions: Low-frequency EA ST36 effectively activates neurons in the Cg1, S1, S2, IC, VPL, PV, and VL. The enhanced
excitability of the aforementioned nuclei induced by low-frequency EA may be related to its superior efficacy in the treatment of
neuropathological pain.
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Graphical abstract: http://links.lww.com/AHM/A104.

Introduction factors!''=13l, Zusanli (ST36) is an acupoint on the Foot-
Yangiming Meridian!*"1, also known as the Xiahe point,
which plays an effective role in treating pain!'®-18l. Studies
have demonstrated that EA at the ST36 acupoint causes
a noticeable increase in c-Fos expression in the central
nervous system!”l compared with non-acupoint EA. It is
also crucial to note that the effectiveness of EA is signifi-
cantly affected by frequency?®?!, The effectiveness of dif-
ferent EA frequencies for pain relief varies. EA at 2 Hz is
more effective for treating neuropathic pain'??, whereas

Acupuncture is a traditional Chinese therapy!!! which is
highly effective for treating various pain conditions, with
negligible side effects?>). It is now used as an alternative
treatment for many diseases!®'”. Acupuncture therapy
involves manual acupuncture and electroacupuncture
(EA), which combines traditional manual acupuncture
with modern electrical technology. The effectiveness of
EA depends on the acupoint chosen, frequency, and other
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100 Hz EA is commonly used to alleviate inflammatory
pain?**¥. Previous studies have reported that EA modu-
lates the excitability of neurons in brain areas such as the
cortex and amygdala, including the cingulate cortex area
1 (Cgl), prelimbic cortex (PrL), primary somatosensory
cortex (S1), and central amygdaloid nucleus (CeA)252¢],
However, the direct regulation of neurons by EA and
whether different EA frequencies have similar effects on
the regulation of brain areas remain uncertain.

The potential mechanism of EA-induced analgesia
has received extensive attention over the years, and
many studies have demonstrated that EA relieves pain
by modulating specific neuronal populations, signaling
pathways, or various substances in the brain?"*°1. For
instance, endogenous cannabinoid receptor 1 (CB1Rs) is
activated by EA and has analgesic effects by inhibiting
GABAergic neurons and activating glutamatergic neu-
rons in the ventrolateral periaqueductal gray (vIPAG)B;
EA reduces p-ERK expression in the right hindlimb
S1 and bilateral Cgl to relieve inflammatory painP'.
Although the preliminary observations using immuno-
fluorescence or western blotting techniques suggest that
EA relieves pain by modulating substances or neurons
in different brain regions that are activated. It is still
unknown whether EA directly modulates the “activity”
neurons to relieve pain.

Immediate early genes (IEGs) constitute the most exten-
sively investigated approach for elucidating the connec-
tion between gene expression and neuronal activity!3233,
which defines their response propertiest**3l. Fos, as an
TEGP¢), is a generic indicator of neuronal activity that
is quickly and momentarily triggered by external stim-
uli¥”381 Many methods have been exploited to identify
activity-dependent Fos expression, such as intracellular
calcium imaging; however, they have several drawbacks,
including a low signal-to-noise ratio, transience of effec-
tor protein expression, and poor temporal resolution’,

The FosCreER system, which expresses activity-
dependent Fos when CreERT2 recombines in the
presence of Tamoxifen?!l] visualizes and manipulates
activated neurons within a limited time window. This
method labels the activated neurons more precisely and
reliably. Recently, Guo et al. reported the use of this
method to record activated neurons in different brain
regions using manual acupuncture Neiguan (PC6) acu-
point?¥, Therefore, we believe that the FosCreER system
can be applied to the experiments, regardless of whether
EA ST36 directly modulates the “activity” neurons.

In this study, Fos-iCreERT2:Ai9 double transgenic
mice were specifically labeled with TRAP-treated neu-
rons at 2 or 100 Hz to map the activation of various
brain regions and investigate the EA ST36’s neural net-
work mechanism at various frequencies. Different brain
areas may be differently activated during high- and low-
frequency EA treatments. This variation in brain activa-
tion may be linked to specific therapeutic indications.

Materials and methods
Animals

Male Fos2A-iCreER (TRAP) mice (Stock No: 030323)
and Ai9 mice (Stock No: 007909) were obtained from
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Jackson Laboratory. FosTRAP:Ai9 mice (age range: 8-15
weeks old; weight range: 18-22g), obtained from a cross
between FosTRAP and Ai9 mice, were utilized in this
study. The mice were raised at the Experimental Animal
Center of Zhejiang Chinese Medical University under
carefully controlled circumstances, including a tempera-
ture of 25°C and a 12-hour light/dark cycle. They had free
access to food and water. Each experiment was conducted
daily between 9:00 and 17:00. All experimental proto-
cols were approved by the Zhejiang Chinese Medical
Animal Care and Welfare Committee of Zhejiang, China
(IACUC-20200302-06). They were maintained in a single
cage to avoid interference from other external factors.

Drug preparation

A 20mg/mL solution of 4-hydroxytamoxifen (4-OHT,
Shanghai Yuanye Bio-Technology Co., Ltd., S$80892) in
ethanol was prepared by shaking at 37°C for 15 min.
Corn oil (Shanghai Yuanye Bio-Technology Co., Ltd.,
§$50856) was added to the solution, the final concentra-
tion of 4-OHT was 10 mg/mL, and the ethanol was evap-
orated by vacuum under centrifugation. Subsequently,
50mg/kg 4-OHT was delivered through intraperitoneal
(1.p.) injection.

Target recombination in active population of EA intervention

The FosTRAP:Ai9 mice were randomly assigned to the
following groups: 2 Hz EA, 100 Hz EA, and sham EA.
ST36 is one of the main acupoints of the Foot-Yangiming
meridian, known as the Xiahe point. A great deal of
practice has confirmed that ST36 is an important acu-
puncture point for preventing and curing many diseases
and strengthening the body™". We have previously found
that EA ST36 has a positive effect on inflammatory and
neuropathic pain in miceB>#.

Hz EA TRAP (2 Hz-TRAP)

For FosTRAP 2 Hz EA, mice were attached to an
EA-assisted tube, but not subjected to EA, for at least 7
days to adapt to the environment. On the eighth day, we
initiated EA stimulation in mice. Acupuncture needles
(0.16 mm x 7mm) were inserted into the bilateral ST36
to a depth of Smm and BL60 to a depth of 3mm. The
Hans Acupoint Nerve Stimulator (HANS-200E; Huatuo
Co., Ltd., Beijing, China) output terminals were attached
to the two ipsilateral needles. The stimulator’s parameters
were as follows: 2 Hz, 0.3 to 0.5 mA (initial strength 0.3
mA, increased by 0.1 mA every 10 min) for a total of 30
minutes*>*], Needles were inserted subcutaneously into
ST36 and BL60 in the sham EA group. The needles were
connected to the electrodes without electrical stimulation.
Mice were i.p. injected with 4-OHT immediately after EA
(Figure 1A, B) and no other activities that disturbed the
mice, such as feeding and cleaning, were performed for 6 h
before or after 4-OHT injection.

100 Hz EA TRAP (100Hz-TRAP)

The stimulator’s parameters were as follows: 2 Hz, 0.3
to 0.5 mA (initial strength 0.3 mA, increased by 0.1 mA
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Figure 1. EA directly activates cells in the mouse brain. (A) Timeline of experimental procedures. (B) Intersectional genetic targeting, TRAPed cells
activated during EA tagging. 4-OHT: 4-Hydroxytamoxifen; EA: Electroacupuncture.

every 10 min) for a total of 30 min. The other operations
were the same as those for the 2 Hz-TRAP.

Sham EA TRAP (sham-TRAP)

Needles were inserted into ST36 and auxiliary points of
the animals in the sham EA group. The needles were con-
nected to the electrodes without electrical stimulation.

Histology

After receiving 4-OHT, the mice were kept for 7 days
so that enough Fos-positive neurons in the brain
could express tdTomato after EA or sham EA treat-
ment. Transcardial perfusion was performed using
phosphate-buffered saline (PBS; pH 7.4), followed by
4% paraformaldehyde in PBS. Brain tissues were har-
vested and stored overnight in 4% paraformaldehyde
before being transferred to 15% and 30% sucrose for
dehydration. The tissues were embedded in Tissue-Tek
O.C.T compound (SAKURA, CA, USA). The brains were
sliced into 30 pm sections. Brain sections were mounted
on microscope slides in PBS. A water bath-slide dryer
(CANY, Jinhua, China) was used to allow the slides to
dry for an hour. The sections were then incubated with
diamidino-phenyl-indole (Abcam, Cambridge, UK).
Brain sections were scanned and examined using the 20x
objective of a virtual slide microscope (Olympus, Tokyo,
Japan), which is a solitary red stain (tdTomato). Slice
images were overlaid on The Mouse Brain in Stereotaxic
Coordinates (Keith B. J. Franklin, 2001) to verify the
identity of several brain areas. The number of images
per square millimeter in each region were counted, and
five images from each region were averaged per mouse,
resulting in an average of 3 to 5 mice per group.

Statistical analyses

The data were examined using GraphPad Prism 9.4.1
(GraphPad Software, CA, USA) and are shown as the
mean = standard error of the mean. One-way analysis of
variance (ANOVA) was used to compare data from vari-
ous groups, followed by the Tukey post hoc test, and values
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of P < 0.05 were utilized as the threshold for determining
statistical significance when comparing two groups.

Results
Thalamic nuclei are activated by EA at various frequencies

In the thalamus, we counted the numbers of TRAPed
neurons of the sham EA, 2 Hz, and 100 Hz groups in the
following nuclei: paraventricular thalamic nucleus (PV),
ventrolateral thalamic nucleus (VL), ventral posterolat-
eral thalamic nucleus (VPL), ventral posteromedial tha-
lamic nucleus (VPM), lateral posterior thalamic nucleus
(LP), lateral habenular nucleus (LHb), anteroventral tha-
lamic nucleus (AV), laterodorsal thalamic nucleus (LD),
mediodorsal thalamic nucleus (MD), posterior thalamic
nuclear group (Po), and ventromedial hypothalamic
nucleus (VM).

In bilateral VPM, LP, LHb, AV, LD, MD, Po, and VM,
the number of TRAPed neurons was not significantly
different between the sham, 2 Hz, and 100 Hz groups.
The measurements were taken at different coordinates
along the bregma axis ranging from -1.06 to -2.54,
-1.46 to -3.08, -0.94 to -2.18, -0.34 to -1.22, -0.82
to -1.70,-0.58 to -2.06, -1.34 to -2.70,-0.94 to -2.18
for VPM, LP, LHb, AV, LD, MD, Po, and VM, respec-
tively [Supplementary Figures S1-S4, http://links.lww.
com/AHM/A10S5].

The PV spans from bregma -0.22 to -2.3. In the PV, a
notable increase in the number of TRAPed neurons was
observed in the 2 Hz group (191.6 + 24.7%) compared
with the sham group (95.92 = 17.00%); however, no dis-
cernible differences were observed between the 100 and
2 Hz group or sham group (Figure 2A-C).

The VL spans from bregma -0.94 to -1.70. On the
right VL, the 2 Hz group (21.15 = 1.497%) had consid-
erably more TRAPed neurons than that of the 100 Hz
group (8.00 = 2.082%); however, the 2 and 100 Hz EA
groups exhibited no difference from the sham EA group.
On the left side, no discernible difference was observed
among the three groups (Figure 2D-F).

The VPL spans from bregma -0.82 to -2.30. At the
right VPL, the number of TRAPed neurons in the 2 Hz
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Figure 2. Higher activation of PV VL in the thalamus by 2 Hz EA. (A) A representative figure showing the location of PV. (B) Representative images of
EA-TRAPed cells in the bilateral PV in the different groups of mice, the scare bar: 200 pm. (C) In the PV, the number of TRAPed cells activated by EA
at 2 Hz was significantly higher than at 100 Hz, data are presented as mean + SEM, F, .o =4.506, P =0.0403, post hoc Tukey test: P =0.1623 (2 vs.
100 Hz), *P = 0.0328 (sham vs. 2 Hz), P = 0.5068 (sham vs. 100 Hz), n = 3-5. (D) A representative figure showing the location of VL. (E) Representative
images of EA-TRAPed cells in the bilateral VL in the different groups of mice, the scare bar: 200 um. (F) In the VL, the number of TRAPed cells activated
by EA at 2 Hz on the right side was significantly higher than at 100 Hz, on the right, data are presented as mean + SEM, F,.s=5.175,P=0.0195,
post hoc Tukey test: *P = 0.0288 (2 vs. 100 Hz), *P = 0.0431 (sham vs. 2 Hz), P = 0.9764 (sham vs 100 Hz); on the left, FZJ3 =3.768, P =0.0512, post
hoc Tukey test: P =0.1438 (2 vs. 100 Hz), P = 0.0505 (sham vs. 2 Hz), P = 0.8663 (sham vs. 100 Hz), n = 5-6, *P < 0.05, compared with 2 Hz. EA:
Electroacupuncture; PV: Paraventricular thalamic nucleus; SEM: Standard error of the mean; VL: Ventrolateral thalamic nucleus.
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group (10.82 = 1.426%) increased compared with that of
the sham (5.9 + 0.7714%) and 100 Hz (3.58 = 0.8345%)
group; however, no discernible difference was observed
among the three groups at the left VPL (Figure 3A-C).

Cortex nuclei are activated by EA at various frequencies

Seven brain regions were examined: the primary somato-
sensory cortex (S1), secondary somatosensory cortex (S2),
insular cortex (IC), cingulate cortex area 1 (Cgl), cingu-
late cortex area 2 (Cg2), PrL, and infralimbic cortex (IL).

No significant difference in the number of the TRAPed
neurons was observed among the sham, 2 Hz, and 100
Hz groups in bilateral Cg2, PrL, and IL, which spans
from bregma 1.42 to -0.22, 3.08 to 1.54, and 1.98 to
1.34, respectively [Supplementary Figures S5-S6, http://
links.Iww.com/AHM/A106].

The Cgl spans from bregma 2.34 to -0.22 in the left
Cgl, and the TRAPed neurons (41.30 = 3.859%) in the
2 Hz group were significantly higher than those of the
100 Hz groups (21.22 + 7.045%); the sham EA group
did not differ from the other two groups in any way.
However, in the right Cg1, no discernible difference was
observed among the three groups (Figure 4A-C).

The S1 spans from bregma 1.98 to -2.30. In the
left S1, the number of TRAPed neurons in 2 Hz
(111.9 £ 13.21%) group was substantially larger than
that of 100 Hz (71.85 = 10.97%) group; the sham EA
group did not differ from the other two groups. However,
in the right S1, the three groups did not differ signifi-
cantly (Figure 4D-F).

www.ahmedjournal.com

The S2 spans from bregma 0.98 to —1.82. The number
of 2 Hz TRAPed neurons (61.14 = 8.349%) increased
significantly compared with that of the sham group
(33.44 = 3.149%) and 100 Hz (31.46 = 4.678%) groups
in the right S2; however, in the left S2, no difference was
observed among the three groups (Figure 5A-C).

The IC spans from bregma 2.46 to -1.22. In the
bilateral IC, 2 Hz EA (left, 81.08 + 13.92%, right,
74.44 + 6.428%) activated more TRAPed neurons than
the sham (left, 36.80 = 8.865%, right, 35.62 = 5.656%)
and 100Hz (left,41.44 + 2.188%,right,42,18 = 5.969%)
groups did (Figure SD-F).

Activation of amygdala nuclei by EA at different
frequencies

We examined seven nuclei below the amygdala, including
the posterolateral cortical amygdaloid nucleus (PLCo),
basomedial amygdaloid nucleus (BM), basolateral amyg-
daloid nucleus (BLA), medial amygdaloid nucleus (Me),
lateral amygdaloid nucleus (La), posteromedial cortical
amygdaloid nucleus (PMCo), and CeA.

Bilateral PLCo, BM, BLA, Me, La, PMCo, and CeA
showed no appreciable variation in the number of
TRAPed neurons between the sham, 2 Hz, and 100 Hz
groups. The measurements were taken at different coor-
dinates along the bregma axis ranging from -1.22 to
-2.54, -0.58 to -2.54, -0.58 to -2.06, -0.70 to -2.18,
-0.70 to -2.30, -1.82 to -3.80, -0.58 to -1.94, respec-
tively [Figure 6A-F, Supplementary Figures S7-S9, http://
links.Iww.com/AHM/A107].
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Figure 3. Higher activation of VPL in the thalamus by 2 Hz EA. (A) A representative figure showing the location of VPL. (B) Representative images
of EA-TRAPed cells in the bilateral VPL in the different groups of mice, the scare bar: 200 um. (C) In the VPL, the number of TRAPed cells activated

by EA at 2 Hz on the right side was significantly higher than at sham and 100 Hz, data are presented as mean + SEM on the right, F,
P =1.0012, post hoc Tukey test: ¥ = 0.0010 (2 vs. 100 Hz), *P = 0.0161(sham vs. 2 Hz), P = 0.30083 (sham vs. 100 Hz); on the left, F,
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P =0.1043, post hoc Tukey test: P = 0.0883 (2 vs. 100 Hz), P = 0.4240 (sham vs. 2 Hz), P = 0.5652 (sham vs. 100 Hz), n = 5, *P < 0.05, **P < 0.01
compared with 2 Hz. EA: Electroacupuncture; SEM: Standard error of the mean; VPL: Ventral posterolateral thalamic nucleus.
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Figure 4. Higher activation of Cg1, S1 in the thalamus by 2 Hz EA. (A) A representative figure showing the location of Cg1. (B) Representative
images of EA-TRAPed cells in the bilateral Cg1 in the different groups of mice, the scare bar: 200 um. (C) In the Cg1, the number of TRAPed cells
activated by EA at 2 Hz on the left side was significantly higher than at 100 Hz, data are presented as mean + SEM, on the right, £, , = 3.325,
P =0.0710, post hoc Tukey test: P = 0.0626 (2 vs. 100 Hz), P = 0.2604 (sham vs. 2 Hz), P = 0.6620 (sham vs. 100 Hz); on the left, F, , = 4.606,
P =0.0328, post hoc Tukey test: *P = 0.0295 (2 vs. 100 Hz), P = 0.1441 (sham vs. 2 Hz), P = 0.6377 (sham vs. 100 Hz), n = 5. (D) A representative
figure showing the location of S1. (E) Representative images of EA-TRAPed cells in the bilateral S1 in the different groups of mice, the scare bar: 200
pum. (F) In the S1, the number of TRAPed cells activated by EA at 2 Hz on the left side was significantly higher than at 100 Hz, data are presented
as mean + SEM, on the right, F, |, = 3.425, P = 0.0698, post hoc Tukey test: P =0.0576 (2 vs. 100 Hz), P = 0.4461 (sham vs. 2 Hz), P = 0.3595
(sham vs. 100 Hz); on the left, F, = 3.996, P = 0.0496, post hoc Tukey test: *F = 0.0481 (2 vs. 100 Hz), P = 0.1703 (sham vs. 2 Hz), P = 0.6619
(sham vs 100 Hz), n = 4-5, *P < 0.05, compared with 2 Hz. Cg1: Cingulate cortex area 1; EA: Electroacupuncture; S1: Primary somatosensory
cortex; SEM: Standard error of the mean.
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Figure 5. Higher activation of S2, IC in the thalamus by 2 Hz EA. (A) A representative figure showing the location of S2. (B) Representative images
of EA-TRAPed cells in the bilateral S2 in the different groups of mice, the scare bar: 200 um. (C) In the S2, the number of TRAPed cells activated
by EA at 2 Hz on the right side was significantly higher than at sham, the number of TRAPed cells activated by EA at 2 Hz on the right side was
significantly higher than at 100 Hz, data are presented as mean = SEM, on the right, F, ,, = 8.138, P = 0.0058, post hoc Tukey test: **P = 0.0093
(2 vs. 100 Hz), *P = 0.0143 (sham vs. 2 Hz), P = 0.9687 (sham vs. 100 Hz); on the left, F, ,, = 3.745, P = 0.0545, post hoc Tukey test: P = 0.0838
(2 vs. 100 Hz), P > 0.9999 (sham vs. 2 Hz), P = 0.0838, n = 5. (D) A representative figure showing the location of IC. (E) Representative images of
EA-TRAPed cells in the bilateral IC in the different groups of mice, the scare bar: 200 pm. (F) In the IC, the number of TRAPed cells activated by EA
at 2 Hz on both sides was significantly higher than at sham, the number of TRAPed cells activated by EA at 2 Hz on both sides was significantly
higher than at 100 Hz, data are presented as mean + SEM, on the right, FEY12 =11.89, P =0.0014, post hoc Tukey test: #*P = 0.0068 (2 vs. 100 Hz),
**P =0.0018 (sham vs. 2 Hz), P = 0.7278 (sham vs. 100 Hz); on the left, F, ,, = 6.312, P = 0.0149, post hoc Tukey test: *P = 0.0318 (2 vs. 100 Hz),
*P =0.0242 (sham vs. 2 Hz), P = 0.9430 (sham vs. 100 Hz), n = 3, *P < 0.05, **P < 0.01 compared with 2 Hz. EA: Electroacupuncture; IC: Insular
cortex; S2: Secondary somatosensory cortex; SEM: Standard error of the mean.
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Figure 6. The activation level of PLCo and BM in the amygdala at different frequencies. (A) A representative figure showing the location of PLCo. (B)
Representative images of EA-TRAPed cells in the bilateral PLCo in the different groups of mice, the scare bar: 200 pm. (C) In the PLCo, no significant
difference between the three groups, data are presented as mean + SEM, on the right, F,s=0.2927, P =0.7539, post hoc Tukey test: P = 0.9305
(2 vs. 100 Hz), P = 0.7335 (sham vs. 2 Hz), P = 0.9048 (sham vs. 100 Hz); on the left, /—'218 =0.1096, P = 0.8975, post hoc Tukey test: P = 0.8893
(2 vs. 100 Hz), P =0.9851 (sham vs. 2 Hz), P =0.9622 (sham vs. 100 Hz), n = 3-4. (D) A representative figure showing the location of BM. (E)
Representative images of EA-TRAPed cells in the bilateral BM in the different groups of mice, the scare bar: 200 pm. (F) In the BM, no significant
difference between the three groups, on the right, data are presented as mean + SEM, F,.,=1.956, P=0.1918, post hoc Tukey test: P = 0.6535
(2 vs. 100 Hz), P = 0.1698 (sham vs. 2 Hz), P = 0.4908 (sham vs. 100 Hz); on the left, Fm =2.178, P=0.1596, post hoc Tukey test: P =0.1733

(2 vs. 100 Hz), P = 0.2428 (sham vs. 2 Hz), P = 0.9691 (sham vs. 100 Hz), n = 4-5. BM: Basomedial amygdaloid nucleus; EA: Electroacupuncture;
PLCo: Posterolateral cortical amygdaloid nucleus; SEM: Standard error of the mean.

Activation of hypothalamus nuclei by EA at different frequencies  were taken at different coordinates along the bregma

As for the hypothalamus, we examined three regions: the ~ aXis ranging frqm -1.34 to -2.18, -0.58 to -1.22, -1.06
dorsomedial hypothalamic nucleus (DM), paraventricu-  t0 -2.06 respectlvely [Figure 7A-F, Supplementary Figure
lar hypothalamic nucleus (Pa), and ventromedial hypo- 510, http://links.lww.com/AHM/A108].
thalamic nucleus (VMH).

No significant difference in the number of the TRAPed
neurons was observed among the sham, 2 Hz, and 100  The goal of EA is to control bodily functions through
Hz groups in bilateral DM, Pa, VMH, with measurements  acupuncture points**7, and the distinctiveness of each

Discussion
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Figure 7. The activation level of DM and Pa in the hypothalamic at different frequencies. (A) A representative figure showing the location of DM. (B)
Representative images of EA-TRAPed cells in the bilateral DM in the different groups of mice, the scare bar: 200 um. (C) In the DM, no significant dif-
ference between the three groups, data are presented as mean = SEM, on the right, F, , = 0.6417, P = 0.5489, post hoc Tukey test: P = 0.5293 (2
vs. 100 Hz), P = 0.7515 (sham vs. 2 Hz), P = 0.9230 (sham vs. 100 Hz); on the left, F, , = 1.436, P = 0.2876, post hoc Tukey test: P = 0.2737 (2 vs.
100 Hz), P = 0.8682 (shamvs. 2 Hz), P = 0.5129 (sham vs. 100 Hz), n = 4. (D) A representative figure showing the location of Pa. (E) Representative
images of EA-TRAPed cells in the bilateral Pa in the different groups of mice, the scare bar: 200 um. (F) In the Pa, no significant difference between
the three groups, data are presented as mean = SEM, on the right, F, ;= 0.6083, P = 0.5632, post hoc Tukey test: P =0.5832 (2 vs. 100 Hz),
P =0.6549 (shamvs. 2 Hz), P = 0.9969 (sham vs 100 Hz); on the left, F, ,, = 0.08173, P = 0.9221, post hoc Tukey test: F, , = 0.08173, P = 0.9221,
post hoc Tukey test: P =0.9704 (2 vs. 100 Hz), P = 0.9149 (sham vs. 2 Hz), P = 0.9800 (sham vs. 100 Hz), n = 4-5. DM: Dorsomedial hypothalamic
nucleus; EA: Electroacupuncture; Pa: Paraventricular hypothalamic nucleus; SEM: Standard error of the mean.

acupoint’s local anatomical structure defines how this  vagal-adrenal axis. PROKR2 cell activation is enriched in
method works***1. The ST36 point on the lateral edge  the deep layer of the ST36 acupoint area. When PROKR2
of the calf is the Xiahe point on the Foot-Yangming’s nerve cells were downregulated in the ST36 acupoint area
stomach meridian®®. ST36 is the most frequently used by optogenetic stimulation, analgesic and anti-inflamma-
acupoint for analgesia and the most frequently cho-  tory actions essentially disappeared®¥. This finding sup-
sen acupoint in acupuncture therapy®'=3. A study by  ports the use of acupuncture as a pain relief agent.

Harvard University’s Ma Qiufu team revealed that EA To determine the therapeutic effect of different frequen-
ST36 can activate the anti-inflammatory pathway of the  cies of EA on a variety of pains, we chose a low-frequency
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EA group with a parameter of 2 Hz and a high-frequency
EA group with a parameter of 100 Hz for comparison.
Clinical research has demonstrated the clinical efficacy
of EA for a range of pain frequencies. Senile postherpetic
neuralgia can be treated with EA on the Jiaji point (EX-
B2) with moxibustion on the Ashi point; compared with
high-frequency EA, low-frequency EA is more efficientss!.
Based on oral pregabalin use, additional EA therapy can
relieve anxiety, depression, and can improve sleep qual-
ity in patients with postherpetic neuralgia. EA with a
2/100 Hz sparse-dense wave has more significant effects
on pain and anxiety reduction than those of EA with
a 2 Hz continuous waveP®. Fundamental research has
revealed the mechanisms of high- and low-frequency EA
during analgesia. In comparison to high-frequency EA,
low-frequency EA enhances the level of c-Fos expression
in the arcuate nucleus (Arc)?!. In a rat slow transit con-
stipation model, EA at ST36 was able to lessen the colon
pathology and enhance the morphology of the intersti-
tial cells of Cajal. The treatment decreased the expres-
sion of PINK1, Parkin, Beclin1, and LC3 protein at the
gene level, but increased the expression of c-Kit and p62
protein, especially for high-frequency EAP7I. The mice’s
depressive-like behavior and cognitive abilities can be
partially improved by EA at 2, 15, and 100 HzP®%., We
found that although both 2 and 100 Hz were capable of
treating pain, such as inflammatory pain and neuropathic
pain%° 2 Hz EA is better at treating neuropathic pain
and 100 Hz EA is more suitable for treating inflamma-
tory pain®”, To target the clinical treatment of inflamma-
tory and neuropathic pain by high- and low-frequency
EA more precisely, we focused on evaluating potential
variations in the number of neuronal cells in the brain
regions between high- and low-frequency EA. Relying on
the expression of Fos* neurons in a whole-brain screen-
ing of EA-TRAPed neurons, we found that Cg1, S1, S2,
and IC in the cortex and PV, VL, and VPL in the thalamus
exhibited altered neuronal excitability levels. Compared
with high-frequency EA or sham EA, low-frequency EA
demonstrated an upregulation of excitability.

These brain regions have also received attention in
earlier studies, the cortex is a key brain region encod-
ing information about acute and chronic pain and neg-
ative emotions. In recent years, many researchers have
revealed the relationship between Cgl, S1, S2, and IC
in the cortex and neuropathic pain, inflammatory pain,
cancer pain, as well as pain-induced negative emo-
tions®-*¢l. Cg1 is one of the key nuclei for pain sen-
sation and negative emotions/®®’!, It is a widespread
recipient of inputs from the thalamus and can directly
modulate descending nociceptive inhibition, such as
the periaqueductal grey matter of the midbrain. Low-
frequency EA inhibits inflammatory pain by downreg-
ulating the level of CaMKII-Glu A1 phosphorylation,
p-CaMKII, as well as the pCaMKII-PICK1 complex
involved in EA analgesia””. Our team discovered that
EA reduced negative feelings and chronic inflammatory
pain by upregulating parvalbumin (PV) but not soma-
tostatin (SOM) in the Cg1?8, Aminobutyric acid recep-
tor type A (GABAA) and aminobutyric acid receptor
type A (GABAB) receptors mediated EA relief of neu-
ropathic pain in rats and the spinal GABA receptors
were involved in EA analgesial”’. Formalin-induced
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chronic pain in mice showed upregulated activation
of calcium signals in the S1 brain region, and 26.3%
of primary sensory cortex neurons were activated by
both pain and itch?. EA relieved neuropathic pain in
mice by reversing the upregulation of haptoglobin in
S1?71. Neuronal ensembles in the mouse IC activated
during distinct inflammatory conditions can retrieve
or suppress associated peripheral immunological
responses!”3l. Clinical studies have found that the local
brain activity of the left IC and its functional network
with the sensorimotor, cognitive, and executive brain
functions in the resting state of patients with asthma
are abnormal, and that EA can modulate the functional
connectivity of the left insula with the sensorimotor
and default networks to alleviate”*. GABAergic CeA
neurons project to glutamatergic parafascicular thala-
mus (PF) neurons, which project to neurons in S2, and
inhibition of this loop alleviates the comorbidity of
pain and depression!”*,

The thalamus receives projections from many ascend-
ing pain pathways and the somatosensory cortex
receives information from the thalamocortical path-
way!”®l. The thalamus consists of the major, medial dor-
sal, and anterior nuclei. The VP, which consists of the
VPL and VPM, has recently been recognized as a cru-
cial brain area for the control of pain and unpleasant
emotions. The VPL, the primary somatosensory nucleus
of the thalamus, receives and integrates pain informa-
tion while separating its affective and sensory compo-
nents!””l; Chronic pain is reduced by HCN2 channel
dysfunction and activation in the VPLGlu-STHLGIlu
thalamocortical circuit. Remifentanil produces post-
operative hyperalgesia by increasing T-type calcium
channel-dependent burst firing in VPL Glu neurons to
activate STHLGIu neurons!”, whereas low-frequency
EA reduces remifentanil-induced hyperalgesia by low-
ering the excitability of the VPL neurons!”!. Similarly,
the EA-TRAPed neurons were counted in the whole
brain, which were found to be directly activated by
EA, consistent with the previously reported finding that
the activation level of low-frequency EA is upregulated
compared with others. This could be connected to our
group’s findings that low-frequency EA works better for
treating neuropathic pain. The relationship between the
high activation level of low-frequency EA for Cgl, S1,
S2, IC, VPL, VL, and PV and the effectiveness of the
treatment of neuropathic pain needs to be explored in
future experiments to provide a more thorough justifi-
cation for the variations in clinical indications guided by
EA at different frequencies.

It is well known that the physiological characteris-
tics of the left and right brain are different®l. The left
brain is mainly engaged in logical thinking, whereas the
right brain is mainly engaged in figurative thinking, act-
ing as the source of creativity and the center of artis-
tic and experiential learning. The development of brain
potential focuses on the development of the right brain.
The left brain is the “native brain,” which records the
knowledge of human beings since birth and manages
recent and immediate information. The right brain is the
potential stimulation area, and suddenly shows signs in
the deeper layers of spiritual life. It is the area of explo-
sive creativity, and it not only has the magical ability to
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memorize but also has the ability to process information
at high speed. A developed right brain may suddenly be
struck with a kind of fantasy, a piece of innovation, and
an invention, etc. The right brain is a low-consumption
and high-efficiency working area, which does not need
a lot of energy to perform high-speed calculation of
complex mathematical problems, high-speed memory,
high-quality memory, with the ability to forget. A lot
of emotional behavior is also controlled by the right
brain®'. Due to the different physiological functions of
the left and right brain, responses to EA stimulation is
different. It is plausible that EA activates the left and
right brain differently because of the aforementioned
variations in physiological features.

The FosCreER system is used to clarify how neu-
rons are activated by different frequencies of EA, and
to investigate the differences between the activation
levels of high-frequency and low-frequency EA in brain
regions. We established a genetic method to visualize
EA-activated neurons. The differences between high-
and low-frequency EA were demonstrated at the level of
neurons, and the findings of the study indicated that dif-
ferent brain regions have different EA activation levels.
These findings have laid the groundwork for the use of
EA in the treatment of clinical disorders (Figure 8).

This study has several limitations. First, there are
many factors affecting the therapeutic effect of EA,
such as intensity, treatment time, and acupoints; how-
ever, this experiment only demonstrated the effect of

www.ahmedjournal.com

different frequencies of EA on the degree of activation
of brain areas. Second, EA activates some nuclei; how-
ever, whether EA analgesia is related to the activation
of these nuclei needs to be explored. Third, the mech-
anism by which EA activates these nuclei and whether
it is mediated by certain substances have not been
explored.

Conclusion

Based on the above results, both high- and low-frequency
EA, as well as sham EA, can directly activate brain
regions. Low-frequency EA resulted in better activa-
tion of the VPL, VL, and PV in the thalamus, as well
as Cgl, S1, S2, and IC in the cortex, suggesting that
the frequency of EA may be a crucial parameter in EA
treatment.
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