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Pyramidal and parvalbumin neurons
modulate the process of electroacupuncture
stimulation for stroke rehabilitation

Xiaorong Tang,1,5 Jiahui Shi,1,5 Shumin Lin,1,5 Zhiyin He,1 Shuai Cui,2,3 Wenhui Di,1 Siyun Chen,1 Junshang Wu,1

Si Yuan,1 Qiuping Ye,1 Xiaoyun Yang,1 Ying Shang,1 Zhaoxiang Zhang,4 Lin Wang,1 Liming Lu,1 Chunzhi Tang,1

Nenggui Xu,1,* and Lulu Yao1,6,*
SUMMARY

Electroacupuncture (EA) stimulation has been shown to be beneficial in stroke rehabilitation; however, lit-
tle is known about the neurological mechanism by which this peripheral stimulation approach treats for
stroke. This study showed that both pyramidal and parvalbumin (PV) neuronal activity increased in the
contralesional primary motor cortex forelimb motor area (M1FL) after ischemic stroke induced by focal
unilateral occlusion in the M1FL. EA stimulation reduced pyramidal neuronal activity and increased PV
neuronal activity. These results were obtained by a combination of fiber photometry recordings, in vivo
and in vitro electrophysiological recordings, and immunofluorescence. Moreover, EA was found to regu-
late the expression/function of N-methyl-D-aspartate receptors (NMDARs) altered by stroke pathology.
In summary, our findings suggest that EA could restore disturbed neuronal activity through the regulation
of the activity of pyramidal and PV neurons. Furthermore, NMDARswe shown to play an important role in
EA-mediated improvements in sensorimotor ability during stroke rehabilitation.

INTRODUCTION

Stroke is one of the leading causes of death and disability worldwide.1 The global cost of stroke is over 721 billion dollars annually.2 By 2030,

stroke is estimated to cause up to 12million deaths, with more than 200million disability adjusted life years lost globally.3 Of the stroke cases,

ischemic stroke accounts for 88%, with unilateral stroke accounting for approximately 40%.4 Although improvements in stroke management

could increase survival, many patients with stroke would suffer from persistent neurological deficits such as dyskinesia, paresis, aphasia,

apraxia, or neglect.5 Recently, numerous efforts have been focused on the field of neurorehabilitation regarding the development of adjunct

therapies to promote functional recovery after stroke, such as transcranial magnetic stimulation, theta-burst stimulation, transcranial electric

stimulation, mirror image movement enabler, and robot-assisted rehabilitation devices.6,7 In addition, acupuncture therapy has shown

encouraging results in clinical research and meta-analyses on patients with stroke.8,9 Furthermore, electroacupuncture (EA) stimulation

may exert neuroprotective effects via activating the neurons near ischemic foci, alleviating glutamate excitotoxicity, enhancing cerebral blood

flow, and regulating oxidative stress, inflammation, growth factors, and neuronal death signaling pathways following ischemic brain

injury.10–12 However, during the EA-mediated promotion of stroke rehabilitation, the role of neuronal activity in the bilateral hemisphere re-

mains to be systematically explored.

Human functional imaging studies have identified a key role of the contralesional hemisphere during stroke recovery, which has

been reported to be associated with enhanced neuronal activity in patients.13,14 Both clinical and preclinical studies have suggested

that an improvement in neuronal activity was associated with favorable recovery in both the contralesional and ipsilateral hemi-

spheres.15–17 Neuronal activity in the central nervous system (CNS) was attributed to the activity of pyramidal and inhibitory neurons,

which constitute 80% and 20%, respectively, of the neurons in the cortical areas.18 Pyramidal neurons are the principal excitatory neu-

rons and serve as the core of cognitive function, sensory perception, and consciousness. Among the inhibitory neurons, parvalbumin

(PV) neurons constitute approximately 40% of cortical interneurons and are known to innervate the axon initial segment of pyramidal

neurons in a strategical region where the action potential is generated.19 They primarily govern cortical pyramidal cells and play a
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Figure 1. EA could restore M1FL infarction-induced forelimb dysfunction in mice

(A) Schematic of Photothrombotic model surgery.

(B) Schematic of EA stimulation. A concentric EA needle (4 0.53 10 mm) was inserted at GV14 and EA stimulation was performed with the electric current of 1.0

mA and the frequency of 2 Hz.

(C) Schematic of Grid Walking Test. Foot fault rate was quantified by formula (foot faults/total steps * 100%) of the affected forelimb paw.

(D and E) EA stimulation rescues the increased of foot fault rate after stroke in mice. (n = 10 mice per group).

(F) Schematic of Adhesive Sticker Removal Test. Adhesive touch was recorded the time for mice to notice the adhesive paper on their affected forelimb paw.

Adhesive remove was recorded the time for mice to remove the adhesive paper on their affected forelimb paw.

(G–J) EA stimulation rescue the increased of notice and remove the adhesive paper time after stroke in mice. (n = 8 mice per group).

(K) Schematic of Forelimb Grip Strength Test. Grip strength was recorded the grip value of mice forelimb paw by the Grip Tester.

(L and M) EA stimulation rescues the decreased of grip value after stroke in mice. (n = 8 mice per group). (D to M) Two-way analysis of variance (ANOVA) with

Tukey post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Stroke+EA vs. Sham+EA: ###p < 0.001, ##p < 0.01, #p < 0.05; Stroke+EA vs.

Stroke+shamEA: &&p < 0.01, &p < 0.05. All data are represented by meanGSEM.
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significant role in maintaining the finely tuned balance of excitation–inhibition within the brain.20,21 Therefore, both pyramidal and PV

neurons have been analyzed regarding their regulation of the excitability of the entire brain.20,22

Impaired motor function was reported to be related to the pathological alteration of pyramidal and PV neurons.23,24 In the context of

ischemic stroke, pyramidal neurons are not only involved in the downstream conduction of motor dominion, sending their axons downwards

to the spinal cord to drive themuscles, but they also profoundly impact the contralesional homotopic brain area.25 Simultaneously, loss of the

inhibitory functional capacity within PV neurons may lead to a decrease in the control of pyramidal neuronal activity and a reduction in con-

nectivity within larger brain networks.26 Understanding the pathological changes of pyramidal and PV neurons is important in the stroke re-

covery. Therefore, unraveling the role of pyramidal and PV neurons during both the acute and recovery stages of stroke could strengthen our

knowledge of EA-mediated improvements in stroke rehabilitation.

The N-methyl-D-aspartate receptor (NMDAR) is a glutamatergic neurotransmitter receptor that plays a critical role in physiological

function and pathophysiological conditions, such as stroke and schizophrenia.27,28 The NMDAR is a heterotetrameric complex with

two glycine-binding GluN1 subunits and two glutamate-binding GluN2 subunits.29 It was suggested that the NR2A subunit is related

to better recovery following stroke, while the NR2B subunit is associated with worse recovery. The dual roles of NMDARs in neuronal

survival and death may depend on the subcellular locations and subtypes of the receptors that are activated.30 Therefore, this study

aimed to investigate the function of NMDARs and the expression of different GluN2 subunits of NMDAR in EA-mediated stroke

recovery.

In the study, in a mouse model of unilateral cortical stroke induced by photothrombotic surgery, we observed enhanced pyramidal

neuronal activity and attenuated PV neuronal activity in the contralesional cortex both in vivo and in vitro. The important role of pyramidal

and PV neurons during stroke recovery was further confirmed by chemogenetic manipulation. Furthermore, with a combination of electro-

physiological recordings and western blotting assays, our findings suggested that NR2A and NR2B in the contralesional cortex were involved

in EA-mediated improvements in stroke rehabilitation.
RESULTS

Electroacupuncture restored primary motor cortex forelimb motor area infarction-induced sensorimotor dysfunction

To establish a mouse unilateral ischemic stroke model with forelimb sensorimotor dysfunction, we performed photothrombotic surgery on

the right primary motor cortex forelimbmotor area (M1FL) (A/P: 0.74 mm,M/L: 1.5 mm) (Figures 1A and 1B).31 Laser speckle contrast imaging

(LSCI) detection showed that the blood flow in the right M1FL (infarcted area) was significantly reduced after stroke surgery, and triphenylte-

trazolium chloride (TTC) staining represented the obvious ischemic foci (Figures S1A and S1B), whichwas not present in sham surgery animals.

In the behavioral experiments testing the sensorimotor function, including the grid walking test, adhesive sticker removal test, and forelimb

grip strength test, mice with stroke showed a significant increase in foot fault rate, adhesive paper touch time, adhesive paper remove time,

and a decrease in grip strength (Figures S1C–S1F). Furthermore, only the ability of the left forelimb was impaired with infarction in the right

M1FL (Figure S1G). These results suggest that the photothrombotic stroke mouse model induced by focal infarction with sensorimotor

dysfunction was successfully established.

We next assessed whether EA stimulation could promote recovery of sensorimotor function following stroke and identified the

optimal frequency for treatment. Previous clinical studies suggested that EA at 2 Hz, 50 Hz, or 100 Hz could promote functional recovery,

and these three frequencies have often been selected for acupuncture treatment for other diseases, including pain, opioid addiction,

insomnia, and polycystic ovary syndrome.32–35 In this case, we validated the efficacy of the different frequencies (2 Hz, 50 Hz, and

100 Hz) of EA by performing the behavioral experiments. In the grid walking test, EA with 2 Hz was more effective than that with

100 Hz on EA 1D, 50 Hz on EA 7D, or 100 Hz on EA 7D (Figures S2A and S2B). The adhesive paper touch time and adhesive paper

removal time showed similar results (Figures S2C–S2F). Together, EA with 2 Hz could improve sensorimotor-related function after stroke,

including reducing the foot fault rate, adhesive paper touch time, adhesive paper removal time, and improving grip strength

(Figures 1C–1M). Thus, EA stimulation with 2 Hz was used for further investigations to identify the mechanism underlying EA-mediated

improvements in stroke functional recovery.
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Figure 2. EA restores the stroke infarction-induced dysfunction of neuronal activity in vivo and expression of CAMKIIa/PV in the contralesional M1FL

(A) In mice with successful virus expression, calcium signal activity of neurons was recorded before and after stroke surgery, EA 1 day, EA 3 days, and EA 7 days,

respectively.

(B) Schematic of fiber photometry of Ca2+ signals. The specific expression of GCaMP6s (green) in M1FL. Dashed lines indicated the region of inserting the optic

fiber (Scale bar, 500 mm).

(C and E) Representative raw calcium signal traces (top, DF/F) and heatmaps illustrating the pyramidal/PV neurons Ca2+ signal changes (bottom). Scale bar, DF/F:

10%, time: 2 s.

(D) The Ca2+ signal of contralesional M1FL pyramidal neurons were increased in stroke mice, and EA can then rescue it. (n = 6mice in Sham+EA/sham EA group;

n = 7 mice in Stroke+EA/sham EA group).

(F) The Ca2+ signal of contralesional M1FL PV neurons were decreased in stroke mice, and EA can then rescue it (n = 6 mice in Sham+EA/sham EA group; n = 7

mice in Stroke+ EA group; n = 8 mice in Stroke+sham EA group).

(G and H) Representative images of the CAMKIIa neurons in M1FL (Scale bar, 20 mm). The expression of CAMKIIa in contralesional M1FL was increased in stroke

mice, and EA can then rescue it (n = 12 slices per group).

(I and J) Representative images of the PV neurons in M1FL (Scale bar, 50 mm). The expression of PV in contralesional M1FL was decreased in stroke mice, and EA

can then rescue it (n = 12 slices per group).

(D and F) Two-way analysis of variance (ANOVA) with Tukey post hoc test.

(H and J) One-way analysis of variance (ANOVA) with Tukey post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Stroke+EA vs. Sham+EA: #p < 0.05;
##p < 0.01, ###p < 0.001; Stroke+EA vs. Stroke+shamEA: &&p < 0.01, &&&p < 0.001. All data are represented by meanGSEM.
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Electroacupuncture restored the stroke-induced disturbance of pyramidal and parvalbumin neuronal activity in vivo and

in vitro

With consideration that functional recovery is tightly associatedwith neuronal activity,16 we detected the neuronal activity reflecting theM1FL-

mediated sensorimotor function using a fiber photometry recording technique by recording the activity of GCaMP6s-expressing pyramidal

neurons or PV neurons in response to a grip stimulus at the forelimbs (Figures 2A and 2B). Specifically, we injected rAAV-CAMKIIa-GCaMP6s

virus into the M1FL region in C57BL/6J mice to detect Ca2+ signals, representing pyramidal neuronal activity, and injected the rAAV-CAG-

DIO-GCaMP6s virus into PV-Cre mice to monitor PV neuronal activity. The Ca2+ signaling in pyramidal neurons was obviously increased in

stroke mice following the grip stimulus, and EA could alleviate this increase after the EA 3D and 7D (Figures 2C and 2D). The Ca2+ signal

of PV neurons was significantly decreased in stroke mice, and EA could improve the attenuated PV neuronal activity (Figures 2E and 2F).

Furthermore, sham EA in the stroke mice showed no effect after either 3D or 7D (Figures 2C–2F). Together, these results showed that EA

could reduce pyramidal neuronal activity and increase PV neuronal activity in the contralesional M1FL after stroke.

To assess whether this disturbed neuronal activity in stroke was related to the expression level of pyramidal neurons and PV neurons, we

performed immunofluorescence experiments to quantify the density of pyramidal and PV neurons with antibodies against CaMKIIa and PV

after 1D or 7D following stroke surgery, respectively.36,37 The number of pyramidal neurons was significantly increased in the stroke mice

compared with that in mice with sham surgery, whereas PV neurons were conversely significantly decreased (Figures 2G–2J); this pathology

could be recovered by EA stimulation. We observed no significant alteration of pyramidal and PV neurons in sham surgery mice (Figures 2G–

2J). These results suggest that the expression level of pyramidal and PV neurons may contribute to the alteration of neuronal activity.

Given that the intrinsic excitability of neurons was also a factor in the modulation of neuronal activity, we detected the intrinsic excitability

by in vitro slice patch-clamp recording in pyramidal neurons, labeled as Enhanced Green Fluorescent Protein (EGFP) using the virus with

CaMKIIa as the promoter, and PV neurons, labeled as tdTomato using PV-TD transgenic mice (Figures 3A, 3B, S3A, and S3B). The results

demonstrated that the parameters of the action potentials recorded from pyramidal neurons did not show any changes in either the 1D

or 7D (Figures 3C–3E, S3C, and S3D). The frequency of action potentials firing and input resistance of PV neurons was attenuated after stroke;

EA showed a tendency of recovery of this attenuation in the 1D and 7D (Figures 3F–3H, S3E, and S3F). In summary, enhanced pyramidal

neuronal activity may be due to the increased expression of the neurons, while impaired PV neuronal activity may be attributed to both

decreased expression and attenuated intrinsic excitability.
Electroacupuncture-mediated improvements were affected by the chemogenetic modulation of neuronal activity in the

pyramidal and parvalbumin neurons

The above observations suggest that pyramidal and PV neuronal activity in the contralesional M1FL participates in EA-mediated stroke re-

covery. Therefore, we further validated the role of pyramidal and PV neuronal activity in this process by the chemogenetic modulation

(Figures 4A and 4B). Specifically, we injected the AAV-hM4Di and AAV-hM3Dq virus into the contralesional M1FL to inhibit/excite M1FL py-

ramidal/PV neurons, respectively, and injected the AAV-EGFP virus as a control. We found that the inhibition of pyramidal neurons by inject-

ing CaMKIIa-hM4D(Gi)-EGFP (CaMKIIa-hM4Di) can significantly improve the stroke recovery (Figures 4C and 4D). Furthermore, inhibiting PV

neurons by injecting DIO-hM4D(Gi) (DIO-hM4Di) prevented rehabilitation (Figures 4E and 4F), and activating PV neurons by injecting DIO-

hM3D(Gq) (DIO-hM3Dq) improved stroke recovery (Figures 4G and 4H).

Furthermore, EA plus inhibition of pyramidal neurons wasmore effective in the improvements of sensorimotor function than the inhibition

of pyramidal neurons alone (Figures 4C and 4D), which suggests that there might be other factors participating in EA-mediated modulation

besides the pyramidal neurons. Inhibition of PV neurons could partly reduce the effect of EA, and the activation of PV neurons combined with

EAwas shown to bemore effective than the activation of PV neurons alone (Figures 4G and 4H). These results suggest that PV neuronal activity
iScience 27, 109695, May 17, 2024 5



Figure 3. EA restore the stroke induced dysfunction of neuronal excitability in the contralesional M1FL in vitro

(A) In vitro electrophysiological was recorded in contralesionaM1FL mice which receiving EA or shamEA after stroke surgery 1D and 7D.

(B) Schematic of in vitro electrophysiological. The action electricity of pyramidal neuron and PV neuron was recorded respectively.

(C and F) Representative traces of pyramidal/PV neuron Action potential.

(D) The resting potential and spike firing frequency induced by 300 pA in pyramidal neurons were no significant difference among the groups at EA1D

(Sham+shamEA, n = 12 cells/3 mice; Sham+EA, n = 7 cells/3 mice; Stroke+shamEA, n = 17 cells/3 mice; Stroke+EA, n = 9 cells/3 mice).

(E) The resting potential and spike firing frequency induced by 300 pA in pyramidal neurons were no significant difference among the groups at EA7D.

(Sham+shamEA, n = 11 cells/3 mice; Sham+EA, n = 13 cells/3 mice; Stroke+shamEA, n = 11 cells/3 mice; Stroke+EA, n = 14 cells/3 mice).

(G) The spike firing frequency induced by 300 pA in PV neurons was decreased in stroke mice, and EA can then rescue it at EA1D. (Sham+shamEA, n = 10 cells/3

mice; Sham+EA, n = 13 cells/3 mice; Stroke+shamEA, n = 14 cells/3 mice; Stroke+EA, n = 16 cells/3 mice).
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Figure 3. Continued

(H) EA could promote the resting potential induced by 300 pA in PV neurons at Stroke 7D (Sham+shamEA, n = 10 cells/3 mice; Sham+EA, n = 9 cells/3 mice;

Stroke+shamEA, n = 11 cells/3 mice; Stroke+EA, n = 12 cells/3 mice).

(D, E, G and H) One-way analysis of variance (ANOVA) with Tukey post hoc test, *p < 0.05, **p < 0.01. All data are represented by meanGSEM.
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could be also involved in the EA-mediated regulation of improvements in stroke functional recovery, in addition to the pyramidal neurons.We

also observed that the injection of the control virus did not affect recovery after stroke and the efficacy of EA stimulation (Figure S4). Immu-

nofluorescence and patch clamp validations confirmed that chemogenetics can regulate the activity of virus-labeled neurons (Figure S5). In

summary, both pyramidal and PV neurons together contribute to the stroke pathology and EA-mediated improvements in stroke function.
Alteration of neuronal activity during electroacupuncture may be associated with N-methyl-D-aspartate receptor function

NMDAR is known to be a double-edge sword in stroke pathogenesis. As an excitatory glutamate receptor in the Central nervous system

(CNS), it is associated with the modulation of neuronal activity; thus, we next aimed to assess the expression/function of NMDARs.38–41

The activation of NMDARs requires glutamate binding. We first detected the glutamate level using the iGluSnFR sensor via fiber photometry

recording,42,43 which showed there was no significant alteration before and after EA in stroke surgery mice following the grip stimulus

(Figures 5A and 5B). This result suggests that the glutamate level among these groups, including sham, stroke, and EA, remained comparable.

Next, we investigated whether NMDAR function was altered in vitro using slice patch-clamp recordings. Measuring the a-amino-3-hydroxy-5-

methyl-4-isoxazole-propionic acid receptor (AMPAR)/NMDAR ratio is widely used to assess the function of AMPARs or NMDARs. The result

showed that a significant decrease in the AMPAR/NMDAR ratio in stroke 1D but not in stroke 7D. Interestingly, the AMPAR/NMDAR ratio in

the stroke plus EA 1D group was similar to that in the control group. It is indicated that EA stimulation could, to some extent, reverse the

decrease in the AMPAR/NMDAR ratio following stroke (Figures 5C and 5D). To explore the potential contribution of AMPARs to the

AMPAR/NMDAR ratio, we further measured the miniature excitatory postsynaptic currents (mEPSCs), which are mostly mediated by AM-

PARs.44 The increased amplitude of mEPSCs in stroke 1D suggested the enhanced function of AMPARs; thus, a decrease in the AMPAR/

NMDAR ratio was mainly due to the augmentation of NMDAR-mediated responses in stroke 1D (Figures 5E and 5F). Considering that the

density of NMDARs may contribute to NMDAR-mediated responses, we next assessed the levels of NR2A and NR2B in the contralesional

M1FL (Figures 5G–5J). We found that the expression of NR2B increased after stroke 1D, while EA could restore its expression (Figures 5G

and 5H), which could account for the enhanced NMDAR-mediated response. In contrast, the expression of NR2A in the contralesional

M1FL decreased after stroke 7D, and EA could restore its expression (Figures 5I and 5J). These results suggest that disturbance of NR2A

and NR2B expression could participate in the dysregulation of neuronal activity and thus in the EA-mediated improvement of stroke func-

tional recovery.

Next, we utilized pharmacological experiments in conjunction with optical fiber recordings for validating the role of NR2A andNR2B in the

neuronal activity in vivo. The results revealed that the both pyramidal and PV neuronal activity was significantly reduced by intraperitoneal

injection the NMDAR antagonist, TCN-201 (10 mg/kg solution in DMSO, an antagonist widely used to block the NR2A-containing

NMDARs) or Ro25 (10 mg/kg solution in DMSO, an antagonist widely used to block the NR2B-containing NMDARs) (Figure S6). These results

suggest that both the NR2A and NR2B-containing NMDARs could regulate pyramidal and PV neuronal activity in vivo.
Disturbed neuronal activity in the contralesional motor cortex forelimb motor area was potentially associated with the

pathology in the ipsilateral motor cortex forelimb motor area via callosum mediated-inter-inhibition

Above results demonstrated that neuronal activity in the contralesional brain regions during stroke pathogenesis was dysregulated and could

be improved by EA. The mechanism of how these pathologies in the contralesional regions occurred is very likely to be an alteration in the

infarcted hemisphere; bilateral brain regions tightly interact via the corpus callosum, which could mediate the interhemispheric inhibition.45

To directly investigate the inter-inhibition from the infarcted site to the contralesional regions, we locally injected muscimol (0.9 mL of 10 mM

muscimol solution in saline), an agonist of the g-Aminobutyric acid sub-type A (GABAA) receptor,
46 into the right M1FL (ipsilateral regions),

and then implanted an electrode in the left M1FL (contralesional regions) to detect the spike firing using in vivo electrophysiological record-

ings (Figures 6A and 6B). The results showed that the pyramidal and PV neuronal activity in the left M1FL increased after enhancing the in-

hibition in the right M1FL (Figures 6C–6E). Next, we observed changes in the spike firing frequency of contralesional neurons after stroke

surgery and EA stimulation. The results indicated that the mutual inhibition function of bilateral brain neurons is significantly reduced after

stroke; EA could reverse this change (Figures 6F–6G).We then examined the expression of pyramidal and PV neurons to validate this impaired

neuronal activity in the ipsilateralM1FL.Opposite to the results from the contralesional side (Figure 2), the number of pyramidal neurons in the

ipsilateral M1FL was significantly decreased in the stroke mice (Figure 6H), whereas the expression of PV neurons was increased (Figure 6I).

Taken together, these results indicate that EA could counteract the change in enhanced neuronal activity in the contralesional M1FL, which

may be attributed to impaired inter-inhibition from the infarcted site to the contralesional regions following a stroke.
DISCUSSION

Our study results showed that EA could reduce pyramidal neuronal activity with an increase in PV neuronal activity in the contralesional M1FL,

and further suggested that the NR2A and NR2B subunits of NMDARs contribute to the EA-mediated regulation of the disturbed neuronal
iScience 27, 109695, May 17, 2024 7



Figure 4. Both pyramidal and PV neurons contributed to the stroke pathogenesis and EA-mediated recovery

(A) Experimental procedure of chemogenetically. Chemogeneticmanipulation was used inmice successfully expressing the virus, before and after stroke surgery,

EA 1 day, EA 3 days, and EA 7 days to observe the EA effect and recovery after stroke (CNO: 5 mg/kg).

(B) The expression of hM4Di-EGFP (green) in M1FL (Scale bar, 500 mm).

(C and D) Chemo-inhibiting the pyramidal neurons can improve recovery in mice after stroke surgery, comparable to the effect of EA. And EA with

the inhibition of pyramidal neurons was more effective to the recovery of sensorimotor function than that with the chemogenetic manipulation alone

(n = 7 mice in Sham+shamEA+CNO/Sham+shamEA+saline, n = 9 mice in Stroke+shamEA+CNO/Stroke+EA+CNO, n = 10 mice in Stroke+shamEA/

Stroke+EA).

(E and F) Chemo-inhibiting the PV neurons exacerbated the stroke-like behaviors in mice. And the inhibition of PV neurons could reduce the effect of EA to some

extent (n = 7 mice in Sham+shamEA+CNO/Sham+shamEA+saline, n = 9 mice in Stroke+shamEA+CNO/Stroke+EA+CNO, n = 10 mice in Stroke+shamEA/

Stroke+EA).

(G and H) Chemo-activating the PV neurons improved the stroke recovery, but this improvement was significantly weaker than that with EA stimulation. EA

with the activation of PV neurons was more effective to the recovery of sensorimotor function than that with the chemogenetic manipulation alone (n = 7

mice in Sham+shamEA+CNO/Stroke+shamEA+CNO, n = 8 mice in Stroke+EA+CNO, n = 10 mice in Stroke+shamEA/Stroke+EA). (C to H) Two-way

ll
OPEN ACCESS

8 iScience 27, 109695, May 17, 2024

iScience
Article



Figure 4. Continued

analysis of variance (ANOVA) with Tukey post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Stroke+EA vs. Stroke+shamEA+CNO: ####p < 0.0001,
###p < 0.001, #p < 0.05; Stroke+EA vs. Stroke+EA+CNO: &p < 0.05; Stroke+EA+CNO vs. Stroke+shamEA+CNO: ^^^p < 0.001, ^^p < 0.01, ^p < 0.05; Stroke+

shamEA+CNO vs. Stroke+shamEA: $$$p < 0.001, $$p < 0.01, $ p < 0.05. Recordings were performed on mice during the 9-11th week after birth. All data are

represented by meanGSEM.
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activity induced by stroke. These findings have deepened our understanding of the changes of excitatory and inhibitory neurons in the con-

tralesional M1FL after stroke, and it is meaningful for exploring the mechanism by which EA promotes stroke recovery.

In recent decades, acupuncture has been demonstrated to improve functional recovery after stroke in clinical neurorehabilitation.47 Dazhui

(GV14) is acupoint commonly used for stroke treatment, which is located on the ‘‘Du meridian.’’10 Although preclinical studies have shown

potential mechanisms underlying acupuncture treatment in patients undergoing stroke rehabilitation, themechanism has not been fully eluci-

dated.48,49 Therefore, we chose the Dazhui acupoint located on the ‘‘Dumeridian’’ as the stimulation acupoint. Furthermore, the frequency of

EA stimulation is a crucial factor in determining the efficacy of functional recovery. As has been indicated in previous studies, EA stimulation at

frequencies of 2 Hz, 50 Hz, and 100 Hz has been shown to improve sensorimotor function following stroke.31 On the other hand, these three

frequencies are often selected for acupuncture stimulation, such as in the treatment of pain, opioid addiction, insomnia, and polycystic ovary

syndrome.32–35,50 However, there is a lack of further basic research to demonstrate which parameter is more effective following stroke.

Through observations made in this study, we found that 2 Hz was the optimal frequency for EA stimulation to effectively improve sensori-

motor-related function following stroke. These results can guide clinicians in using EA stimulation as a therapeutic in stroke rehabilitation

and provide advice on stimulation frequency.

Ischemia foci causes alterations in the patterns of behavior movement activity that could extend beyond peri-infarct areas into somato-

topic regions of the unaffected hemisphere as early as 30 min after stroke onset.51,52 The contralesional hemisphere after unilateral stroke

have been shown to be an important factor in functional reorganization during recovery.14 Hence, comprehending the alterations in neuronal

activity within the contralesional hemisphere during stroke and recovery is of paramount importance. Inhibitory neocortical interneurons

comprise a very diverse group of cells, including those that produce cholecystokinin, somatostatin, and vasoactive intestinal peptide.53

Among them, PV neurons are the largest class, accounting for approximately 40%of such neurons, and are important in controlling excitability

in the entire brain.19 Meanwhile, evidence has demonstrated that PV interneurons are associated with stroke pathophysiology due to their

tight modulation of the excitation–inhibition balance.24,26 Thus, PV subset inhibitory neurons was selected in this study. The role of other

inhibitory neuronal types in the pathogenesis of stroke or the underlyingmechanismof EA-mediated therapy requires investigation in a future

study.

In the present study, in vivo and in vitro results demonstrated that the unilateral photothrombotic surgery modeling resulted in the poten-

tiation of the pyramidal neuronal activity and attenuation of PV neuronal activity in the contralesional hemisphere. This result is consistent with

previous human functional imaging studies showing increased activity of the healthy cortex after stroke.54,55 In addition, our previously pub-

lished results demonstrated a decline in the spontaneous spiking of excitatory neuronal activity in the contralesional M1; this inconsistency

may be due to the methods used to detect neuronal activity.31 Previous research utilizing multi-channel electrophysiological techniques was

primarily focused on recording neuronal activity in mice under a static state. In contrast, this study employed behavioral motion coupled with

optic fiber calcium imaging recording, primarily focusing on neuronal activity in functional states. Under motion states, M1FL neurons will

interact with more brain regions, hence the divergence in the two research results. Of note, the results obtained by in vitro electrophysiolog-

ical recordings suggested that the intrinsic excitability of the pyramidal neurons was not altered in the stroke or EA treatment, which was

consistent with the findings of a previous study,31 while the activity of PV neurons was attenuated after stroke. Our hypothesis is that the dif-

ferential susceptibility of pyramidal and PV neurons to ischemic-like conditions is the main contributor to this phenomenon. Nahar et al. pre-

viously reported that PV interneurons are more vulnerable to the effects of oxygen glucose deprivation compared to pyramidal neurons, and

the dendrites of PV interneurons exhibited more pathological beading than those of pyramidal neurons, indicating a greater degree of

neuronal damage.20 Neuronal excitability is determined by two factors, synaptic input and intrinsic excitability.56 Our in vivo data demon-

strated increased neuronal activity, which may be mostly attributable to synaptic input, while this input was not present in vitro. Bojana Ko-

kinovic et al. also indicated that post-stroke recovery of sensory responsiveness is largely a result of changes in the synaptic inputs received by

neurons in the stroke periphery rather than changes in their intrinsic excitability.46

Next, we investigated the mechanism underlying the change of the contralesional hemisphere related to the ipsilateral foci using in vivo

multichannel electrophysiology and immunofluorescence. We locally injected muscimol into the infarcted site to silence the unilateral M1FL,

which resulted in a significant increase in neuronal activity on the contralesional side.46 This disinhibition from ipsilateral regions to contrale-

sional M1FL was decreased following stroke, indicating that enhanced activation in the contralesional M1FL may be attributed to impaired

inter-inhibition from the infarcted site to the contralesional regions. Subsequently, our results showed that unilateral photothrombotic surgery

modeling resulted in the decreased expression of ipsilateral CaMKIIa and increased expression of PV. Zhang et al. have shown that isolated

neocortex protein extracts from rats after global cerebral ischemia exhibited increased CaMKIIa immunoreactivity, which peaked at 30 min

after reperfusion in the crude synaptosomal fraction.57 On the other hand, Shohei et al. reported that CaMKIIa expression levels in the cyto-

solic fraction decreased by 20–40% in the penumbra and by 80% in the ischemic core area after 24 h reperfusion.58 It is plausible that this

phenomenonmay be attributed to the swift recruiting of CAMKIIa at synapticmembranes subsequent to stroke, inducing neurodegeneration

and fragmentation, ultimately leading to the reduced count of CaMKIIa neurons that survive 24 h after stroke. Regarding PV expression, we
iScience 27, 109695, May 17, 2024 9



Figure 5. The alteration of neuronal activity during EA-mediated effect might be associated with the function of NMDARs

(A) Representative raw glutamate signal traces (DF/F). Scale bar, DF/F: 1%, time: 2 s.

(B) The glutamate level does not change significantly before and after EA in stroke-surgery mice following grip stimulus (n = 8 mice per group).

(C and D) AMPAR/NMDAR ratio was decreased at stroke 1D but not in the stroke 7D, and it does not change after EA stimulation (n = 9 cells from 3

Sham+shamEA/Sham+EA mice, n = 10 cells from 3 Stroke+shamEA/Stroke+EA mice).
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Figure 5. Continued

(E and F) The amplitude of mEPSCs was increased at stroke 1D but not in the stroke 7D, and it does not happen after EA stimulation (n = 12 cells from 3

Sham+shamEA/Sham+EA mice, n = 11 cells from 3 Stroke+shamEA/Stroke+EA mice).

(G andH) Representative western blot andNR2B in the contralesional M1FL increased after stroke 1D, while acute EA could restore its expression level (n= 6mice

per group).

(I and J) Representative western blot andNR2A in the contralesional M1FL decreased after stroke 7D, and chronic EA could restore its expression level (n= 6mice

per group). (C to J)One-way analysis of variance (ANOVA)with Tukey post hoc test. (B) Two-way analysis of variance (ANOVA) with Tukey post hoc test. *p< 0.05,

**p < 0.01, ***p < 0.001. Recordings were performed on mice during the 9-11th week after birth. All data are represented by meanGSEM.
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observed a marked increase in the number of PV neurons 1 day after stroke. Folweiler et al. suggested that the expression of PV neurons was

increased after brain injury, which may be associated with local excitability impairments.59

Since the function of NMDARs is closely related to stroke and they can affect the excitability of neurons,30 we conducted further experi-

ments to investigate alterations in the NMDARs after stroke and EA. The results demonstrated that NR2B is upregulated in the contralesional

M1FL after stroke 1D, while EA could restore its level. Consistent with these results, Barbara Picconi et al. found that both ipsilateral and con-

tralesional hemispheres showed a significant increase in NR2B expression at 4 days after stroke.60 The NR2B upregulation may contribute to

the increased activity of pyramidal cells in the uninjured cortex. As for NR2A, it is downregulated in the contralesional M1FL after stroke 7D,

while EA could restore its expression level. In contrast to these results, Liu et al. found that NR2A expression continued to increase to its peak

level within 48 h after stroke, and then gradually decreased.61 Another research study found that at 4 h after stroke, there was no significant

difference in NR2A expression between the two brain hemispheres.62 The differences observed among these results may be attributed to

variations in modeling techniques and brain regions targeted in the experiments. Furthermore, the NR2A subunit plays a crucial role in syn-

aptic plasticity; therefore, NR2A downregulation might also result in impaired NMDA receptor functions, which are required for synaptogen-

esis, synaptic maturation, as well as long-term plasticity. It has been suggested that the downregulation of NR2A can lower the threshold for

long-term depression (LTD) and long-term potentiation (LTP), affecting themechanism of metaplasticity.63 The above results lead us to spec-

ulate that the enhanced expression of NR2Bmight be a consequence of cell death after stroke, while the downregulation of NR2A is not bene-

ficial for stroke recovery. EA stimulation can reverse these trends, promoting recovery after stroke. In addition, NMDAR antagonists can cause

severe side effects, such as nausea, vomiting, cardiovascular, and psychomimetic effects, in treated patients.29,64 This study observed that EA

can regulate NMDAR receptors after stroke, thereby possibly restoring the abnormal changes to neurons after stroke. This offers new pos-

sibilities for the acupuncture treatment of other NMDAR-related diseases.65

Moreover, consistent with our results, the interhemispheric imbalance model assumes that inhibition in the healthy brain is balanced be-

tween the hemispheres; however, after a stroke, there is reduced inhibition from the stroke-affected area onto the contralesional (unaffected)

hemisphere.66,67 This results in increased activity of the contralesional hemisphere, which might ultimately lead to excessive interhemispheric

inhibition onto ipsilesional cortical areas.68,69 Indeed, the restoration of symmetry in interhemispheric connections and cortical excitability

after stroke does not always predict functional improvement. The recently proposed ‘Bimodal Balance-Recovery’ model may provide a

reasonable explanation.70 It proposes that if there is a high structural reserve, such as if some residual function remains due to the partial

retention of the integrity of the neural circuitry of the corticospinal tract, then the interhemispheric imbalance model will dominate and, in

these cases, it may be beneficial to utilize therapies for rebalancing interhemispheric inhibition.71,72 For example, following an ischemic injury

in M1, premotor areas can remain functional and contribute to recovery.51,73,74 In contrast, after a large stroke, and structural reserve is low,

variation will dominate, with more distant, even contralesional, areas recruited to take over lost function,70 which may explain why severely

impaired patients often retain abnormal contralesional activation.75–77 Thus, in these cases, interhemispheric rebalancing may not be bene-

ficial; these patients may instead benefit from the facilitation of contralesional activity.72,78 In this study, we used unilateral photothrombotic

surgery to induce unilateral focal lesions, and the brain maintained a high structural reserve. The results obtained from the chemogenetic

experiments suggested that the inhibition of contralesional pyramidal neurons or activation of PV neurons (both reducing the overall of con-

tralesionalM1FL) could promote stroke recovery. Furthermore, as an economic and convenient therapeuticmethod, EA can relieve symptoms

of ischemic stroke.69 Our results demonstrated that the functional activity of the contralesional M1FL was significantly decreased following EA

stimulation at GV14. Therefore EA stimulation could promote recovery after unilateral focal stroke by reducing the activity of pyramidal neu-

rons and increasing the activity of PV neurons in the contralesional M1FL, similar to previous clinical studies on the theta-burst stimulation of

the contralesional M1 for the promotion of upper limb recovery after stroke.79 The results suggest that EA may affect stroke rehabilitation by

modulating the activity of neurons in the contralesional and ipsilateral cortex as well as the corpus callosum.

In summary, the results of the present study suggest that EA stimulation could potentially ameliorate the disrupted neuronal activity

caused by stroke pathogenesis, and that NMDARs contributed to this process, ultimately leading to improved sensorimotor ability after a

stroke. Additionally, the study highlights the crucial role of the contralesional cortex in the recovery process following unilateral stroke.

Limitations of the study

Firstly, we do not explore the involvement of other types of inhibitory interneurons, such as those that release cholecystokinin, somatostatin,

and vasoactive intestinal peptide, in the effects of EA after stroke. Secondly, pyramidal neuronal activity after the chemo-manipulation of PV

neurons, or PV neuronal activity after the chemo-manipulation of pyramidal neurons, could be indirectly affected. However, it is hard to distin-

guish this indirect influence of another neuronal type for the complex systems by in vivo exogenous manipulation. Thirdly, the effect of

NMDARs to the long-term plasticity carries substantial research importance and benefits the interpretability of the results; while it was not
iScience 27, 109695, May 17, 2024 11



Figure 6. Contralesional and ipsilateral M1FL Pyramidal/PV neurons were reciprocally regulated via callosum mediated-interinhibition

(A) Experimental procedure of muscimol administration in vivo multichannel electrophysiology. Ten days after multi-channel electrodes were implanted in the

right M1FL, neuron spike was recorded within 5 min before and after muscimol (0.9 mL of 10 mM solution in saline, GABAA receptor antagonists) administration in

left M1FL.

(B) Schematic of in vivo multichannel electrophysiology. Nissner staining confirms the placement of electrodes (Scale bar, 1 mm).
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Figure 6. Continued

(C) Waveform analysis revealed distinct cell type units. PV neurons with short spike width and pyramidal neurons with long spike width. Scale bar, 50 mV, time:

250 ms.

(D) Representative raster plot showing that a clear increase in neuron spike after muscimol administration (Scale bar, 30 s).

(E) A clear increase in pyramidal neurons and PV neurons spike after muscimol administration (n = 5 mice per group).

(F) Representative spectrogram showing a decrease in neuronal spike after stoke and an increase after muscimol administration (Scale bar, 30 s).

(G) The increasing of pyramidal neurons and PV neurons spike after muscimol administration decreases after stroke (n = 5 mice per group).

(H and I) Representative images of the CAMKIIa neurons in ipsilateral M1FL (Scale bar, 20 mm). The expression of CaMKIIa in ipsilateral M1FL was decreased in

stroke mice (n = 12 slices per group).

(C andD) Representative images of the PV neurons in ipsilateral M1FL (Scale bar, 50 mm). The expression of PV in ipsilateral M1FLwas increased in strokemice (n=

12 slices per group).

(E, H, and I) Student’s t test, **p < 0.01, ***p < 0.001, ****p < 0.0001. Recordings were performed on mice during the 9-11th week after birth. All data are

represented by meanGSEM.
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included in the research conducted for this article. Fourthly, the phototrombosis-induced stroke model we adopted highly simulates the

changes in local cerebral cortical infarction while the infarct region is often potentially larger in the clinical practice. Future research should

consider these issues and further investigate the potential impact of EA after stroke.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-c-Fos Cell Signaling Technology Cat# 2250; RRID:AB_2247211

Rabbit anti-Parvalbumin AbCam Cat# ab11427; RRID:AB_298032

Rabbit anti-CaMKIIa AbCam Cat# ab181052; RRID:AB_2891241

Alexa Fluor 488-anti-Rabbit secondary antibody AbCam Cat# ab150113; RRID:AB_2576208

Alexa Fluor 594-anti-Rabbit secondary antibody AbCam Cat# ab150080; RRID:AB_2576208

DAPI Thermo Fisher Scientific Cat# D3571; RRID:AB_2307445

Rabbit polyclonal Antibody to GluN2A Invitrogen Cat# A-6473; RRID:AB_1501807

Rabbit polyclonal Antibody to GluN2B Cell Signaling Technology Cat# 4207; RRID:AB_1264223

HRP-conjugated secondary antibodies Abbkine Cat# A21020; RRID:AB_2876889

Bacterial and virus strains

rAAV-CAMKIIa-GCaMP6s-WPRE-pA BrainVTA Cat# PT-0110

rAAV-CAG-DIO-GCaMP6s-WPRE-pA BrainVTA Cat# PT-0196

rAAV-CAMKIIa-hM4D(Gi)-EGFP-WPRE-pA BrainVTA Cat# PT-0524

rAAV-EF1a-DIO-hM4D(Gi)-EGFP-WPREs BrainVTA Cat# PT-0987

rAAV-EF1a-DIO-hM3D(Gq)-EGFP-WPREs BrainVTA Cat# PT-0988

rAAV-hSyn-EGFP-WPRE-pA BrainVTA Cat# PT-0241

rAAV-CAMKIIa-EGFP-WPRE-hGH pA BrainVTA Cat# PT-0290

rAAV-CAG-DIO-EGFP-WPRE-hGH pA BrainVTA Cat# PT-0168

rAAV-hSyn-iGluSnFR(A184S)-WPRE-hGH pA BrainVTA Cat# PT-1140

Chemicals, peptides, and recombinant proteins

Clozapine-N-oxide (CNO) Sigma-Aldrich Cat# C0832

Cresyl violet Sigma-Aldrich Cat# 10510-54-0

Muscimol hydrobromide Sigma-Aldrich Cat# G019

Ro25 Sigma-Aldrich Cat# HY-13993

TCN-201 Sigma-Aldrich Cat# SML0416

QuickBlock Blocking Buffer Beyotime Cat# P0252

Experimental models: Organisms/strains

Mouse: C57BL/6J Guangzhou University of Chinese Medicine N/A

Mouse: Pvalbtm1(cre)Arbr/J (PV-Cre) Peking University N/A

Mouse: Pvalb-tdTomato-Ai9 (PV-TD) Peking University N/A

Software and algorithms

MATLAB 2019b MathWorks https://www.mathworks.com

GraphPad Prism 8.0 GraphPad Software https://www.graphpad.com/scientific-software/

ImageJ – Fiji 2.0.0 Schneider et al.2012 https://imagej.nih.gov/ij/

R 4.1.3 The R Foundation http://www.r-project.org/

Offline Sorter V 3.3.5 Plexon https://plexon.com/products/offline-sorter

NeuroExplorer V 5 Nex Technologies https://www.neuroexplorer.com

Other

Optogenetic Fiber Optic Cannula Newdoon N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Lulu Yao (yaolulu@

gzucm.edu.cn).
Materials availability

This study did not generate unique reagents.
Data and code availability

� All data generated in this study are available from the supplemental information or the Zenodo repository (https://doi.org/10.5281/

zenodo.10863015).
� This paper does not report original code.

� Any additional information required to reanalysis the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals and housing conditions

Male C57BL/6J mice (5-8 weeks old) were purchased from the Animal Laboratory Center of Guangzhou University of Chinese Medicine

(Guangzhou, China). PV-Cre (Pvalbtm1(cre)Arbr/J) and PV-TD (Pvalb-tdTomato-Ai9) mouse lines were kind gifts from Q Zhou. Male mice

(weighing 15–30 g) aged 6–12 weeks were used and housed with food and water ad libitum on a normal 12-h light–dark cycle (light on at

07:00 am) with temperature (20–25�C) and humidity (40–70%) precisely controlled. Experimental procedures were performed exclusively dur-

ing the light phase. All experiments were carried out following the principles of the Basel Declaration and the National Institutes of Health

Guide for Laboratory Animals, the ARRIVE guidelines. And Guangzhou University of Chinese Medicine Committee approving the experi-

ments and confirming that all experiments conform to the relevant regulatory standards (approvalNo.20200402013). Mice were randomized

into different groups: Sham+shamEA, Sham+EA, Stroke+shamEA, Stroke+EA (including different EA stimulation frequencies), fiber photom-

etry, in vivo pharmacogenetic manipulations, multichannel electrophysiology and in vitro electrophysiological recording.
METHOD DETAILS

Photothrombotic model surgery procedures

Mice were deeply anesthetized with 3% isoflurane and maintained with intraperitoneal injection of 1.25% avertin solution (80 mg/kg). The

photo- chemical stroke model has established at previously reported.31,80 Briefly, after injecting Rose Bengal (RB) solution (10 mg/kg) into

the abdominal cavity, a laser irradiation (530nm and 15mW) was performed in right M1FL (forelimb region of M1, coordinates: 0.74 mm ante-

rior to Bregma, 1.5mm lateral tomidline, superficial) to create a local infarction. To confirm the ischemia ofM1FL region,miceweremonitored

for Cortical cerebral blood with Laser Speckle Contrast Imaging system before and after surgery (The skull was exposed and recording was

lasted for 2min after photothromboticmodel surgery procedures). The shamgroup underwent the same surgical procedure, except that they

weren’t performed to the laser.
Behavioral tests

Behavioral tests of all groups were conducted before and after photothrombotic model surgery, and after 1 day, 3 days and 7 days of EA/

Sham EA stimulation.

Grid walking test

The apparatus consisted of a black elevated that was leveled grid with openings (with 15 mm * 15 mm grid squares), and it that was made of

polyvinyl chloride. Themice were gently placed in the center. A camera recorded the routes of themice as theymoved for a period of 5min. A

foot fault was recorded when the affected forelimb paw fell from or slips off the rung. We then quantified foot fault index of the affected fore-

limb (foot faults/total steps * 100%) to assess the ability of the mouse forelimb locomotion.

Adhesive sticker removal test

This behavioral test was used to assess the ability of the mouse to perform sensorimotor tasks, and it consists of two quantifiable indicators,

sensory score andmotor score.81 Specifically, we put an adhesive paper on the affected forelimb of the mouse and gently placed it in a trans-

parent box. Two scores including sense score and the motor score were recorded during the test. First, we recorded the time taken for the

mice to notice the adhesive paper on their affected forelimb paw (sensory score). Then we calculated the time taken for the mice to remove

the adhesive paper from their affected forelimb paw (motor score). The mice were limited to a maximum of 30 s to notice the adhesive sticker

and 90 s to remove it.
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Forelimb grip strength test

The grasping power of mice forelimbs was measured by a Grip Tester. The protocol of this behavioral test was based on methods previously

described.80 Briefly, we placed the forelimbs of mice on the grip board, then grabbed their tails and pulled them diagonally rearward. Record

the final grip strength value displayed by the Grip Tester. We then quantified grip strength value (average over each of three trials) to assess

the ability of the mouse forelimb paw locomotion.

Virus injection

Mice were anaesthetized with avertinl (i.p, 80 mg/kg) before surgery, and placed in the stereotaxic frame. After disinfection with 1% Iodophor

disinfectant, a small incision of the scalp was created to expose the skull. Then, 0.3% hydrogen peroxide was applied to clean the skull, and

craniotomy was conducted. The viral injection coordinate of M1FL was: +0.74 mm anterior to Bregma, -1.5 mm lateral to midline, and

�0.94 mm ventral to the cortical surface. Injections were performed using a microsyringe pump. A Micro controller was used to deliver

the virus solution to the target areas at a rate of 20-30 nL/min (total 200-300nL). All subsequent experiments were performed at least 3 weeks

after virus injection to allow sufficient time for transgene expression and animal recovery. All viruses mentioned in this article were packaged

by BrainVTA.

Fiber photometry

For fiber photometry experiments were performed at least 3 weeks after GCaMP6s/iGluSnFR (200 nL) injection at unilateral M1FL. Optic fiber

implantation was carried out immediately after virus injection. It was implanted unilaterally 0.1 mmmore dorsal than virus injections, and fixed

in headwith dental cement and anchor screws. The implanted fiber was connected to FiberOpticMeter through an optical fiber patch cord.82

Calcium signals were recorded throughout the forelimb grip strength behavioral testing. Data were analyzed usingMATLAB 2019b. Changes

in fluorescence values (DF/F) were calculated as (F-F0)/F0*100%.

In vivo pharmacogenetic manipulations

PV-Cre mice were injected with rAAV-EF1a-DIO-hM4D(Gi)-EGFP -WPREs (AAV-DIO-hM4Di) or rAAV-EF1a-DIO-hM3D(Gq)-EGFP -WPREs

(AAV-DIO- hM3Dq) virus (300 nL) into the contralesional M1FL to inhibit/excite M1FL PV-neurons. WT mice were injected with rAAV-CaM-

KIIa-hM4D(Gi)-EGFP -WPRE-pA (AAV-CaMKIIa-hM4Di) virus (300 nL) into the contralesional M1F Lto inhibit pyramidal neurons, and injected

rAAV-hSyn-EGFP -WPRE-pA (AAV-control) into the contralesional M1FL as control. The location of virus expression was confirmed using

immunofluorescence imaging on a confocal microscope (Leica, Germany). Mice received Clozapine-N-oxide (CNO) (i.p, 2 mg/kg;

BrainVTA, dissolved in dimethylsulfoxide (DMSO) and sterile 0.9% saline) 30 min before behavioral conditioning or testing.

In vivo multichannel electrophysiology

Mice were anesthetized with isoflurane (induction 3%, maintenance 1.5%) and placed in the stereotaxic frame. Surgery was performed using

the ‘notouch’ sterile procedure, and all surgical tools were sterilized prior to surgery. Animals were implanted with a custom-built electrodes

above the M1FL nucleus (+0.74 mm anterior to Bregma, -1.5 mm lateral to midline, and �0.94 mm ventral to the cortical surface), which con-

sisted of 8 individually insulated nichromewires arranged in a 2*4+1 pattern (200mmspacing betweenwires). Three screwswere implanted to

secure electrode array implants. Multi-wire electrodes were unilaterally implanted in the targeted brain regions. After surgery, mice were al-

lowed to recover for 7 to 14 days. Neural signals were simultaneously recorded (16 bits, 30 kHz) from implanted 16-ch arrays using a Plexonl

data acquisition system. Spikes were recorded for 5 minutes in each group. Spikes were sorted offline using Offlinesorter software. The final

recording location was verified using histology after the electrolytic lesions (12 mA, 30 s).

Principal component analysis was then used to calculate the principal component score of the unsorted neuronal waveforms and scores

were plotted in a three-dimensional principal component space. Waveforms with similar characteristics segregate into distinct clusters in the

principal component spaces, and these clustered waveforms were defined as neuronal waveforms of a single neuron. Sorted spikes were

further analyzed using NeuroExplorer (Nex Technologies, USA). The activity of interneurons (PV/fast-spiking-neurons) and pyramidal neurons

(excitatory neurons) detected during electrophysiological recording in vivo was distinguished based on firing rate and waveform

characteristics.31

In vitro electrophysiological recording

Mice were euthanized and the brain was quickly removed into the ice-cold cutting solution (aCSF), which containing (mM): 110 choline chlo-

ride, 25D-glucose, 25NaHCO3, 11.6 sodium ascorbate, 2.5mMKCl, 7mMMgSO4, 3.1mMsodiumpyruvate, 1.25NaH2PO4, and 0.5 CaCl2 and

gassedwith 95%O2 and 5%CO2.The left hemisphere of the brain was kept for further recording. Coronal frontal sections (400 mm)were cut on

a VT1200S vibratome. The slices were firstly incubated in the aCSF at about 32�C for 30 min, and then transferred to the room temperature for

at least 1h, and the aCSF contained (mM): 127 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25mM NaHCO3, 25 D-glucose, 2 CaCl2, and 1 MgSO4. The re-

corded neurons were located in the layer5/6 of M1.

To record the action potential and analyzed the intrinsic excitability, the current at a 20pA increment with 500 ms duration was injected to

the recorded neurons at a current clamp-recordingmode. The recording solution in the pipette contained (mM): 105 K-gluconate, 10 HEPES,

0.1 EGTA, 10 phosphocreatine, 4 ATP-Mg, 0.3 GTP-Na, 0.3EGTA, pH 7.3G0.1, 295 mosMG5. To confirm the effect of chemogenetic
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inhibition of PV and CAMKIIa positive neurons, CNO (5mM) was perfused. To record mEPSCs, the neurons were clamped at -70 mV and

bathed application with TTX (1mM). Patch pipette (resistance 4�7 MU) was filled with solution containing as follows (mM): 125 CsMeSO4, 5

NaCl, 1.1 EGTA, 10 HEPES, 0.3 Na2GTP, 4 Mg-ATP, and 5 QX-314, pH 7.3G0.1, 295 mosMG5.83 To obtain the AMPAR/NMDAR ratio PTX

(100mM) was added to the recording solution, the stimulation electrode is placed on the same layer of the detected cell with a 40 ms pulse

duration at 0.1 Hz. AMPAR-mediated EPSC was measured at -70mV, The NMDAR-mediated EPSCs was measured at +40mV, 50ms after cur-

rent stimulation.84 A Multiclamp 700B amplifier and Digidata 1550B (Molecular Devices, USA) were used to record and analyze the electrical

activity of neurons, with a filtering frequency of 2 KHz and a sampling frequency of 10 KHz.85
EA stimulation treatment

Anesthesia was induced using 3% isoflurane, and maintained with 2% isoflurane using a mask. Mice were laid supine and fixed. Following

routine sterilization of the scalp and neck, a concentric EA needle (4 0.5 3 10 mm) was inserted at GV14 (Dazhui, between the 7th cervical

vertebra and the 1st thoracic vertebra, in the middle of the back.) with needle angle 45� to a depth of 2 to 3 mm.31 EA stimulation was per-

formedwith the electrical current of 1.0mA, a pulse width of 1 ms and a frequency of 2 Hz, 50 Hz or 100 Hz for 20min by using aMaster-8 Eight

Channel Programmable Pulse Generator (Master8) and 2 ISO-Flex stimulus isolators (AMPI).86 The mice showed visible muscle contraction

near the acupoint during stimulus.12 EA stimulation was performed once per day starting after the day of stroke surgery for 7 times. Consid-

ering that insertion of acupuncture may exert the effect, in the shamEA group, mice were anesthetized for the same amount of time, but EA

needle was not inserted.87,88
Histological assessment

Immunostainings were performed after 1D or 7D after stroke induction. Aftermicewere euthanized through a pentobarbital sodiumoverdose

and subsequently perfused with cold PBS followed by 4% paraformaldehyde (PFA) in PBS, their brains were frozen and sectioned coronally at

40-mm thickness using a sliding microtome. The primary antibodies used for fluorescent immunostaining were as follows: rabbit anti-c-Fos

(1:500; Cell Signaling Technology,Cat# 2250), rabbit anti-Parvalbumin (1:1000; AbCam,Cat# ab11427), and rabbit anti-CAMKIIa (1:200;Ab-

Cam, Cat# ab181052). For fluorescen secondary antibodies, we used Alexa Fluor 488 goat anti-rabbit (1:500; AbCam, Cat# ab150080) and

Alexa Fluor 488 goat anti-rabbit (1:500; AbCam, Cat# ab150113). Nissl staining was performed with 0.1% cresyl violet (Sigma-Aldrich,Cat#

10510-54-0) according to standard protocol in order to show the location of the electrodes. For cell number quantification, cells were counted

from confocal image stacks using the optical dissector method counting.89 Since there are few surviving neurons in the infarct core area,

neurons located at the peri-infarcted zone instead of the infarted core in the ipsilateral(right) side were included to analyze (Figure S3B).

The acquired images were processed and analyzed using ImageJ-Fiji or Adobe Photoshop software.
Western Blot

For western blot analysis, theM1FL tissues were collected and homogenized in a RIPA lysis buffer under deep anesthesia with Avertin. Protein

concentrations were quantified by the Enhanced BCAProtein Assay Kit, and all samples were adjusted to 2mg/mL. The extracted protein was

boiled for 5min at 95�Cwith 53 loading buffer, and equal amounts of protein were separated via SDS–PAGE using a 10% SDS–PAGE gel and

then were transferred to PVDF membranes at an appropriate voltage and duration. After blocking with QuickBlock blocking buffer for 15min

at RT, the membranes were incubated with primary antibodies overnight at 4�C. Then, the membranes were incubated with goat anti-rabbit

HRP-conjugated secondary antibodies (1:4000) for 1 h at room temperature after washing. Immunoblots were visualized with a chemilumines-

cence system, and quantified using FIJI software.
QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed using the appropriate statistical analysis methods with GraphPad Prism software, version 9.0 (GraphPad Software, Inc.,

USA), and the data are expressed as the mean G SEM. Mice were randomly assigned to treatment conditions. Data were analysed blind

whenever possible. No statistical methods were used to predetermine sample sizes. Sample sizes for all histochemical, cytokine and trans-

mitter measurements were chosen according to recently reported studies. We conducted statistical comparisons between two groups using

Student’s t -tests. Two-way analysis of variance (ANOVA) and Tukey post hoc analyses were used in analyses with multiple experimental

groups. And one-way ANOVA followed by Tukey hoc test was used in analyses with multiple groups at single time. Comparisons were

two-tailed, and significance levels are indicated as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and not significant (n.s). P values are

not provided as exact values when they less than 0.0001.
20 iScience 27, 109695, May 17, 2024


	ISCI109695_proof_v27i5.pdf
	Pyramidal and parvalbumin neurons modulate the process of electroacupuncture stimulation for stroke rehabilitation
	Introduction
	Results
	Electroacupuncture restored primary motor cortex forelimb motor area infarction-induced sensorimotor dysfunction
	Electroacupuncture restored the stroke-induced disturbance of pyramidal and parvalbumin neuronal activity in vivo and in vitro
	Electroacupuncture-mediated improvements were affected by the chemogenetic modulation of neuronal activity in the pyramidal ...
	Alteration of neuronal activity during electroacupuncture may be associated with N-methyl-D-aspartate receptor function
	Disturbed neuronal activity in the contralesional motor cortex forelimb motor area was potentially associated with the path ...

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	Animals and housing conditions

	Method details
	Photothrombotic model surgery procedures
	Behavioral tests
	Grid walking test
	Adhesive sticker removal test
	Forelimb grip strength test

	Virus injection
	Fiber photometry
	In vivo pharmacogenetic manipulations
	In vivo multichannel electrophysiology
	In vitro electrophysiological recording
	EA stimulation treatment
	Histological assessment
	Western Blot

	Quantification and statistical analysis




