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Electro-Acupuncture Improve the Early Pattern Separation in Alzheimer’s Disease Mice via Basal Forebrain-Hippocampus Cholinergic Neural Circuit
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Objectives: To explore the effect of electro-acupuncture (EA) treatment on pattern separation and investigate the neural circuit mechanism involved in five familial mutations (5 × FAD) mice.

Methods: Five familial mutations mice were treated with EA at Baihui (DU20) and Shenting (DU24) acupoints for 30 min each, lasting for 4 weeks. Cognitive-behavioral tests were performed to evaluate the effects of EA treatment on cognitive functions. 1H-MRS, Nissl staining, immunohistochemistry, and immunofluorescence were performed to examine the cholinergic system alteration. Thioflavin S staining and 6E10 immunofluorescence were performed to detect the amyloid-β (Aβ). Furthermore, hM4Di designer receptors exclusively activated by designer drugs (DREADDs) virus and long-term clozapine-N-oxide injection were used to inhibit the medial septal and vertical limb of the diagonal band and dentate gyrus (MS/VDB-DG) cholinergic neural circuit. Cognitive-behavioral tests and immunofluorescence were performed to investigate the cholinergic neural circuit mechanism of EA treatment improving cognition in 5 × FAD mice.

Results: Electro-acupuncture treatment significantly improved spatial recognition memory and pattern separation impairment, regulated cholinergic system via reduction neuron loss, upregulation of choline/creatine, choline acetyltransferase, vesicular acetylcholine transporter, and downregulation of enzyme acetylcholinesterase in 5 × FAD mice. Aβ deposition was reduced after EA treatment. Subsequently, the monosynaptic hM4Di DREADDs virus tracing and inhibiting strategy showed that EA treatment activates the MS/VDB-DG cholinergic neural circuit to improve the early pattern separation. In addition, EA treatment activates this circuit to upregulating M1 receptors positive cells and promoting hippocampal neurogenesis in the dentate gyrus (DG).

Conclusion: Electro-acupuncture could improve the early pattern separation impairment by activating the MS/VDB-DG cholinergic neural circuit in 5 × FAD mice, which was related to the regulation of the cholinergic system and the promotion of neurogenesis by EA treatment.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disease characterized by gradual cognitive impairment. Pattern separation is a fundamental hippocampal process thought to be critical for reducing potential interference among similar memory representations to enhance memory accuracy (Frank et al., 2020). Pattern separation may become less efficient as a result of normal aging, possibly due to age-related changes in the hippocampus-subareas which is a sensitive marker of memory changes (Cayco-Gajic and Silver, 2019; Stevenson et al., 2020). Further research showed that spatial pattern separation is impaired in the early AD stage (Parizkova et al., 2020). Therefore, it is necessary to improve the pattern separation impairment and avoid further damage of cognitive deficits in the early stage of AD.

Electro-acupuncture (EA) is a complementary alternative medicine therapy, which is accepted by the World Health Organization and National Institutes of Health. It uses the acupuncture method by applying an electrical current to acupuncture needles. The effectiveness of EA for cognitive improvement in AD has been proven in various clinical and animal studies (Park et al., 2017; Wang et al., 2020). Our previous studies found that EA treatment could ameliorate the ability of 12-month-old mice with AD to recognize novel objects and familiar objects which was accompanied by increasing neural activity in the hippocampus (Liu et al., 2017). However, it is still unknown whether EA treatment could improve the pattern separation impairment in the early stage of AD.

The dentate gyrus (DG) of the hippocampus is essential to the pattern separation. In various AD model mice, it has been shown that adult hippocampal neurogenesis is impaired (Zeng et al., 2016; Richetin et al., 2017; Zaletel et al., 2018). The mice with AD showed a significant pattern separation impairment in touchscreen-based tasks, whereas the classical Morris water maze test revealed no difference between groups in the early stage of AD (Saifullah et al., 2020). These behavioral changes were associated with adult neurogenesis impaired in DG. The increase of adult hippocampal neurogenesis is efficient in differentiating between overlapping contextual representations to improve the pattern separation impairment (Sahay et al., 2011). Pieces of research indicate that cognitive function improvement by EA is related to promoting neurogenesis (Wang et al., 2014; Yu et al., 2020). Furthermore, EA stimulation could improve cognitive impairment and promote neurogenesis in AD model mice (Li et al., 2014).

The DG is innervated by cholinergic neurons in the basal forebrain. Furthermore, loss of the cholinergic function is associated with decreased synthesis of acetylcholine (ACh) in the medial septum (MS) or the vertical limb of the diagonal band of Broca (VDB) of the basal forebrain (Yan et al., 2018), which contributes to memory deficits in AD (Sultzer, 2018). Disordered regulation of the synthesis, storage, transportation, or degradation of ACh can all result in cognitive impairment (Ferreira-Vieira et al., 2016). Thus, ACh supplementation therapy has been proposed as a treatment for AD. Activation of choline acetyltransferase (ChAT) neurons in the basal forebrain with theta burst stimulation that alleviates the decay in cholinergic synaptic transmission effectively protects against spatial pattern separation impairment in the mice with AD, and this protection was completely abolished by inhibiting the hippocampus newly generated immature neuron survival (Zhu et al., 2017). Accumulating research has reported that EA alters ACh levels via modulation of its metabolism, including increasing the activities of cholinergic receptors, ACh, ChAT, and vesicular acetylcholine transporter (VAChT), and decreasing the activity of enzyme acetylcholinesterase (AChE), thus improving cognitive impairments (Lee et al., 2014; Han et al., 2018). However, it remains to be seen whether EA treatment could improve pattern separation impairment via the basal forebrain-hippocampus cholinergic neural circuit.

Therefore, the present study sought to assess the effectiveness of EA treatment on pattern separation and explore the role of the basal forebrain-hippocampus cholinergic neural circuit in the early stage of AD. We first used four cognitive-behavioral tests to assess the effects of EA treatment on cognitive impairments and cholinergic function in 3-4 months five familial mutation (5 × FAD) mice. Next, we injected an adeno-associated virus with ChAT-driven chemogenetics to inhibit the basal forebrain-hippocampus circuit, clarifying whether EA treatment could promote hippocampal neurogenesis to improve cognitive impairments via this neural circuit.



MATERIALS AND METHODS


Animals

The 5 × FAD mouse (stock #34848, Qianbi Biotechnology Co., Ltd., China) overexpresses amyloid β protein precursor (APP) with K670N/M671L (Swedish mutation), I716V (Florida mutation), and V717I (London mutation), and PS1 with M146L and L286V mutations. Female C57BL/6 wild-type mice (WT) and male 5 × FAD mice were bred, and the offspring genotyping was performed by polymerase chain reaction analysis of tail DNA. Both male and female mice were used in this study, and they were housed in same-sex of 3–5/cage under a 12-h light-dark cycle (lights on at 8:00 am) with ad libitum access to food and water at a consistent ambient temperature (21 ± 1°C). All experimental protocols and animal handling procedures were conducted according to the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health. This study was approved by the Ethical Committee on Animal Experimentation, Fujian University of Traditional Chinese Medicine (FJTCMIACUC2019031).



Experiment Design

This study was divided into two parts. First (Figures 1A,B), to assess the improvement of cognitive-behavioral tests and cholinergic function in the early stage of AD, 3-month-old 5 × FAD mice were divided into three groups (n = 18/group): (i) 5 × FAD group, (ii) 5 × FAD mice that received electro-stimulation at DU20 and DU24 acupoints treatment group (5 × FAD + EA), and (iii) 5 × FAD mice that received electro-stimulation at non-acupoint treatment group (5 × FAD + NA). Moreover, age and sex-matched littermate WT mice were classified as the WT group. Since different cognitive-behavioral tests may interfere with the cognitive function of the mice, each group of mice was divided into two subgroups in the first part. Mice were evaluated for cognitive behavioral tests, including open field test (OFT), novel object recognition (NOR), novel location recognition (NLR), and location discrimination (LD). Choline (Cho) and N-acetylaspartate (NAA) content were detected by PRESS-1H Magnetic resonance spectroscopy (1H-MRS). Then, mice were sacrificed, and brain slices were used to measurement of amyloid-β (Aβ) plaque and cholinergic pathway biomarkers level.
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FIGURE 1. Experimental design of this study. (A,B) The experimental procedure of test with EA treatment. (C) The experimental procedure shows a strategy for EA treatment and hM4Di DREADDs inhibited. EA, electro-acupuncture; 1H-MRS, PRESS-1H Magnetic resonance spectroscopy; OFT, open field test; NOR, novel object recognition; NLR, novel location recognition; ITT, initial touch training; MTT, must touch training; PIT, punish incorrect training; LD, location discrimination.


Second (Figure 1C), to explore the role of the basal forebrain-hippocampus circuit in improving cognitive impairments, 3-month-old 5 × FAD mice were divided into five groups (n = 10/group): (i) 5 × FAD group, (ii) 5 × FAD + EA group, (iii) 5 × FAD mice that were injected with hM4Di virus and clozapine-N-oxide (CNO) (5 × FAD + hM4Di group), (iv) 5 × FAD mice that received EA treatment were injected with hM4Di virus and CNO (5 × FAD + EA + hM4Di group), and (v) 5 × FAD mice that received EA treatment were injected with control virus and CNO (5 × FAD + EA + Con group). Moreover, age and sex-matched littermate WT mice were classified as the WT group. Since the results from the first series showed that spatial recognition memory and pattern separation impairment were in the early stage of AD, NLR and LD were used in this second part of the experiments, and all mice were evaluated for cognitive behavioral tests and 1H-MRS. Then, mice were sacrificed, and brain slices were used to observe the cholinergic neural circuit projection and expression of hM4Di/Con viruses by confocal (LSM 710, Carl Zeiss, Germany). Next, we were to measure the cholinergic receptors expression and neurogenesis.



Electro-Stimulation Treatment

The electro-stimulation (EA) or non-acupoint (NA) treatment continued for 28 days (2/20 Hz, 1 mA, 30 min/day, 5 times/week). Mice were awake during treatment. The mouse was restricted to movement and fixed in a net bag to maintain posture by an operator. According to a previous study (Huang et al., 2019), the needle was inserted into the Baihui (DU20) and Shenting (DU24) acupoints in EA group, or non-acupoint under the hypochondrium (the area below the costal region, 2 cm superior to the posterior superior iliac spine and ∼3 cm lateral to the spine) in NA group at a depth of 4–5 mm, and stimulation was generated with an EA instrument (G6805; SMIF, Shanghai, China). Mice in the WT group, 5 × FAD group, and 5 × FAD + hM4Di group were grabbed and fixed under the same conditions without treatment.



Cognitive Behavioral Tests

Mice were tested in a battery of cognitive-behavioral tests to evaluate cognitive impairments and possible alterations due to EA treatment in the early stage of AD. OFT, NOR, and NLR were conducted pre and post-treatment, and LD was conducted only during post-treatment. Mice were handled in the experimental room for 10 min/day for 3 days prior to the first exposure to the behavioral apparatus. After each mouse, the apparatus and objects were cleaned with a solution of 75% ethanol. All behavioral tests were conducted from 8:00 am to 6:00 pm.


Open Field Test

Open field test was used to assess locomotor activity and exploratory behavior (Jawhar et al., 2012). The open field box was made of the white plank with 40 cm × 40 cm and 50 cm high walls divided into peripheral and central. The mouse was singly placed in the center and allowed to move freely to habituate the arena for 10 min on the day before the test. Twenty-four hours later, the behavioral parameter was registered during 10 min and monitoring was done by an automated tracking system (Supermaze, Softmaze, China). The variables recorded were (i) total traveled distance, (ii) average speed, and (iii) time spent in the central part.



Novel Object Recognition

Novel object recognition and NLR protocols used to measure the object and spatial recognition memory were conducted as described previously (Phan et al., 2015). NOR consists of two training sessions and one test session, each 5 min in duration, separated by 5 min intervals. During the training session, we placed mice in an arena that contained two identical objects for 5 min (Figure 2A). The mice that did not explore objects for 20 s within the 5 min period were excluded from further experiments. We defined exploration as a mouse approaching its nose within 2 cm of the object. This approaching was associated with looking, sniffing, or touching. The test session was done 5 min after training. In this trial, we replaced one of the objects presented in the first trial with a novel object. We then placed mice back in the arena for 5 min and recorded the total time spent exploring each object. Time spent actively exploring of the familiar (F) and novel (N) objects during the test trial were calculated. Novel recognition memory was evaluated via percent investigation for each mouse with a formula [N/(N + F)]*100%. It reflected the time exploring the novel object and the total time exploring both objects.
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FIGURE 2. Schematic of cognitive-behavioral tests. (A) The paradigms of novel object recognition. (B) The paradigms of novel location recognition. (C–F) The paradigms of location discrimination (LD). (D) The mask of LD with 12 locations is depicted. (E) The LD training phase is shown with two response windows illuminated at medium separation. If a mouse makes seven correct responses in eight consecutive trials, the reward-location contingency is reversed. (F) Two difficulty levels are depicted in the LD probe.




Novel Location Recognition

To test object location memory (Figure 2B), each mouse was placed in the apparatus and was allowed to explore two identical objects for 5 min for two consecutive sessions, separated by 5 min intervals. One of the objects previously presented in the training session was repositioned in the test trial. Time spent active exploring the non-relocated (NR) and repositioned (R) objects were calculated. Location recognition memory was evaluated via percent investigation for each mouse with a formula [R/(NR + R)]*100%. It reflected the time exploring the novel location and the total time exploring both locations.



Location Discrimination Task

The location discrimination task protocol used to measure pattern separation was conducted as previously described (Oomen et al., 2013). The touchscreen operant chambers (Bussey−Saksida Mouse Touchscreen Chamber Model 80614, Lafayette Instrument Co., Lafayette, IN, United States) consisted of black perspex walls and a perforated metal floor creating an animal working area (Figure 2C). Each chamber was equipped with a touchscreen at the large base, liquid reward dispenser at the small base, house light, reward chamber light, tone generator, and infrared beams with an observation system. A black plastic mask (28 cm wide × 18 cm tall) was inserted in front of the touchscreen, allowing for different visual stimuli and different tasks to be utilized. The 6 × 2 mask used for the LD task consists of two rows with six windows with stimuli only being presented in the bottom row (Figure 2D). A peristaltic precisely delivered liquid reward, which consisted of 7 μl strawberry milk to entice the mice to perform.


Pre-training

All mice were maintained at 85–90% free-feeding body weight throughout behavioral training and testing. Milk was dispensed into the reward magazine prior to placing mice into the chambers before the start of every session. The house light was turned off during all training stages, acquisition, and probe sessions. Briefly, mice underwent a four stepwise training paradigm as follows, (i) Habituation: mice were habituated to the operant chambers to get familiar with the environment for three consecutive days; (ii) Initial touch training (ITT): mice learned to associate stimuli, represented by an illuminated square, presented on the screen with a reward. Each session concluded after 60 min or after the completion of 30 trials; (iii) Must touch training (MTT): they were trained to interact with the screen in order to receive a reward. Each session concluded after 60 min or completion of 30 trials; and (iv) Punish incorrect training (PIT): mice learned to nose-poke the stimulus on the screen for a reward. If a mouse touched a blank response window, the house light turned on and no reward was given. Each session concluded after 30 min or after the completion of 23/30 trials correct (77%) on consecutive days. Once this final pre-training criterion was reached, mice began the LD task training.



Training

The stimuli (two white squares) were presented at the intermediate separation. Each mouse was utilized with one side, either left (position 8) or right (position 11), randomly designated as correct and counter-balanced across mice. In the location discrimination reversal (LDR) task, upon completing seven out of eight trials correctly, the correct location side was reversed to the opposite side (Figure 2E). The training session ended after the completion of 60 trials or after 60 min had elapsed. The criterion for advancement was set at the completion of at least 1 reversal in three out of four consecutive sessions (Figure 2E).



Probe

Both the high and low separation were used in LD probe sessions (Figure 2F). One side was randomly designated as the correct location side (either left positions 7 and 9 or right positions 10 and 12 based on difficulty separation) and there were no reversals. In each trial, mice were randomly presented with stimuli at either high or low separation positions. The stimuli were not displayed in the same positions for more than three consecutive trials. Like LD training and reversal, touching the stimulus on the correct side resulted in a reward. In each session, mice were given 60 min to complete 40 trials (20 easy and 20 hard distributed randomly throughout the session). Each session had unlimited trials in 60 min but was limited to two reversals (acquisition and one reversal). The numbers of trials to criterion in high and low separation were calculated. The fewer trials to criterion, the better the performance, indicating the pattern separation ability.





1H Magnetic Resonance Spectroscopy Examination

1H magnetic resonance spectroscopy (1H-MRS) was used to detect the content of NAA and Cho in medial septal and vertical limb of the diagonal band (MS/VDB) and DG pre and post-treatment by 7T small animal MRI scanner (70/20USR Biospec, Bruker Biospin GMbls, Germany). First, a 3D rapid acquisition with relaxation enhancement (RARE) T2-weighted sequence was performed to determine the basal forebrain and hippocampus location. Based on the image of T2WI, we selected an area in the MS/VDB and DG as the region of interest (ROI) for 1H-MRS measurement. The ROI size was set according to the area of MS/VDB and DG as 2.0 mm × 2.0 mm × 2.0 mm and 1.0 mm × 1.0 mm × 1.0 mm. The selected ROI was shimmed, and the water suppression pulse was adjusted for chemical-shift-water suppression (CHESS) prior to the acquisition of point-resolved spectroscopy (PRESS). The parameters of PRESS-1H were as follows: repetition time = 1,500 ms, echo time = 20 ms, number of averages = 256, Field of view = 20 mm × 20 mm, slice thickness = 5 mm, slices = 35, and image size = 256 × 256. The spectral data were processed using the software package TOPSPIN (v3.1, Bruker Biospin, Germany). The areas under the peak for NAA, Cho, and creatine (Cr) were calculated automatically using a quantum estimation (QUEST) method with a subtraction approach for background modeling. Using Cr as the criterion (Moon et al., 2016), NAA/Cr and Cho/Cr were statistically evaluated. The position of the metabolites as following: NAA 2.02 parts per million (ppm), Cho 3.2 ppm, and Cr 3.05 ppm.



Virus and CNO Injections

All viruses were obtained from BrainVTA Co., Ltd. (Wuhan, China), and virus injection was performed as previously described (Zhan et al., 2019). Mice in the 5 × FAD + hM4Di group, 5 × FAD + EA + hM4Di group, and 5 × FAD + EA + Con group were injected with ChAT-EGFP virus (rAAV2/1-chat-EGFP, serotype 1, 1 × 1013 particles/ml) in the MS/VDB of the basal forebrain (from Bregma AP:0.9 mm, ML: 0 mm, DV: −4.9 mm). Mice in the 5 × FAD + hM4Di group and 5 × FAD + EA + hM4Di group were injected with the hM4Di DREADD virus [AAV2-Ef1α-DIO-hM4D(Gi)-mCherry, retrotype, 2 × 1012 particles/ml] in the DG of the bilateral hippocampus (from Bregma AP: −2.00 mm, ML: ± 1.3 mm, DV: −2.3 mm). Mice in the 5 × FAD + EA + con group were injected with the control virus (AAV2-Ef1α-DIO-mCherry, retrotype, 2 × 1012 particles/ml). The virus was delivered using a syringe pump at a rate of 20 nl/min for 10 min, for a total of 200 nl/infusion. The syringe was then raised.2 mm, and remained in place for 15 min after each injection to allow for virus diffusion, and was then slowly retracted. Mice recovered 3 days before behavioral tests.

For activating hM4Di viruses, the stock solution of CNO (BrainVTA Co., Ltd., Wuhan, China) was prepared by dissolving CNO in 100% dimethyl sulfoxide (DMSO) at a concentration of.33 mg/ml and storing at −20°C. On the day of injection, CNO stock was thawed and diluted to.2 ml/20g in a sterile 0.9% saline solution. Mice received intraperitoneal injections of CNO every other day for three times/week during treatment or 30 min prior to MRS examination and behavioral tests after treatment.

Mice were deeply anesthetized with pentobarbital sodium and perfused intracardially with saline, followed by 4% paraformaldehyde (PFA, 16005, Sigma-Aldrich). Brains were removed and post-fixed overnight for 24 h. Free-floating sections (∼30 μm thick, one-fourth of the total sections that contained the MS/VDB and DG) were sliced to observe the cholinergic neural circuit projection and expression of hM4Di/Con viruses by a laser scanning confocal microscope (LSM 710, Carl Zeiss, Germany).



Nissl Staining

After behavioral tests, mice were sacrificed and brains were removed. Following routine processing in paraffin, coronal sections of the brain were cut at 5 μm thickness in a microtome (Leica, Germany). Nissl staining was performed as previously described (Zhang et al., 2019) to observe neurons morphological in MS/VDB and DG. Results were examined under a microscope (DMI8, Leica, Germany).



Thioflavin S Staining

Thioflavin S (ThS) staining was performed with paraffin-embedded slices as previously described (Gao et al., 2019) to measure the Aβ plaque. Coronal sections of paraffin-embedded were cut at 5 μm thickness in ThS staining, and results were examined by a confocal. The Aβ plaque area of MS/VDB and DG were calculated by Image J and results are expressed as the area fraction (%) with a formula (plaque area/image area) × 100%.



Immunohistochemistry

Immunohistochemistry was carried out with paraffin-embedded slices and streptavidin peroxidase kit (SP-0024, Bioss, China) to measure the cholinergic pathway biomarkers, including choline acetyltransferase (ChAT), acetylcholinesterase (AChE), and vesicular acetylcholine transporters (VAChTs). Primary antibodies were as follows: anti-ChAT (1:200, ab6168, Abcam) or anti-AChE (1:50, ab183591, Abcam) or anti-VAChT (1:500, Sab4200559, Sigma) for overnight in 4°C. Slices were dehydrated in 70, 95, and 100% ethanol, cleared in xylene, then covered with neutral resin. Sections of each mouse were taken to acquire images in MS/VDB and DG at high power magnification (200×). Images were analyzed by Image J and results are expressed as mean optical density (MOD). For immunohistochemical detection, negative controls were processed in every immunohistochemistry run.



Immunofluorescence

Immunofluorescence was performed as protocol (Im et al., 2019). Coronal paraffin-embedded slices were blocked and incubated with primary antibodies as follows: anti-6E10 (1:1,000, 803001, Biolegend), anti-CHRM1 (1:100, BA 1543, Boster), anti-CHRM2 (1:100, ab 109226, Abcam), anti-Doublecortin (DCX, 1:500, ab135349, Abcam), and anti-Neuro-D1 (1:200, ab60704, Abcam) overnight in 4°C. Anti-mouse 488, anti-mouse 555, and anti-rabbit 555 (1:1,000, Thermo Fisher Scientific) were used and nuclei were visualized with DAPI. Sections of each mouse were taken to acquire images in MS/VDB and DG at high power magnification (200×) by confocal microscope. Images were analyzed by Image J and results are expressed as positive areas or cells. Negative controls were processed in every immunofluorescence run.



Statistical Analysis

All data in the text and Figure legends are represented as the mean ± SEM. All statistical results were analyzed by SPSS 21.0. One-way ANOVA with Dunnett’s multiple comparisons post hoc test was used to analyze the effects of EA and hM4Di virus treatment. Paired t-test was used to analyze the data pre and post-treatment. Repeated measurement ANOVA was used to analyze repeated measurement data. P < 0.05 was considered statistically significant.




RESULTS


Electro-Acupuncture Improves Spatial Recognition Memory and Pattern Separation Impairment

To determine the cognitive impairment in the early stage of AD, we performed a battery of behavioral tests assaying locomotor activity and exploratory behavior in OFT, object recognition memory and spatial recognition memory in NOR and NLR, and pattern separation ability in touchscreen LD task. Total traveled distance, average speed, and time spent in the central part in OFT and object exploration in NOR were not different between groups pre and post-treatment (p > 0.050) (Figures 3A–H). In NLR, 5 × FAD group showed a lower location exploration compared with the WT group pre-treatment (p < 0.001), and 5 × FAD + EA mice performed significantly better than 5 × FAD mice (p < 0.001) and 5 × FAD + NA (p = 0.027) mice post-treatment (Figures 3I,J). In the LD task, there was a significant effect due to training days for both the trials in MTT (p = 0.819, Figure 3K) and accuracy in PIT (p = 0.862, Figure 3L). In LDR, all groups shown similar trials at high separation (p = 0.386), whereas the 5 × FAD group had more trials than the WT group (p < 0.001), and a significant decrease in trials to reversal of 5 × FAD + EA group in comparison to 5 × FAD group (p = 0.033) and 5 × FAD + NA group (p = 0.023) at low separation (Figure 3M). These data indicated that EA treatment improved spatial recognition memory and pattern separation impairment in the early stage of 5 × FAD mice.
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FIGURE 3. Electro-acupuncture (EA) treatment improves spatial recognition memory and pattern separation impairment in 5 × FAD mice. Results of the open field test (OFT) are expressed as a total traveled distance (A,D), average speed (B,E) and time spent in the central part (C,F) pre and post-treatment (n = 10/group). Exploration of mice during novel object recognition (NOR) (G,H) and novel location recognition (NLR) (I,J) learning paradigms (n = 10/group). Results of LD task are expressed as trails of must touch training (MTT) (K), accuracy of punish incorrect training (PIT) (L) and trails of location discrimination reversal (LDR) (M) (n = 8/group). Data are represented as mean ± SD. Each circle represents a mouse (**p < 0.01 vs WT group; #p < 0.05 and ##p < 0.01 vs 5 × FAD group; ▲p < 0.05 vs 5 × FAD + EA group).




Electro-Acupuncture Regulates the Cholinergic System in MS/VDB and DG

To detect the cholinergic function, we examined the content of NAA and Cho in MS/VDB and DG as the ROI by 1H-MRS (Figures 4A,E). The representative pictures of all groups pre and post-treatment were shown in Figures 4B,F,I,L. Compared with the WT mice, the NAA/Cr in MS/VDB and Cho/Cr in DG were decreased in 5 × FAD group pre-treatment (NAA/Cr, p < 0.001; Cho/Cr, p = 0.040, Figures 4C,D,G,H). On the other hand, the NAA/Cr and Cho/Cr in MS/VDB and DG were increased in 5 × FAD + EA group compared with the 5 × FAD group (NAA/Cr in MS/VDB, p < 0.001; Cho/Cr in MS/VDB, p = 0.001; NAA/Cr in DG, p = 0.016; Cho/Cr in DG, p = 0.001) and 5 × FAD + NA group (NAA/Cr in MS/VDB, p < 0.001; Cho/Cr in MS/VDB, p < 0.001; NAA/Cr in DG, p = 0.023; Cho/Cr in DG, p = 0.018) post-treatment (Figures 4J,K,M,N).
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FIGURE 4. Electro-acupuncture (EA) treatment regulates brain metabolites in medial septal and vertical limb of the diagonal band (MS/VDB) and dentate gyrus (DG) by 1H MRS. (A,E) The location of the MS/VDB and DG on the T2-weighted scan is the 1H MRS shimming region. (B,F,I,L) 1H MRS exhibits N-acetylaspartate (NAA) peak at 2.02 ppm, choline (Cho) peak at 3.2 ppm, and creatine (Cr) peak at 3.05 ppm in MS/VDB and DG of groups pre and post-treatment. The ratio of NAA/Cr in MS/VDB (C,D) and Cho/Cr in DG (G,H) were significantly decreased pre-treatment, and the ratios of NAA/Cr and Cho/Cr in MS/VDB (J,K) and DG (M,N) were significantly increased in the 5 × FAD + EA group. Data are represented as mean ± SD, n = 10/group, and each circle represents a mouse (*p < 0.05 and **p < 0.01 vs WT group; #p < 0.05 and ##p < 0.01 vs 5 × FAD group; ▲p < 0.05 and ▲▲p < 0.01 vs 5 × FAD + EA group).


We next observed the morphological integrity of nerve cells by Nissl staining. The neurons of the WT group and 5 × FAD + EA group in the MS/VDB were arranged more neatly, with darker and more obvious Nissl bodies. Moreover, the 5 × FAD group and 5 × FAD + NA group neurons in the MS/VDB were sparsely arranged with light Nissl body staining (Figure 5A). In contrast, the neurons of groups in the DG were arranged orderly, with complete morphology and uniform staining (Figure 5B).
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FIGURE 5. Nissl staining results of WT, 5 × FAD, 5 × FAD + EA, and 5 × FAD + NA group after treatment. (A) Nissl staining pictures of basal forebrain level (Top, scale bar = 1 mm) and the black frame area indicates the field of view of the MS/VDB. 200× photomicrographs of MS/VDB (Bottom, scale bar = 100 mm). (B) Nissl staining pictures in the hippocampus (Top, scale bar = 50 μm) and 200× photomicrographs of DG (Bottom, scale bar = 100 μm).


We subsequently examined the expression and distribution of cholinergic biomarkers by Immunohistochemistry. The immunopositive reaction was observed as deep brown staining and MOD was measured in MD/VDB (Figure 6) and DG (Figure 7). ChAT and AChE were expressed in the cytoplasm and nerve fibers, and VAChT expression was granular. In MS/VDB, MOD of ChAT was no significant difference between groups (p = 0.141). Compared with the WT group, MOD of AChE was increased (p = 0.042) but MOD of VAChT was decreased in the 5 × FAD group (p = 0.014). Mice in the 5 × FAD + EA group has less AChE expression compared with the 5 × FAD group (p = 0.030) and 5 × FAD + NA group (p = 0.022) but had more VAChT expression (p < 0.050). In DG, MOD of AChE and VAChT had no significant difference between groups (AChE, p = 0.218; VAChT, p = 0.618). MOD of ChAT was decreased in 5 × FAD group compared with the WT group (p = 0.003). Mice in the 5 × FAD + EA group had more ChAT expression than the 5 × FAD group (p = 0.030) and 5 × FAD + NA group (p = 0.018).
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FIGURE 6. Electro-acupuncture (EA) treatment regulates cholinergic biomarkers of MS/VDB by immunohistochemistry. ChAT and AChE express in the cytoplasm and nerve fibers (brown), and the nuclei are stained with hematoxylin (blue). VAChT expression is granular (brown), without hematoxylin staining of the nuclei. (A) Representative 200× photomicrographs of choline acetyltransferase (ChAT) (Top), enzyme acetylcholinesterase (AChE) (Middle), and vesicular acetylcholine transporter (VAChT) (Bottom) expression. (B–D) Statistical results of mean optical density (MOD) of ChAT, AChE and VAChT in MS/VDB. Red arrows indicate positive protein expression, scale bar = 100 μm. Data are represented as mean ± SD, n = 4/group (*p < 0.05 and **p < 0.01 vs WT group; #p < 0.05 vs 5 × FAD group; ▲p < 0.05 vs 5 × FAD + EA group). ChAT, choline acetyltransferase; AChE, enzyme acetylcholinesterase; VAChT, vesicular acetylcholine transporter; MOD, mean optical density.
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FIGURE 7. Electro-acupuncture (EA) treatment regulates cholinergic biomarkers of DG by immunohistochemistry. ChAT and AChE express in the cytoplasm and nerve fibers (brown), and the nuclei are stained with hematoxylin (blue). VAChT expression is granular (brown), without hematoxylin staining of the nuclei. (A) Representative 200 × photomicrographs of ChAT (Top), AChE (Middle), and VAChT (Bottom) expression. (B–D) Statistical results of MOD of ChAT, AChE and VAChT in DG. Red arrows indicate positive protein expression, scale bar = 100 μm. Data are represented as mean ± SD, n = 4/group (*p < 0.05 and **p < 0.01 vs WT group; #p < 0.05 vs 5 × FAD group; ▲p < 0.05 vs 5 × FAD + EA group). ChAT, choline acetyltransferase; AChE, enzyme acetylcholinesterase; VAChT, vesicular acetylcholine transporter; MOD, mean optical density.


These data indicated that EA treatment regulated the function of the cholinergic system in the early stage of 5 × FAD mice.



Electro-Acupuncture Decreases Aβ Plaques Deposition in DG

We evaluated whether EA treatment could eliminate Aβ pathology by ThS and 6E10 immunofluorescence. First, we observed Aβ plaques expression of WT group and 5 × FAD group in MS/VDB. The result of the whole-brain picture shown that there was no Aβ deposition of wild type mice (by ThS, Figure 8A), whereas a large number of Aβ plaques of 5 × FAD mice were observed and scattered in the cerebral cortex, lateral septal nucleus, and other brain areas (by ThS, Figure 8B). A further observation under high magnification found no evident Aβ plaque expression in MS/VDB, and no fluorescence occurred. Next, we observed the Aβ pathology of whole-hippocampus. Images by ThS showed that Aβ deposition appeared in the 5 × FAD group, 5 × FAD + EA group, and 5 × FAD + NA group (Figure 8C). We observed Aβ plaques and counted the Aβ fraction ratio of DG at high magnification. A significant Aβ fraction ratio reduction of 5 × FAD + EA group compared with the 5 × FAD group (ThS, p = 0.001; 6E10, p = 0.035) was observed. Furthermore, there was a lower Aβ fraction ratio in the 5 × FAD + EA group than those in the 5 × FAD + NA group (ThS, p = 0.001, Figure 8D; 6E10, p = 0.179, Figure 8E). These data indicated that EA treatment decreased the Aβ fraction ratio in DG rather than MS/VDB in the early stage of 5 × FAD mice.
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FIGURE 8. Electro-acupuncture (EA) treatment modulates Aβ deposition in 5 × FAD mice. (A,B) Representative images of Aβ plaques in the basal forebrain (Left) and the white frame area indicate the view of the MS/VDB of WT mice and 5 × FAD mice (scale bar = 1mm). 200× photomicrographs of Thioflavin S (ThS) and anti-Aβ (6E10) immunostaining in the MS/VDB were shown (Right, scale bar = 100 μm). (C) Representative images of Aβ plaques in the hippocampus and the white frame area indicate the view of the DG (Top) (scale bar = 500 μm). 200× photomicrographs of ThS (Middle), and anti-Aβ (6E10) (Bottom) immunostaining in DG were shown (scale bar = 100 μm). White arrows indicate Aβ plaques. (D,E) Quantitative analysis of area fraction by ThS and anti-Aβ (6E10). Data are represented as mean ± SD, n = 4/group (#p < 0.05 and ##p < 0.01 vs 5 × FAD group; ▲▲p < 0.01 vs 5 × FAD + EA group). ThS: Thioflavin S.




The Expression of MS/VDB-DG Cholinergic Neural Circuit and Chemogenetic Virus Expression

Next, we focused on the neural mechanism of EA treatment via inhibiting the MS/VDB-DG cholinergic neural circuit in the early AD stage. We injected a monosynaptic anterograde adeno-associated virus (AAV) in MS/VDB (Figures 9A,B), which encodes enhanced green fluorescence protein (EGFP) and expresses in ChAT neurons. After behavioral tests and MRS scan, mice were sacrificed and brain sections were processed. A bright green signal (EGFP) was detected in MS/VDB and DG of mice (Figures 9C,D).
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FIGURE 9. The MS/VDB-DG cholinergic neural circuit projections and hM4Di receptor expression. (A) Schematic of the virus injections in the MS/VDB and DG. (B) Schematic of the monosynaptic anterograde tracing strategy shows the rAAV2/1-chat-EGFP virus in MS/VDB for labeling ChAT neurons. (C,D) Representative images of the basal forebrain (Left) (scale bar = 1 mm) and hippocampus (Left) (scale bar = 500 μm). photomicrographs of MS/VDB (Right) (scale bar = 500 μm) and DG (Right) (scale bar = 100 μm). (E) Schematic of the monosynaptic retrograde tracing strategy shows the application of AAV2-Ef1α-DIO-hM4D(Gi)-mCherry or AAV2-Ef1α-DIO-mCherry virus in DG. (F,G) Chemogenetic inhibition of the MS/VDB-DG cholinergic neural circuit and representative image of the hM4Di-mCherry expression in the DG (Left) and MS/VDB (Right). Ef1α-mCherry set as control. The white frame indicates 200× photomicrographs.


A monosynaptic retrograde AAV virus-encoded hM4D(Gi) and/or mCherry was injected into the DG of the bilateral hippocampus (Figures 9A,E). hM4Di DREADDs are mutated muscarinic acetylcholine receptors that act through G-protein coupling receptor signaling cascades. In our study, inhibitory G-protein coupling receptor signaling cascades were acted to affect neuronal activity upon activation by CNO. The brain sections were processed and a red signal (mCherry) was detected in DG and MS/VDB (Figures 9F,G).



Electro-Acupuncture Activates the MS/VDB-DG Cholinergic Neural Circuit Improving Pattern Separation Impairment

The effects of long-term CNO-mediated hM4Di DREADDs inhibition of the MS/VDB-DG cholinergic neural circuit on the cognitive-behavioral after EA treatment were investigated. In NLR, the 5 × FAD group shown a lower location exploration than the WT group pre-treatment (p = 0.020), and 5 × FAD + EA mice performed significantly better than 5 × FAD mice post-treatment (p = 0.001, Figures 10A,B). The location exploration of mice between the 5 × FAD + EA group and 5 × FAD + EA + hM4Di group (p = 0.385), the 5 × FAD group and 5 × FAD + hM4Di group (p = 0.989), and the5 × FAD + EA + hM4Di group and 5 × FAD + EA + Con group (p = 0.414) had no significant difference.
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FIGURE 10. Electro-acupuncture (EA) treatment activates the MS/VDB-DG cholinergic neural circuit improving the pattern separation impairment in 5 × FAD mice. Exploration of mice during novel location recognition (NLR) pre-treatment (A) and post-treatment (B). Each circle represents a mouse, and n = 10/group. Results of the location discrimination (LD) task are expressed as trails of MIT (C), the accuracy of PIT (D), and trails of LDR (E) (n = 8/group). Data are represented as mean ± SD (*p < 0.05 and **p < 0.01 vs WT group; ▲▲p < 0.01 vs 5 × FAD group; ##p < 0.01 vs 5 × FAD + EA group; &p < 0.05 vs 5 × FAD + EA + hM4Di group). NLR, novel location recognition; MTT, must touch training; PIT, punish incorrect training; LDR, location discrimination reversal.


Moreover, in the LD task, the trials in MTT (Figure 10C) and accuracy in PIT (Figure 10D) were increasing with training days. There was no significant difference between groups (MTT, p = 0.888; PIT, p = 0.358). In LDR, mice in all groups showed similar trials at high separation (p = 0.896), whereas the 5 × FAD group had more trials than the WT group (p = 0.002). After EA treatment, mice in the 5 × FAD + EA group had fewer trials than 5 × FAD group (p = 0.001). There was a significant increase in the trials to reversal of 5 × FAD + EA + hM4Di group in comparison to 5 × FAD + EA group (p = 0.001) and 5 × FAD + EA + Con group (p = 0.032) at low separation (Figure 10E).

These data indicated that EA treatment activated the MS/VDB-DG cholinergic neural circuit to improve pattern separation impairment rather than spatial recognition memory deficit in the early stage of 5 × FAD mice.



Electro-Acupuncture Activates the MS/VDB-DG Cholinergic Neural Circuit Regulating the Cholinergic System

Magnetic resonance spectrometry (MRS) and muscarinic cholinergic receptors were examined to assess the effects of long-term hM4Di DREADDs inhibition of the MS/VDB-DG cholinergic neural circuit after EA treatment. The representative pictures of MRS in MS/VDB and DG pre and post-treatment were shown in Figures 11A,D,G,J. Since the cycle of AAV virus transfection at least 28 days, there is no significant difference of NAA/Cr and Cho/Cr between groups except for the WT group pre-treatment (p > 0.050, Figures 11B,C,E,F). With the inhibition of the MS/VDB-DG cholinergic neural circuit, Cho/Cr in MS/VDB and DG were decreased in 5 × FAD + hM4Di group (MS/VDB, p = 0.037; DG, p = 0.031) and 5 × FAD + EA + hM4Di group (MS/VDB, p = 0.014; DG, p < 0.001, Figures 11I,L). Compared with the 5 × FAD + EA + hM4Di group mice, the Cho/Cr was increased in the 5 × FAD + EA + Con group (MS/VDB, p = 0.015; DG, p < 0.001). Besides, we found no significant difference of NAA/Cr by inhibiting the MS/VDB-DG cholinergic neural circuit post-treatment (p > 0.050, Figures 11H,K).
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FIGURE 11. Electro-acupuncture (EA) treatment activates the MS/VDB-DG regulating Cho/Cr in 5 × FAD mice. (A,D,G,J) 1H MRS exhibits NAA peak at 2.02 ppm, Cho peak at 3.2 ppm, and Cr peak at 3.05 ppm in MS/VDB and DG of groups pre- and post-treatment. The ratio of NAA/Cr in MS/VDB (B,C) and Cho/Cr in DG (E,F) were significantly decreased pre-treatment. The ratios of NAA/Cr and Cho/Cr in MS/VDB (H,I) and DG (K,L) were significantly increased in the 5 × FAD + EA group. With inhibition of the MS/VDB-DG cholinergic neural circuit, the ratios of Cho/Cr in MS/VDB and DG were decreased. Data are represented as mean ± SD, n = 10/group, and each circle represents a mouse (*p < 0.05 and **p < 0.01 vs WT group; ▲p < 0.05 and ▲▲p < 0.01 vs 5 × FAD group; #p < 0.05 and ##p < 0.01 vs 5 × FAD + EA group; &P < 0.05 and &&p < 0.01 vs 5 × FAD + EA + hM4Di group).


Next, we investigated muscarinic cholinergic receptors (M1 and M2) in the DG of hippocampus of the mice by immunofluorescence (Figures 12A,B). Morphometric analysis revealed a significantly lower number of M1+ cells in 5 × FAD group mice than WT mice (p = 0.008), and the number of M1+ cells increased after EA treatment (p = 0.040, Figure 12C). With the inhibition of the MS/VDB-DG cholinergic neural circuit, the M1 positive cells in the 5 × FAD + EA + hM4Di group were significantly decreased compared with the 5 × FAD + EA group (p = 0.023). M1 positive cells of the 5 × FAD + EA + hM4Di group was lower than those in the 5 × FAD + EA + Con group (p = 0.005). Furthermore, there was no significant difference of M2 positive cells in either EA treatment or inhibition of the MS/VDB-DG cholinergic neural circuit between groups (p = 0.396, Figure 12D).
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FIGURE 12. Electro-acupuncture (EA) treatment activates the MS/VDB-DG cholinergic neural circuit regulating M1 receptors in 5 × FAD mice. Representative images of M1 receptors (A) and M2 receptors (B) in the DG. Groups were subjected to immunofluorescence labeling with Dapi (Blue), M1 or M2 (red) staining. Scale bar = 100 μm. Quantified M1 positive cells (C) and M2 positive cells (D). Data are represented as mean ± SD, n = 4/group (**p < 0.01 vs WT group; ▲p < 0.05 vs 5 × FAD group; #p < 0.05 vs 5 × FAD + EA group; &&p < 0.01 vs 5 × FAD + EA + hM4Di group).


These data indicated that EA treatment activated the MS/VDB-DG neural circuit to regulate the function of the cholinergic system in the early stage of 5 × FAD mice.



Electro-Acupuncture Activates the MS/VDB-DG Cholinergic Neural Circuit Promoting Hippocampus Neurogenesis

Anti-DCX and anti-Neuro-D1 antibody were used by immunofluorescence to confirm neurogenesis in the hippocampus (Figures 13A,B). Compared with the WT group, the number of DCX+ cells and Neuro-D1+ cells were decreased in the 5 × FAD group (DCX, p < 0.001, Figure 13C; Neuro-D1, p < 0.001; Figure 13D). After EA treatment, DCX+ cells and Neuro-D1+ cells were increased in the 5 × FAD + EA group (DCX, p = 0.003; Neuro-D1, p = 0.001). With the inhibition of the MS/VDB-DG cholinergic neural circuit, the number of DCX+ cells and Neuro-D1+ cells in the 5 × FAD + hM4Di group and 5 × FAD + EA + hM4Di group were significantly decreased compared with the 5 × FAD group and 5 × FAD + EA group (DCX, p < 0.050; Neuro-D1, p < 0.001). Furthermore, the number of DCX+ cells and Neuro-D1+ cells of the 5 × FAD + EA + hM4Di group declined compared with the 5 × FAD + EA + Con group (DCX, p = 0.049; Neuro-D1, p < 0.001).
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FIGURE 13. EA treatment activates the MS/VDB-DG cholinergic neural circuit promoting hippocampus neurogenesis in 5 × FAD mice. Representative images of doublecortin (DCX) (A) and Neuro-D1 (B) in the DG. Groups were subjected to immunofluorescence labeling with Dapi (Blue), DCX or Neuro-D1 (red) staining. Scale bar = 100 μm. Quantified DCX positive cells (C) and Neuro-D1 positive cells (D). Data are represented as mean ± SD, n = 4/group (**p < 0.01 vs WT group; ▲p < 0.05 and ▲▲p < 0.01 vs 5 × FAD group; #p < 0.05 and ##p < 0.01 vs 5 × FAD + EA group; &p < 0.05 and &&p < 0.01 vs 5 × FAD + EA + hM4Di group). DCX, doublecortin; Neuro-D1, neurogenic differentiation factor 1.


These data indicated that EA treatment activated the MS/VDB-DG cholinergic neural circuit to promote hippocampus neurogenesis in the early stage of 5 × FAD mice.




DISCUSSION

The present study explored the cholinergic neural circuit mechanism underlying pattern separation improvement by EA at DU20 and DU24 acupoints in 5 × FAD mice with the following key findings. First, we demonstrated that EA at DU20 and DU24 acupoints could improve spatial recognition memory and pattern separation impairment accompanied by cholinergic function amelioration and Aβ pathology reduction in the early stage of AD. Next, we proved that the inhibition of the MS/VDB-DG cholinergic neural circuit was able to counteract effects of EA treatment on the pattern separation improvement, M1 receptors increase, and hippocampus neurogenesis. EA, probably by activating the MS/VDB-DG cholinergic neural circuit to regulate the M1AChR-mediated cholinergic neural signal and promote hippocampal neurogenesis in the DG, normalized the pattern separation in the early stage of AD. A schematic summary of the overall experimental findings is presented in Figure 14.
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FIGURE 14. Summary drawing of the experimental findings. The present study included two parts: Baihui (DU20) and Shenting (DU24) acupoints with EA stimulation in 3-month-old 5 × FAD mice (upper), and the pattern separation ability was improved after EA treatment (middle). It was found that the alteration of the cholinergic system in MS/VDB and DG (left, bottom), the increased of the M1 muscarinic receptors and hippocampal neurogenesis in the DG via activating of the MS/VDB-DG cholinergic neural circuit (right, bottom). EA treatment normalized the pattern separation performance in FAD mice, which was related to activating the MS/VDB-DG neural circuit, regulating the M1 muscarinic receptors and promoting hippocampal neurogenesis in DG.


The 5 × FAD mouse model is an early-onset transgenic model that rapidly recapitulates AD amyloid pathology and hippocampal-dependent memory deficits. The present study assessed the locomotor activity and exploratory ability, object recognition memory, spatial recognition memory, and pattern separation of 5 × FAD mice. Behavioral tests indicate that hippocampus-dependent spatial recognition memory, but not object recognition memory, is impaired in 5 × FAD mice in the early ages, which is consistent with previous studies (Rekik et al., 2017). Furthermore, in 5 × FAD mice treated with EA treatment, the exploration of location was increased and the number of trials to reversal was decreased. Although the previous study had proved that EA treatment improves spatial recognition memory (Fan et al., 2015), this study showed that EA treatment might be a novel approach for ameliorating pattern separation impairment in AD.

According to the cholinergic hypothesis, the deterioration of cholinergic neurons and the loss of neurotransmission are the major causes of the decline in cognitive function in the early stage of patients with AD. Patients with AD usually suffer the loss of cholinergic neurons in the hippocampus and cortex (Schliebs and Arendt, 2011) and hence, the decreased cholinergic activity (Khan, 2009), which is possibly due to increased activity AChE. Severely diminished ChAT expression was also observed in the process (Orta-Salazar et al., 2014). Elevation of the ACh levels by pharmacological inhibition of AChE improves behavioral performance in AD (Sharma, 2019). In this study, EA at DU20 and DU24 acupoints could prevent neuron loss in MS/VDB, regulate NAA/Cr and Cho/Cr level, decrease AChE protein expression, and increase ChAT and VAChT in 5 × FAD + EA group mice. Therefore, the cholinergic system was effectively protected by EA treatment, thereby, early cognitive deficits were mitigated.

Cholinergic signaling from the MS/VDB to the hippocampus is certainly important for the formation of spatial memories. Particularly, ACh has consistently been shown by microdialysis to be elevated in the hippocampus during performance of various memory tasks, and numerous studies have probed the effects of exogenous and more recently, endogenous ACh on hippocampal plasticity and performance in spatial memory tasks (Nelson and Mooney, 2016). Zhu reported that choline neurons in the MS/VDB directly innervate newly generated immature neurons in the hippocampus of adult mice and regulate both the survival and spatial pattern impairment of newly generated immature neurons (Zhu et al., 2017). We used a monosynaptic tracing and inhibiting strategies that selectively target cholinergic neurons to illustrate the mechanism of EA treatment that improves cognitive deficits in the early stage of 5 × FAD mice. Via these strategies, the cholinergic neural circuit was inhibited leading to pattern separation impairment in the 5 × FAD + hM4Di group mice. Furthermore, the results of the LD task showed that the cholinergic neural circuit was one of the targets of EA treatment to improve the early pattern separation impairment in 5 × FAD mice. Furthermore, it is shown that stimulation of cholinergic neurons in the MS led both to signaling via a direct cholinergic basal forebrain - hippocampal projection and to the recruitment of an indirect cholinergic to GABAergic basal forebrain to the hippocampal pathway (Dannenberg et al., 2015). Our study focused on the MS/VDB-DG cholinergic circuit and did not observe the role of other receptors in the basal forebrain.

There are increasing reports consistent with cholinergic transmission being mediated by fast synaptic release and consequent activation of postsynaptic AChRs (Nelson and Mooney, 2016). Muscarinic ACh receptors are class receptors of ACh signals, which are G-protein coupled receptors. M1 and M2 are the most abundant muscarinic ACh receptors subtypes in the central nervous system, which are significantly correlated with memory impairments (Zhang et al., 2007). M1 receptors have long been identified as a potential therapeutic target for treating cognitive impairment in AD (Konar et al., 2019; Zhao et al., 2019). M2 receptors play a major role in modulating cholinergic tone, and broadly impacting circuit function and M2 receptors are also the most likely candidates to mediate the muscarinic suppression of GABA release in the hippocampus (Lebois et al., 2018). Therefore, M1 and M2 ACh receptors were selected to observe the effect of EA treatment in the present study. We found that EA treatment increased M1 receptor expression in 5 × FAD mice while inhibiting the MS/VDB-DG cholinergic neural circuit, therefore, M1 receptors expression was reduced. However, whether EA treatment or inhibition of cholinergic neural circuit was done, the level of M2 receptors did not significantly alter in the DG.

M1 and M2 receptors have different effects on the G-proteins signal transduction pathway, leading to different effects of EA treatment on M1 and M2 receptors. M1 classically signal through Gq/11 G-proteins to mediate the excitatory neuromodulatory actions of ACh, while M2 signal through Gi/o G-proteins to mediate the inhibitory neuromodulatory actions of Ach (Jiang et al., 2014). It has been reported that Huangjing and Dilong extract could improve the learning and memory ability in AD rats, which relates to the expression levels of M1 receptors increase, but it does not relate to the expression of M2 receptors (Xiao, 2017). Combined with the results of the present study, it is indicated that M1 receptors, and not M2 receptors, mediate cognitive function improvement.

Hippocampus neurogenesis has been well-documented to play a pivotal role in pattern separation (França et al., 2017). Thus, we performed immunofluorescence staining to evaluate the neurogenesis via DCX and Neuro-D1 labeled. DCX and Neuro-D1 positive cells were markedly mitigated in the 5 × FAD group compared with the WT group but significantly elevated in the 5 × FAD + EA group. While inhibition of cholinergic neural circuit leads to DCX positive cells and Neuro-D1 positive cells reduction in the 5 × FAD + EA + hM4Di group, the above results demonstrated that EA treatment facilitates hippocampus neurogenesis in the early stage of 5 × FAD mice. Moreover, EA treatment has been reported to improve neurogenesis after stroke (Kim et al., 2014). The mechanism of EA treatment which promote neurogenesis remain largely unknown, and the association between EA treatment and cognition warrants further study.

To date, the administration of AChE inhibitors has been used for AD therapy to increase ACh concentration in the brain. Since these drugs are only palliative, other therapeutic approaches are expected to replace the drugs. However, it is believed that the ideal therapeutic strategy for AD should include the recovery of cognitive function and neuroprotection against progressive tissue destruction and neuroregeneration (Kim et al., 2020). Recent studies of ours have demonstrated that the EA treatment improved cognitive impairment in mice with AD (Liu et al., 2017; Lin et al., 2018; Li et al., 2020). In the present study, we demonstrated that the MS/VDB-DG cholinergic neural circuit involved in the EA at DU20 and DU24 acupoints improved the early pattern separation in 5 × FAD mice, which was related to the regulation of the cholinergic system and the promotion neurogenesis. This study provides visual evidence of the effectiveness of EA treatment based on the cholinergic neural circuit to reveal the scientific essence of EA treatment for AD partially. We did not dissect the function of newborn neurons in DG in local networks, but it will be verified in a further study. We continue to find how cholinergic inputs with EA treatment in AD affect newborn neurons in DG.
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