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Objective: There is a relationship between non-rapid eye movement (NREM) sleep and Alzheimer’s disease (AD). The rostromedial 
tegmental nucleus (RMTg) is activated can enhance NREM. Therefore, our experiment was designed to investigate the effects of 
activation of RMTg by chemical genetic techniques on APP/PS1 mice learning and memory.
Materials and Methods: After the AAV-hSyn-hM3Dq-mCherry virus was injected into the RMTg nucleus, CNO solution was 
intraperitoneally injected to activate RMTg. The new object test and Morris water maze were used to determine the learning and 
memory level; T2-weighted imaging (T2WI) scanning was performed to analyze the volume of hippocampus and entorhinal cortex of 
each group; The virus transfection status was determined by laser confocal microscope and use immunohistochemical detection to 
observe the deposition of Beta Amyloid 1–42 (Aβ42).
Results: Activation of RMTg by chemical genetic techniques can reduce the escape latency and increase discrimination index (RI) 
and the number of crossing platform; Activation of RMTg by chemical genetic techniques reduced the atrophy of the entorhinal cortex. 
Aβ42 deposition in the brain was decreased after activation of RMTg.
Conclusion: Activation of the RMTg nucleus by chemogenetic techniques can improve the learning and memory impairment in APP/ 
PS1 mice.
Keywords: Alzheimer’s disease, chemical genetics, rostromedial tegmental nucleus, RMTg, learning and memory, amyloid-β, Aβ

Introduction
Alzheimer’s disease (AD) is the most common neurodegenerative disease encountered in patients over 60 years.1 

Without effective prevention strategies or curative treatments, the number of AD patients will reach 42 million by 
2020 and 81 million by 2040.2 Owing to prevalence and the accelerating aging of the population, AD is a major public 
health problem.3 AD is a highly complex and progressive neurodegenerative disease, characteristics of AD are extra
cellular aggregates of amyloid-β (Aβ) plaques and intracellular aggregations of neurofibrillary tangles.4

Recent studies have shown a growing relationship between sleep and AD.5–8 Sleep, particularly non-rapid eye 
movement (NREM) sleep, has specific electrophysiological hallmarks that have garnered extensive interest in the context 
of brain plasticity and relationship to human behavior. NREM sleep slow waves (SWA) and spindles are two oscillatory 
activities extensively involved in the processes of memory consolidation.9 NREM sleep is essential to memory 
consolidation after memory formation.10 Numerous experiments have established that NREM sleep disorder causes 
accumulation of Aβ in Cerebrospinal fluid11,12 and morbidity of AD.13 Ju YS found a strong association between SWA 
and amyloid-β, where greater SWA disruption was associated with increased Aβ.14 In APP/PS1 mice, NREM quality also 
decreased, and this phenomenon appeared before the deposition of Aβ.15,16 So, reduced NREM sleep is associated 
with AD neuropathology.
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The rostromedial tegmental nucleus (RMTg) is a GABAergic structure.17 Studies have shown that RMTg is involved 
in reward system, aversion to stimuli, drug addiction and motor suppression.18,19 Recently, a study indicated that 
activating the RMTg neurons by pharmacogenetics can increase and deepen NREM sleep.20 In general, RMTg is 
a key nucleus that activates NREM sleep.

Yet effective pharmacological agents have not been found to provide symptomatic relief for AD that can restore 
quality of life. We believe that intervention to change the occurrence and development of AD from the perspective of 
sleep would be a good entry point. Since the activation of RMTg can improve NREM, we investigated that chemogenetic 
activation of RMTg can improve the learning and memory function of AD. In the present study, we investigated the 
effects of activation of RMTg by chemogenetic techniques on learning and memory function and Aβ deposition in APP/ 
PS1 mice.

Materials and Methods
Animal and Groups
The SPF APP/PS1 mice and wild-type experimental mice C57BL/6J used in this study were purchased from the Institute 
of Model Animals of Nanjing University (SYXK2013-009). The experimental animals were reared and bred in the SPF 
Laboratory of the Laboratory Animal Center of Fujian University of Traditional Chinese Medicine with a temperature of 
22°C and a humidity of 50% to 70%. The mice were genotyped by PCR using DNA isolated from tail tissues (Figure 1).

After genotyping, 30 APP/PS1 mice (4 months) were randomly divided into AD group, CNO group and SA group 
(n=10 in each group), WT mice (4 months) were randomly divided into WT group (n=10) (Figure 2). This animal 
experiment followed the Ethical Review Form for Experimental Animal Welfare of Fujian University of Traditional 
Chinese Medicine (2019) and was approved by the Experimental Animal Ethics Committee of Fujian University of 
Traditional Chinese Medicine.

Activation of the RMTg
We used the parameters provided by the stereotaxic map of the mouse brain for localization. RMTg: (coordinates from 
bregma, anterior to posterior 3.75mm, medial to lateral 1.1mm, dorsal to ventral 4.4mm). A 200nl AAV-hSyn-hM3Dq- 

Figure 1 APP/PS1 PCR identification results. 1, 2, 3, 7, 8 were APP/PS1 double transgenic positive mice. 4, 5, 6, 9, 10 and 11 were wild control mice. N is negative control; 
P is positive control; W is the blank control.
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mCherry virus (Wuhan Shumi Technology, China) was injected into each side of RMTg nucleus. The speed of injection 
was 35 nl/min. After successful injection, stayed for 10 minutes and slowly pulled out to prevent the virus from 
overflowing. The mice were fully hemostasis, sutured, and placed in an incubator to wait for awakening. After virus 
injection, waiting 3 weeks for virus transfection.

After successful transfection, CNO solution (0.33 mg/mL) was intraperitoneally injected into the CNO group mice at 
0.2mL/20g, and intervention was carried out five times a week, four weeks; SA group was injected with normal saline, 
and other injection conditions were the same as those of CNO group.

Morris Water Maze Test
The circular pool is divided into 4 quadrants, the platform is located in a quadrant, 2 cm below the water surface. In the first 
four days, the time it takes to get on the platform is their escape latency. If the mouse does not get on the platform in 90s, they 
were guided to the platform by the experimenter and kept there for 15s. Their escape latency were recorded as 90s. In the 
fifth day, the platform was removed. All mice were allowed to swim freely in the pool for 90s. The number of crossings over 
the original platform were recorded. The whole process was recorded using a video camera, which is transferred to the 
computer and recorded and stored, including incubation period, swimming distance, swimming speed, number of crossing 
platforms, time of first crossing platform, and swimming distance data of the quadrant where the platform is located.

New Object Recognition Task
The New Object Recognition experiment evaluates the cognitive memory ability of animals by the behavioral method of 
the length of exploration of familiar and new unfamiliar objects by experimental animals.21 New object experiments take 
three days to complete. The first day was the adaptation period: mice were allowed to explore freely in the open field for 
10 min to adapt to the open field environment. The day 2 was the learning period: two identical objects A and A were 
placed in the left and right corners under the open field. Then, placed into the mice to explore for 10 min. The day 3 is the 
test period: change object A in the right corner into object B, and object B is different from object A in shape and color. 
The mice were allowed to explore for 5 min and their trajectories were recorded. The video was recorded from the 
camera above the test box, and the recognition index (RI) was calculated according to the exploration time of the 
experimental mice for objects A and B.

Magnetic Resonance Imaging
Bruker Biospec 7.0T (70/20USR MRS scanner, Bruker Biospin, Germany) was used to scan. The specific operation was 
as follows: before the scanning, the mouse was anesthetized with 1.2–1.5% isoflurane and 30% oxygen mixed gas, then 
fixing the mouse head in the center of the special surface coil. During the scanning, the warm water circulation heater 

Figure 2 Protocol of the experimental trials. Each short horizontal line represents 1 week. 
Abbreviations: MWM: Morris water maze test; NOR: new object recognition task; MRI: magnetic resonance imaging.
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was used to control the body temperature of the mice at about 37 ° C, and the respiratory rate was monitored in real time. 
The T2-weighted imaging anatomical structure image scanning application fast spin echo (TubroRARE) sequence, the 
scan parameters are as follows: echotime (TE)/7 repetition time (TR) 65ms/16000ms, field of view (FOV) 20mm × 
20mm, slices 75, slice thickness 0.2mm, slicegap0, matrix 256 × 256, flipangle (FA) 90°.

Immunohistochemical
Mice were anesthetized with 300–500 mL/min of inhaled isoflurane, we transcardially perfused with Normal saline 0.9% 
followed by 4°C paraformaldehyde. The brain tissue was dehydrated in gradient and embedded into wax blocks. 
Conventional dewaxing (xylene 15 min×2 times), alcohol hydration (100%, 95%, 75%, 50%, double steamingWater, 5 
min each), citrate repair (pH 6.0, pressure cooker repair Compound 15min). The tissue sections were blocked with 5% 
BSA for 1 h at 37 °C. Then, the sections were incubated with primary antibodies (1:200; 25524-1-AP; Proteintech) 
overnight at 4 °C. The next day, the sections were washed with PBS and then incubated with appropriate secondary 
antibodies (SABC-POD (F), rabbit IgG, SA1028, Boster, China) at room temperature for 1 h. After being redyed with 
hematoxylin, they were dehydrated and mounted after transparence.

The Expression of hM3Dq Receptor
The whole brain tissues of the mice were perfused with 4% paraformaldehyde. After 24 hours, the cerebellums of the 
mice were cut off. Then, the brain tissue of the mice was stood upright on the base of the vibratome and fixed with glue 
for continuous coronary sectioning (30μm thickness). We selected two planes of RMTg for sectioning and observed the 
expression of hM3Dq receptor in RMTg (Figure 3).

Statistical Analysis
Statistical analyses were performed using SPSS22.0. Normally distributed quantitative data are expressed as mean 
±standard deviation (x̄±s). A difference with P < 0.05 was considered statistically significant.

Figure 3 Expression of chemogenetic viruses in brain regions. 
Note: a: 50 ×; b: 200×.
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Results
Activation of the RMTg Could Ameliorate the Learning and Memory Impairment in 
APP/PS1 Transgenic Mice
In the new object recognition task, compared with WT group, RI was lower in AD group (P<0.01), CNO group (P<0.05), 
SA group (P<0.01). CNO group the RI was higher when compared with AD group (P<0.01) (Figure 4A). There was no 
significant difference in AD group and SA group (P>0.05). The Morris water maze is one of the commonly used 
behavioral measures of visuospatial memory and learning ability in animal models.22 We tested the spatial learning and 
memory ability by Morris water maze. In the orientation navigation test, AD group had a longer escape latency when 
compared with WT group in the first four days (P<0.01). CNO group significantly reduced the escape latency compared 
with the AD group in the first four days (P<0.01). There was no difference between the AD group and the SA group in 
the first four days (P>0.05) (Figure 4B and D). Furthermore, in the space exploration test, the AD group passed through 
the position of the platform fewer times than the WT group (P<0.01). Compared with AD group, CNO group traversed 
the platform more times (P<0.01). There was no significantly difference in AD group and SA group (P>0.05) 

Figure 4 Effect of activation of RMTg nucleus on learning and memory in mice. (A) Discrimination index of each group (%). (B) Trends of the escape latency of each group 
in training trials. (C) Times across the platform of each group. (D) Typical route trajectory diagram on the fourth day. Compared with the WT group, #P<0.05, # #P<0.01; 
Compared with AD group, *P<0.05, **P<0.01; Compared with AD group, ^P>0.05.
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(Figure 4C). In general, these data all suggest that activation of the RMTg could diminish the learning and memory 
impairment in APP/PS1 transgenic mice.

Activation of the RMTg Could Reduce Aβ Deposition in APP/PS1 Transgenic Mice
The effect of activation of RMTg nucleus on Aβ42 deposition in the brain of APP/PS1 mice was investigated 
(Figure 5A–D). As demonstrated in Figure 5E, the AD group exhibited a significant increase in Aβ42 deposition 
(P<0.01 versus the WT group). While, when we activate the RMTg (CNO group), Aβ deposition reduces obviously 
(P<0.05 versus the AD group). There was no significant difference between AD group and SA group (P>0.05). These 
results demonstrate that activation of RMTg in APP/PS1 mice effectively decreases the deposition of Aβ42 in the brain.

Activation of the RMTg Could Reduce Entorhinal Cortex Volume Atrophy in APP/PS1 
Transgenic Mice
The consensus is that hippocampal formation has long been implicated in learning and memory.9 However, the entorhinal 
cortex also plays an important role. Decreased hippocampal and entorhinal volumes are closely associated with decreased 
declarative memory.23 We used MRI scans to investigate changes in the volume of the hippocampus (Figure 6A–D) and 
entorhinal cortex (Figure 6E–H). We found that there is no difference (P>0.05) on the volume of hippocampus between 
the four groups (Figure 6I). As for the volume of entorhinal cortex, compared with WT group, the volume of the 
entorhinal cortex decreased in AD group (P<0.01). The volume of the entorhinal cortex of the CNO group was larger 
than AD group (P<0.05). AD group was not different from SA group (P>0.05) (Figure 6J).

Discussion
In this study, we identified activation of the RMTg nucleus by chemogenetic techniques alleviates the learning and 
memory impairment in APP/PS1 transgenic mice. First, our data show that APP/PS1 mice in the CNO group performed 
well relative to the model control group in the behavioral tests (Morris water maze experiment and new object 
recognition experiment). Second, Aβ is the main pathological sign of AD patients. We found that the Aβ deposition in 

Figure 5 Effect of activation of RMTg nucleus on Aβ deposition (A–D) Aβ42 deposition in the hippocampus (20×) a: WT group, b: AD group, c: CNO group, d: SA group. 
(E) The average optical density of Aβ-42 in the brain. Compared with the WT group, #P<0.05, # #P<0.01; Compared with AD group, *P<0.05, **P<0.01; Compared 
with AD group, ^P>0.05.
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the CNO group was significantly less than control group. Third, the area of entorhinal cortex of APP/PS1 mice in the 
CNO group was larger than that of the control group, which is consistent with previous research.24,25 Our experiment 
found that RMTg activation did not reduce hippocampal volume atrophy, which we thought might be due to the younger 
age of APP/PS1 mice. A study has shown that APP/PS1 mice show signs of hippocampal atrophy only at 7 months of 
age.26 Therefore, we plan to next observe the effect of RMTg activation on the hippocampal volume of APP/PS1 mice of 
different months.

Previous studies20,27,28 have indicated that NREM is related to the function of the brain to clear Aβ and activated 
RMTg correlates with NREM sleep quality. Patients with AD experienced a more rapid NREM (especially SWA) decline 
compared with a normal age group.29 The decrease and interruption of NREM were correlated with Aβ deposition in 
entorhinal cortex, hippocampus and medial prefrontal cortex.30 In mice, sleep disruption increases amyloid generation 
and deposition.31 Dopamine is required for normal electrocortical sleep–wake states.32,33 RMTg, a brake of the dopamine 
system, sending inhibitory projections to multiple arousal-promoting nuclei.34 RMTg is central to sleep regulation. 
Activation of RMTg by some effective means can prolong NREM sleep time, reduce the accumulation of toxic 
substances in the brain, and improve brain homeostasis health.20

Most of the researches on the RMTg nucleus focus on drug abuse addiction and aversive behavior,18,35 but there are no 
reports on the improvement of cognitive function. Our study confirms the role of RMTg in improving cognitive function. We 
can infer that the activation of RMTg by chemogenetic techniques improves the quality of NREM sleep, thereby reducing the 
Aβ deposition in the brains of APP/PS1 mice, alleviating the atrophy of the entorhinal cortex of these mice, and finally 
improving cognitive function of the mice. We provide important evidence for targeted RMTg therapy. Therefore, finding 
effective intervention methods to activate RMTg becomes a potential therapeutic target for improving AD function.

Figure 6 Effect of activation of RMTg nucleus on the volume of the hippocampus and entorhinal cortex. (A) The hippocampus of experimental mice in WT group. (B) The 
hippocampus of experimental mice in AD group. (C) The hippocampus of experimental mice in CNO group. (D) The hippocampus of experimental mice in SA group. (E) 
The entorhinal cortex of experimental mice in WT group. (F) The entorhinal cortex of experimental mice in the AD group. (G) The entorhinal cortex of experimental mice 
in the CNO group. (H) The entorhinal cortex of experimental mice in the SA group. (I) The volume hippocampus of each group. (J) The volume of entorhinal cortex of each 
group. Compared with the WT group, #P<0.05,# #P<0.01; Compared with AD group, *P<0.05, **P<0.01; Compared with AD group, ^P>0.05.
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In the following study, we will focus on discussing the effect of activating RMTg nucleus on improving NREM in 
APP/PS1 mice. Quantitative assessment was performed using electroencephalogram (EEG) and electromyography 
(EMG). In AD patients, finding safe and feasible activation modes of the RMTg nucleus is also the focus of our research.
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