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serotonergic circuit underlies the depressive 
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Abstract 

Background Depressive symptoms often occur in patients with Alzheimer’s disease (AD) and exacerbate the patho-
genesis of AD. However, the neural circuit mechanisms underlying the AD-associated depression remain unclear. The 
serotonergic system plays crucial roles in both AD and depression.

Methods We used a combination of in vivo trans-synaptic circuit-dissecting anatomical approaches, chemogenetic 
manipulations, optogenetic manipulations, pharmacological methods, behavioral testing, and electrophysiological 
recording to investigate dorsal raphe nucleus serotonergic circuit in AD-associated depression in AD mouse model.

Results We found that the activity of dorsal raphe nucleus serotonin neurons  (DRN5-HT) and their projections 
to the dorsal hippocampal CA1 (dCA1) terminals  (DRN5-HT-dCA1CaMKII) both decreased in brains of early 5×FAD mice. 
Chemogenetic or optogenetic activation of the  DRN5-HT-dCA1CaMKII neural circuit attenuated the depressive symp-
toms and cognitive impairments in 5×FAD mice through serotonin receptor 1B (5-HT1BR) and 4 (5-HT4R). Pharmaco-
logical activation of 5-HT1BR or 5-HT4R attenuated the depressive symptoms and cognitive impairments in 5×FAD 
mice by regulating the  DRN5-HT-dCA1CaMKII neural circuit to improve synaptic plasticity.

Conclusions These findings provide a new mechanistic connection between depression and AD and provide poten-
tial pharmaceutical prevention targets for AD.
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Introduction
Alzheimer’s disease (AD) is one of the major neurode-
generative diseases characterized by irreversible and 
progressive memory loss. In addition to cognitive impair-
ments, neuropsychiatric symptoms (NPS) are often 
found in AD patients. One major NPS associated with 
AD is depression [1]. Depressive symptoms emerge in the 
early stage of AD [2]. Meanwhile, cognitive dysfunction 
is also a distinctive feature of major depressive disorder. 
The main pathological features of AD are extracellular 
amyloid β (Aβ) plaques and intracellular neurofibrillary 
tangles (NFT) [3]. The Aβ deposition and NFT induce 
synaptic dysfunction and neurodegeneration, which will 
disrupt the neural circuits associated with cognition and 
emotion [4–7]. However, the underlying mechanisms of 
AD-associated depression, especially the underlying neu-
ral circuits, remain unclear.

Dysfunction of the serotonergic system [8–11] and 
loss of serotonin (or  5-hydroxytryptamine,  5-HT) neu-
rons [12] are closely associated with cognitive deficits 
in AD patients. Selective serotonin reuptake inhibitors 
can effectively improve AD-related cognitive function 
and emotional behavior [13]. In the central nervous sys-
tem (CNS), serotonergic neurons are mostly located in 
two brain regions: the dorsal raphe nucleus (DRN) and 
the medial raphe nucleus (MRN) [14], and participate in 
many biological processes, including sleep-wake cycles, 
emesis, appetite, mood, memory, etc. The serotonergic 
system contains 14 receptor subtypes, of which 13 are G 
protein-coupled receptors (GPCRs), and one is a ligand-
gated cation channel [15]. Among these serotonin recep-
tors, several are closely related with depression and AD. 
The 5-HT1B receptor (5-HT1BR), a putative target in the 
pharmacologic treatment of depression [16], is the inhib-
itory Gi-coupled protein receptor that mediates the ade-
nylate cyclase activity [17]. The 5-HT4 receptor (5-HT4R) 
is highly expressed in the hippocampus (HPC), amygdala, 
prefrontal cortex, and striatum [18], and participates in 
the AD pathogenesis [19]. Serving as an excitatory Gs-
coupled protein receptor, 5-HT4R is capable of  promot-
ing the excitability of neurons [18, 20].

The hippocampal CA1 region is associated with spatial 
learning and memory, and is one of the most vulnerable 
brain regions in AD [21]. Hippocampal pyramidal neu-
rons of CA1 highly express serotonin receptors, such as 
5-HT1BR and 5-HT4R [22]. 5-HT1BR regulates the release 
of glutamate, and its activation suppresses synaptic trans-
mission in terminals of CA1 pyramidal cells [23]. The 
activation of axonal terminals of 5-HT neurons in the 
hippocampal CA1 enhances the excitatory transmission 
of CA3-CA1 synapses and improves spatial memory [24]. 
As another important serotonin receptor, the 5-HT4R 

level has been found decreased in the HPC and prefron-
tal cortex of AD patients [25]. Accumulating evidence 
reports that 5-HT4R agonists could increase hippocam-
pal dendritic spine density [26] and improve learning and 
memory [24], while their antagonists impair associative 
memory [27]. However, the implications of  DRN5-HT 
neurons and hippocampal serotonin receptors in AD are 
unclear.

In this study, we found that the early 5×FAD mice 
(3  months old) exhibited depressive-like behaviors, and 
decreased 5-HT levels in DRN and dorsal hippocampal 
CA1 (dCA1) compared with wild-type (WT) mice. We 
used a combination of in vivo trans-synaptic circuit-dis-
secting anatomical approaches, chemogenetic manipu-
lations, optogenetic manipulations, pharmacological 
methods, behavioral testing, and electrophysiological 
recording to reveal that the DRN–HPC  serotonergic cir-
cuit may be a new pathway for AD-associated depression, 
and that targeting 5-HT1BR/5-HT4R is a potential thera-
peutic intervention for AD.

Materials and methods
Animals
5×FAD mice (B6SJL-Tg (APPSwFlLon, 
PSEN1*M146L*L286V) 6799Vas/Mmjax Strain #034840-
JAX), CaMKII-Cre and GAD2-Cre male mice were 
obtained from Jackson laboratory (Bar Harbor, ME). 
Experimental and control mice were generated by cross-
ing male 5×FAD heterozygote mice to C57BL/6 J females. 
Adult WT male mice and 5×FAD male mice were housed 
in a 12-h light/dark interval with ad libitum access to food 
and water and housed at 22 ± 2 °C, except during behavio-
ral tests. All mice were housed at the Laboratory Animal 
Center at Xiamen University. All experimental procedures 
were performed according to protocols approved by the 
Institutional Animal Care and Use Committee at Xiamen 
University, and the protocols were performed under strict 
adherence to the Animal Research: Reporting of in  vivo 
Experiments (ARRIVE) guidelines.

Stereotaxic surgery and virus injections
Before surgery, the mice were anesthetized with an 
intraperitoneal injection of pentobarbital (20 mg/kg) and 
placed on a stereotactic frame (RWD Life Science, Shen-
zhen, China). Viral vectors were injected into the DRN 
(coordinates: AP, −4.62  mm from Bregma; ML,  0  mm; 
DV, −3.4  mm from the brain surface) and the dCA1 
bilaterally (AP, −1.8  mm from Bregma; ML, ± 1.5  mm; 
DV, −1.5  mm from the brain surface) at a slow rate of 
30 nl/min.

For analysis of whole-brain projections of  DRN5-HT neu-
rons, AAV-EF1α-Dio-mCherry (AAV2/9, titer: 2.88 ×  1012 
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vg/ml, 200 nl, Brain VTA Technology, Wuhan, China) and 
AAV-TPH2-Cre (AAV2/9, 5.13 ×  1012 vg/ml, 200 nl, Brain 
VTA Technology) at a 1:1 ratio was injected into the DRN 
of mice.

For retrograde tracing, 200  nl of cholera toxin-B 
(CTB) (Brain VTA Technology) was stereotactically 
injected into the dCA1 at a flow rate of 20 nl/min.

For retrograde tracking, the AAV-TPH2-Cre 
(AAV2/R, titer: 5.81 ×  1012 vg/ml, 200  nl, Brain VTA 
Technology) was injected into the dCA1, and the Cre-
dependent virus AAV-EF1α-Dio-hM3Dq (Gq)-mCherry 
(AAV2/9, titer: 2.77 ×  1012 vg/ml, 500  nl, Brain VTA 
Technology) was injected into the DRN. After 3 weeks, 
mice were anesthetized with an intraperitoneal injec-
tion of pentobarbital (20  mg/kg) and transcardially 
perfused. Brain slices were prepared for tracing the 
mCherry signal or co-staining with tryptophan hydrox-
ylase 2 (TPH2)-specific antibodies in the DRN.

For monosynaptic anterograde tracing, AAV-TPH2-
Cre (AAV2/1, 1.02 ×  1013 vg/ml, 300 nl, Brain VTA Tech-
nology) was injected into the DRN of C57 mice to allow 
its anterograde spreading to the downstream soma to 
express Cre [28]. Simultaneously, AAV2/9-Ef1α-Dio-
hM3Dq (Gq)-mCherry (AAV2/9, titer: 2.77 ×  1012 vg/
ml, 250 nl, Brain VTA Technology) was injected into the 
dCA1. After 3  weeks, mice were anesthetized with an 
intraperitoneal injection of pentobarbital (20 mg/kg) and 
transcardially perfused. Brain slices were prepared for 
tracing the mCherry signal or co-staining with CaMKIIα-
specific antibodies or GAD67-specific antibodies in the 
dCA1.

For retrograde monosynaptic tracing, helper viruses 
that contain AAV-Ef1α-Dio-oRVG-WPRE-pA (AAV-
Ef1α-Dio–oRVG, AAV2/9, 5.22 ×  1012 vg/ml, 100  nl, 
Brain VTA Technology) and AAV-Ef1α-Dio-His-
EGFP-2a-TVA-WPRE-pA (AAV-Ef1α-Dio-TVA–EGFP, 
AAV2/9, 5.53 ×  1012 vg/ml, 100  nl, Brain VTA Technol-
ogy) at a 1:1 ratio was injected into the dCA1 of CaM-
KII-Cre mice or GAD2-Cre mice. Three weeks later, 
RV-EnVA-ΔG–DsRed (3.10 ×  108 IFU/ml, 250  nl, Brain 
VTA Technology) was injected into the dCA1 using the 
identical conditions and coordinates. The modified rabies 
virus cannot infect neurons and spread retrogradely 
without the TVA and rabies glycoprotein component, 
which is provided by AAV helpers.

For chemogenetic manipulation, the AAV-TPH2-Cre 
(AAV2/R, titer: 5.81 ×  1012 vg/ml, 200  nl, Brain VTA 
Technology) was injected into the dCA1, and the Cre-
dependent virus AAV-EF1α-Dio-mCherry (AAV2/9, 
titer: 2.88 ×  1012 vg/ml, 500 nl, Brain VTA Technology) or 
AAV-EF1α-Dio-hM3Dq (Gq)-mCherry (AAV2/9, titer: 
2.77 ×  1012 vg/ml, 500  nl, Brain VTA Technology) was 
injected into the DRN.

For optogenetic manipulation, the AAV-TPH2-Cre 
(AAV2/R, titer: 5.81 ×  1012 vg/ml, 200  nl, Brain VTA 
Technology) was injected into the dCA1. AAV-EF1α-Dio-
mCherry (AAV2/9, titer: 2.88 ×  1012 vg/ml, 500 nl, Brain 
VTA Technology) or AAV-EF1α-Dio-hChR2(H134R)-
mCherry (AAV2/9, titer: 4.83 ×  1012 vg/ml, 500 nl, Brain 
VTA Technology) was injected into the DRN of mice. 
The single monofiber implant (diameter 200 μm, Numer-
ical Aperture (NA): 0.37, RWD Life Science, Shenzhen, 
China) was positioned above the injection sites. The 
implant was secured to the skull with dental cement. 
Mice were allowed to recover for at least 3 weeks before 
behavioral experiments. The delivery of a 2-min pulse of 
blue light (473 nm, 4–5 mW, 20 Hz) was controlled using 
a Master-8 pulse stimulator (RWD). An identical stimu-
lus protocol was applied to the control mice. The location 
of the fiber implants was examined in all mice after the 
experiments, and mice in which the fiber implants were 
located outside the desired brain region were excluded 
from analysis.

For chemogenetic manipulation, an intraperito-
neal injection of Clozapine N-oxide (CNO, 3  mg/kg, 
APEXBIO, Houston, TX, Cat# A3317) was given 30 min 
before the behavior tests.

For TPH2 overexpression in  DRN5-HT neurons, AAV-
TPH2-mCherry (AAV2/9, titer: 5.62 ×  1012 vg/ml, 1  μl, 
Brain VTA Technology) or AVV-TPH2-Tph2-mCherry 
(AAV2/9, titer: 5.60 ×  1012 vg/ml, 1 μl, Brain VTA Tech-
nology) was injected into the DRN of mice. The viruses 
are listed in Additional file 1: Table S1.

Intraperitoneal injection and cannula infusion of drugs
CNO (APEXBIO, Cat# A3317) was delivered via intra-
peritoneal injection at a concentration of 3 mg/kg 30 min 
before behavioral experiments. For cannula microin-
jection experiments, an internal stainless-steel injector 
attached to a 10-μl syringe (Hamilton) and a microinfu-
sion pump (RWD) was inserted into the guide cannula 
(internal diameter 0.34  mm, RWD) and used to infuse 
CP93129 (1.5  μg/µl, 1  µl, Tocris Bioscience, Shanghai, 
China, Cat# 1032) into the bilateral dCA1 at a flow rate of 
200 nl/min [29]. Similarly, BIMU8 (2 μg/µl, 1 µl, Tocris, 
Cat# 4397) was locally applied [29]. Control mice were 
given the same volume of saline.

Behavioral studies
As described above, the virus was injected into the DRN 
or the dCA1 of 2-month-old mice by stereotactic micro-
injection. Depressive behavior tests were performed 
at 3  months of age and cognitive behavior tests were 
detected at 6  months of age. All mice of chemogenetic 
manipulation were intraperitoneally  injected with CNO 
(3  mg/kg, APEXBIO, A3317) 30  min before behavioral 
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testing. To examine whether 5-HT1BR and 5-HT4R are 
involved in the effects of activation of  DRN5-HT neurons 
on mouse behavior, agonist for 5-HT1BR (CP93129, 1 
0.5  μg/µl, 1  µl, dCA1 locational injection, Tocris, Cat# 
1032) or 5-HT4R (BIMU8, 2 μg/µl, 1 µl, dCA1 locational 
injection, Tocris, Cat# 4397) was administered once daily 
for 7 days prior to the behavioral test.

Tail‑suspension test (TST)
A mouse was suspended approximately 50 cm above the 
table, with adhesive tape placed about 1 cm from the tip 
of the tail. The mouse behavior was monitored from the 
side with a video tracking system for 6  min (2  min for 
adaptation and 4 min for recording). The immobility time 
was recorded.

Forced swimming test (FST)
Mice were individually placed in a hyaline cylinder 
(diameter 15  cm, height 25  cm) filled with fresh water 
(with temperature maintained at 22–25 °C) to a depth of 
15  cm. Each mouse was forced to swim for 6  min. The 
immobility time during the last 4  min was manually 
counted and analyzed by an observer who was blind to 
the treatment conditions.

Sucrose preference test (SPT)
The SPT consists of two phases, the adaption and the 
testing phases. During the adaption phase, a mouse was 
acclimatized to two bottles of 1% sucrose solution (w/v) 
in each cage. After 24  h, the bottles were changed to 
water. To avoid side bias, the positions of the two bottles 
were switched after 12 h. After adaptation, the mice were 
deprived of water and food for 24 h. Then the mice were 
housed individually in the cages with free access to two 
bottles, one containing water and another containing 1% 
sucrose solution for 12 h. Th volumes of consumed sucrose 
solution and water were recorded, and sucrose preference 
(SP) was calculated as: SP (%) = sucrose consumption / 
(sucrose consumption + water consumption) × 100%.

Morris water maze (MWM)
A tank of 120 cm in diameter was filled with water and 
made opaque with a white, non-toxic titanium dioxide 
maintained at 22 ± 2  °C. The maze was labeled with 
several distinct extra-maze cues. A camera fixed at a 
distance of 1 m from the water surface was connected 
to a digital tracking device. The tracking information 
was then processed by a computer with the MWM 
software. Thereafter, escape latency was recorded in 
the training phase. After the training stage, the plat-
form was removed. The times of crossing the platform, 
the latency to reach the target platform, and  the time 

spent in each quadrant were recorded during the test-
ing phase.

Open field test (OFT)
A mouse was placed in a square reaction chamber 
(40 × 40  cm2 chamber) and allowed to explore freely for 
10  min. A camera was used to record the free move-
ment of the mouse. The time spent in the central and the 
peripheral areas and the total distance traveled were ana-
lyzed to quantify anxiety.

Elevated plus maze (EPM)
A mouse was put in a plus-shaped maze and allowed to 
explore freely for 5  min. The maze was cross-shaped, 
consisting of two open arms and two closed arms. The 
connecting part is the central area, at a certain height 
from the ground. A camera was used to record the free 
movement of the mouse. Anxiety was quantified by ana-
lyzing the percentages of time spent in the central, open, 
and closed areas.

Light‑dark transition test (LDT)
A mouse was placed in a light-dark response chamber 
and allowed to explore freely for 5 min. The experimen-
tal facility consisted of a dark safety compartment and 
a bright aversion compartment. A camera was used to 
record the free movement of the mouse. The number 
of switches between the compartments was analyzed to 
quantify anxiety.

Synaptic plasticity/long‑term potentiation (LTP)
Neurons in slices were visualized using a 40× water 
immersion objective on an upright microscope 
(BX51WI, Olympus) equipped with infrared-differ-
ential interference contrast (IR-DIC) and an infra-
red camera connected to a video monitor. Whole-cell 
patch-clamp recordings were obtained from visually 
identified DRN and HPC cells. Patch pipettes (3–5 
MΩ) were pulled from borosilicate glass capillaries 
(Borosilicate glass, Sutter Instruments, CA) with an 
outer diameter of 1.5  mm on a four-stage horizontal 
puller (P1000, Sutter Instruments, CA). Signals were 
acquired via a Multiclamp 700B amplifier, low-pass fil-
tered at 2.8 kHz, digitized at 10 kHz, and analyzed with 
Clampfit 10.7 software (Molecular Devices, Forster 
City, CA). The experimental recording was immediately 
terminated if the series resistance changed more than 
20% during the recording.

We used extracellular field potential recording to inves-
tigate LTP changes in the hippocampal CA1 region. Mice 
of desired genotypes were anesthetized with 3%–5% iso-
flurane. Transverse hippocampal slices (400  μm thick-
ness) were prepared using a Vibroslice (VT 1000S; Leica) 
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in an ice-cold solution containing 64 mM NaCl, 2.5 mM 
KCl, 1.25 mM  NaH2PO4, 10 mM  MgSO4, 0.5 mM  CaCl2, 
26 mM  NaHCO3, 10 mM glucose, and 120 mM sucrose. 
Slices were allowed to recover for 30  min at 32  °C and 
then at room temperature (25 ± 1  °C) for at least 1  h 
prior to initiation of recording in the artificial cerebro-
spinal fluid (ACSF) (1.3 mM  Mg2+) containing 120 mM 
NaCl, 3.5 mM KCl, 1.25 mM  NaH2PO4, 1.3 mM  MgSO4, 
2.5  mM  CaCl2, 26  mM  NaHCO3, and 10  mM glucose. 
Slices were transferred to the recording chamber and 
perfused with ACSF (3 ml/min) at 32 °C. Brain slices were 
transferred to an interface chamber to facilitate long-
term slice viability, and superfused with ACSF (1.3 mM 
 Mg2+) saturated with 95%  O2/5%  CO2. Field excitatory 
postsynaptic potentials (fEPSPs) were recorded using a 
glass patch electrode in the CA1 stratum radiatum layer 
in response to Schaffer collateral stimulation. The patch 
electrode had an electrical resistance of 1–2 MΩ at 1 kHz 
when filled with ACSF (1.3 mM  Mg2+). The Schaffer col-
lateral inputs to the CA1 region were stimulated with a 
bipolar tungsten electrode. Field excitatory postsynaptic 
potentials (fEPSPs) were recorded from neurons within 
the CA1 dendritic layer by inserting an electrode in the 
Schaffer collateral pathway as the stimulating electrode.

For fEPSP recordings from the HPC, a stimulus-
response (input–output) curve was first obtained by 
measuring the fEPSP slope (first 1-ms response after 
fiber volley) as a function of the fiber volley amplitude, 
which was used to quantify basal synaptic transmission 
strength. We then chose a stimulus intensity that pro-
duced a 30% maximum fEPSP amplitude throughout the 
experiments. fEPSPs evoked by this stimulus intensity 
were recorded for 20 min to establish a baseline.

After the 20-min baseline responses of stimulus-
induced fEPSPs, CNO (5  μM), CP93129 (5-HT1BR ago-
nist, 5  μM, Tocris Bioscience, Cat# 1032), NAS-181 
(5-HT1BR antagonist, 5  μM, MedChemExpress, Cat# 
HY-103156), or BIMU8 (5-HT4R agonist, 5  μM; Tocris 
Bioscience, Cat# 4397) was perfused at 3  ml/min and 
recorded for 30 min [29]. Then an LTP induction stimula-
tion protocol was applied. To elicit LTP, we used a theta 
burst stimulation protocol, which consisted of a 2-s-long 
5-Hz train (each train consisting of four pulses at 100 Hz) 
repeated 5 times at 10-s intervals. Following LTP induc-
tion, fEPSP responses were recorded for an additional 
1 h.

Whole‑cell patch‑clamp recording
Neurons in the slices were visualized using a 40× 
water immersion objective on an upright microscope 
(BX51WI, Olympus) equipped with infrared-differential 
interference contrast (IR-DIC) and an infrared camera 
connected to a video monitor. Whole-cell patch-clamp 

recordings were obtained from visually identified DRN 
and HPC cells. Patch pipettes (3–5 MΩ) were pulled 
from borosilicate glass capillaries (VitalSense Scientific 
Instruments Co., Ltd) with an outer diameter of 1.5 mm 
on a four-stage horizontal puller (P1000, Sutter Instru-
ments). The signals were acquired via a Multiclamp 
700B amplifier (Molecular Devices), low-pass filtered 
at 2.8  kHz, digitized at 10  kHz, and analyzed with the 
Clampfit 10.7 software (Molecular Devices). If the series 
resistance changed more than 20% during the recording, 
the experimental recording was immediately terminated.

Spontaneous excitatory postsynaptic currents (sEPSCs) 
were recorded at a holding potential of − 70 mV. For sEP-
SCs recording, glass pipettes were filled with the solution 
containing 140 mM  CsCH3SO3, 5 mM TEA-CI, 10 mM 
Hepes, 1 mM EGTA, 2 mM  MgCl2, 2.5 mM Mg-ATP, and 
0.3 mM Na-GTP (pH 7.3, osmolarity of 285–290 mOsm/
kg). For spontaneous inhibitory postsynaptic currents 
(sIPSCs) recording, the same pipette solution was used.

The pipettes were filled with an intracellular solution 
that contained (in mM) 125  K-gluconate, 10 HEPES, 
2  MgCI2, 0.3 GTP-Na2, 5 NaCl, and  10 EGTA (pH 7.2, 
osmolarity of 285–290  mOsm/kg). To assess the intrin-
sic excitability of neurons in the DRN and dCA1 regions, 
we injected 1-s current steps (0 pA to 120 pA, with 10 
pA increment) at −70  mV holding potential. Data were 
filtered at 2  kHz and sampled at 10  kHz. Neurons with 
a resting potential of at least −70 mV and resistance that 
fluctuated within 15% of initial values (< 20 MΩ) were 
analyzed. Mini-events were analyzed with the MiniAnal-
ysis software.

Nissl staining
Coronal frozen sections of HPC (30  μm thick) were 
washed with distilled water, and stained with Nissl stain-
ing solution (Beyotime, China) for 5 min at 37 ℃. Then, 
the sections were washed twice with distilled water for a 
few seconds, rinsed with 95% ethanol for 5 min, and air-
dried. Sections were washed twice in xylene for 5  min 
each and sealed with neutral balsam.

Immunohistochemistry
Mice were anesthetized with 4% isoflurane, followed by 
transcardial blood clearing with 0.01  M PBS and fixa-
tion with 4% ice-cold paraformaldehyde (PFA) in 0.1 M 
phosphate buffer (pH 7.4). For 0.01 M PBS, the compo-
sition consisted of 140  mM NaCl, 2  mM KCl, 10  mM 
 Na2HPO4·12H2O and 2 mM  KH2PO4. Brains were post-
fixed in 4% PFA overnight at 4 °C and cryoprotected for 
48 h in 30% sucrose. The brains were then embedded in 
OCT, frozen at −20  °C, and sectioned into 30-μm sec-
tions on a sliding microtome (Leica CM1950, Ger-
many). Following extensive washes in 0.01  M PBS, the 
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free-floating sections were blocked in primary antibody 
solution (5% normal goat serum, 0.3% TritonX-100, in 
0.01  M PBS) for 0.5  h, and incubated with anti-TPH2 
(1:1000, Rabbit, Novus, Littleton, CO, Cat# NB100-
74555), anti-c-Fos (1:500, Rabbit, Cell Signaling Technol-
ogy, Danvers, MA, Cat# 2250), or anti-CaMKIIα (1:500, 
Rabbit, Novus, Cat# NB100-1983) at 4 °C for 24 h. Sec-
tions were washed in 0.01  M PBS, incubated with sec-
ondary antibodies (Invitrogen, Carlsbad, CA, 1  μg/ml), 
and mounted on glass slides using DAPI-containing 
mounting medium. Images were acquired on an Olym-
pus FV1000MPE-B confocal microscope (Tokyo, Japan) 
with a 20 × dry air or 60 × oil immersion objective. Image 
acquisition parameters (e.g., laser power, pinhole size, 
detector gain, and offset) were kept constant to enable 
signal intensity comparisons. The primary antibodies are 
listed in Additional file 1: Table S2.

Enzyme linked immunosorbent assay (ELISA)
The contents of 5-HT in the dCA1 and the DRN were 
determined by ELISA (COIBO BIO, shanghai, China). 
The relevant reagents were prepared in strict accordance 
with the method indicated in the instructions. The stand-
ard wells and sample wells were set on the enzyme plate. 
The standard wells were added with 50 μl standard sub-
stance of different concentrations, and the sample wells 
were added with 50 μl sample (supernatant of the dCA1 
and the DRN homogenate). Then 40 μl of sample diluent 
was added, followed by addition of 100  μl HRP-labeled 
detection antibody. The wells were sealed, incubated for 
60 min at 37 °C, and patted dry on absorbent paper after 
discarding the liquid. The plate was washed for 5 times, 
added with 50  μl substrate A and B to each well, incu-
bated for 15  min at 37  °C, and added with 50  μl termi-
nation solution to each well. The OD value of each well 
was measured at 450 nm to calculate the concentrations 
of 5-HT in the samples.

Western blotting
The dCA1 or DRN tissue was immediately homogenized 
in ice-cold radioimmunoprecipitation assay buffer (Boster, 
Wuhan, China) containing a cocktail of protease inhibi-
tors. The lysates were then centrifuged at 12,000  rpm 
for 10 min at 4  °C and supernatants were collected. The 
total protein concentration was measured using a bicin-
choninic acid (BCA) protein kit (LifeTech, Shenzhen, 
China). Western blot was performed as described pre-
viously [30]. Briefly, equal amounts (50  μg) of proteins 
were separated by SDS-PAGE. After electrophoresis, the 
separated proteins were transferred onto PVDF (poly-
vinylidene difluoride) membranes in an ice-cold buffer 
(25 mM Tris HCl, 192 mM glycine, and 20% methanol) by 
electrotransfer for 1.5 h, and blocked in TBST containing 

5% non-fat milk for 2 h at room temperature. The mem-
branes were washed and incubated with primary antibody 
in 5% non-fat milk at 4  °C overnight: anti-APP (1:2000, 
Rabbit, Sangon Biotech, Shanghai, China, Cat# D260097-
0025), anti-TPH2 (1:2000, Rabbit, Novus, Cat# NB100-
74555), anti-GAPDH (1:5000, Mouse, Protientech, 
Chicago, IL, Cat# 6004-1-lg). On the next day, membranes 
were washed three times with TBST, followed by incuba-
tion with horseradish peroxidase-linked secondary anti-
bodies for 1 h at room temperature. After another round 
of TBST wash, chemiluminescent Western ECL detection 
reagents (Bio-Rad, Hercules, CA, Cat# 1705061) were 
used to illuminate the signals. Integrated gray values of 
each band were quantified using the ImageJ software. The 
primary antibodies involved are listed in Table S2.

Quantitative reverse transcription PCR (qRT‑PCR)
The dCA1 tissue was microdissected as described above. 
Total RNA was extracted with Trizol™ Reagent accord-
ing to the manufacturer’s instructions (Invitrogen). 
The concentration of total RNA was measured with 
a NanoDropTM OneC spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA). The RT reaction was 
performed at 37  °C for 15  min, 50  °C for 5  min, 98  °C 
for 5  min, and 4 ℃ hold using a High-Capacity cDNA 
Reverse Transcription Kit with RNase Inhibitor (Toy-
obo, FSQ-201). qRT-PCR was then performed using the 
Step OnePlus™ Real-Time PCR System (Thermo Fisher 
Scientific). The 10 μl reaction mix was composed of 5 μl 
of PowerUpTM SYBRTM Green Master Mix (Roche), 
1 μl of each primer, 2 μl of cDNA and 1 μl of  ddH2O. All 
reactions were run on a Light Cycler 480 Instrument II 
(Roche Diagnostics, Basel, Switzerland) with a 15-min 
hot start at 95 °C followed by 40 cycles of a 3-step ther-
mocycling program: denaturation at 94  °C for 15  s; 
annealing at 55  °C for 30  s; and extension at 70  °C for 
30 s. Samples were assessed in triplicate in each experi-
ment. The relative levels of target genes were analyzed 
by the  2−ΔΔCt  method, normalizing the cycle threshold 
(Ct) values of the cytokine receptor mRNAs to the Ct 
value of β-actin. Data were quantified as the fold change 
relative to WT mice. Primers are shown in Table 1.

Statistical analyses
All quantitative results are expressed as means ± SEM. Data 
were plotted and analyzed statistically using the Graph-
Pad Prism 8.3.0 software. Data were analyzed with Stu-
dent’s t-test, or ANOVA (one-way and two-way) followed 
by post-hoc analyses for multiple comparisons. Offline 
analysis of the data of electrophysiological recordings was 
conducted using the Clampfit software version 10.7 (Axon 
Instruments, Inc., CA) and Mini Analysis software version 
6.03. P < 0.05 was considered statistically significant.
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Results
The projection of  DRN5‑HT neurons to dCA1 was impaired 
in 5×FAD mouse brain
DRN5-HT neurons have extensive projections to lots of brain 
regions which mediate diverse neuronal functions. Consid-
ering the vital role of  DRN5-HT neurons in depression and 

cognition, we explored the neuronal projection of  DRN5-HT 
neurons in early 5×FAD mouse brains. The mixture of 
AAV2/9-EF1α-Dio-mCherry and AAV2/9-TPH2-Cre 
viruses was injected into the DRN region of 2-month-old 
WT and 5×FAD mice to monitor the neuronal projection 
of  DRN5-HT neurons (Fig. 1a, b). The virus expression was 
first confirmed by mCherry signals in DRN after 4 weeks of 
virus expression (Fig. 1c). Then, the projections of  DRN5-HT 
neurons in the whole brain were detected based on the 
mCherry fluorescence signal (Fig.  1d). The projection of 
 DRN5-HT neurons can be found in many brain regions 
(Fig.  1d, e). Among these regions, the  DRN5-HT-positive 
axons in the medial septum (MS), lateral hypothalamus 
(LH), and dCA1 regions were significantly decreased in 
5×FAD mice compared with WT mice (Fig. 1d, e). As an 
important brain region affected in AD, hippocampal dCA1 
draws our attention. Further detailed analysis of neuronal 
fibers in dCA1 clearly indicated that the projections of 
 DRN5-HT neurons to dCA1 were selectivity decreased in 
3-month-old 5×FAD mouse brain (Fig. 1f, g).

DRN5‑HT‑dCA1 neuronal activity was decreased in early 
5×FAD mice
Considering the decreased projection of  DRN5-HT neu-
rons to dCA1 in early 5×FAD mouse brains, we won-
dered whether the excitability of  DRN5-HT-dCA1 neurons 
also changed. To visualize the  DRN5-HT-dCA1 con-
nected neurons, the retrograde tracer cholera subunit 
B (CTB-555) was injected into the dCA1 area (Fig.  1h, 
i). As predicted, the retrograde CTB-555 signals were 
observed in the DRN 1 week after injection. Moreover, 
most of the CTB-555-positive neurons were co-labeled 
with TPH2, a marker of 5-HT-activated neurons (Fig. 1j). 
These data confirmed the  DRN5-HT-dCA1 projection. 
By electrophysiological recording, we found that the 
 DRN5-HT-dCA1 labeled neurons displayed decreased 
firing rate and increased rheobase in 5×FAD mice com-
pared with WT, indicating the impaired neuronal activ-
ity of  DRN5-HT-dCA1 neurons in early 5×FAD mice 
(Fig. 1k–m). Accompanying with the decreased neuronal 
activity, the expression of TPH2 was also found decreased 
in DRN and dCA1 regions from the early (3-month-old)- 
and middle (6-month-old)-stage 5×FAD mice compared 
with the age-matched WT controls (Fig.  1n, o and Fig. 
S1a–h). We performed staining for the cleaved-caspase-3 
in the DRN of WT and 5×FAD mice, and found no differ-
ences (Fig. S1i). This result suggested that the decreased 
expression of TPH2 in the DRN of 5×FAD mice was 
not caused by neuronal death. In addition, intracellular 
5-HT levels were also measured. Accompanying with the 
decreased TPH2 expression, the serotonin levels were 
found decreased in both dCA1 and DRN in 5×FAD mice 
(Fig. 1p, q).

Table 1 The primer sequences used for qPCR 

Gene Primer sequences (5′ −> 3′)

5-HT1AR

 Forward GAC AGG CGG CAA CGA TAC T

 Reverse CCA AGG AGC CGA TGA GAT AGTT 

5-HT1BR

 Forward CGC CGA CGG CTA CAT TTA C

 Reverse TAG CTT CCG GGT CCG ATA CA

5-HT1DR

 Forward ATC ACC GAT GCC CTG GAG TA

 Reverse GCC AGA AGA GTG GAG GGA TG

5-HT1FR

 Forward ATC AAC TCC CTC GTG ATC GC

 Reverse ACA CGT ACA ACA GAT GAT GTCG 

5-HT2AR

 Forward TAA TGC AAT TAG GTG ACG ACTCG 

 Reverse GCA GGA GAG GTT GGT TCT GTTT 

5-HT2BR

 Forward GAA CAA AGC ACA ACT TCT GAGC 

 Reverse CCG CGA GTA TCA GGA GAG C

5-HT2CR

 Forward CTA ATT GGC CTA TTG GTT TGGCA 

 Reverse CGG GAA TTG AAA CAA GCG TCC 

5-HT3AR

 Forward CCT GGC TAA CTA CAA GAA GGGG 

 Reverse TGC AGA AAC TCA TCA GTC CAGTA 

5-HT3BR

 Forward CTG TCT ACC TGG ACC TTT GCG 

 Reverse AAC TCA TCG TTC CAA ACC TCTC 

5-HT4R

 Forward AGT TCC AAC GAG GGT TTC AGG 

 Reverse CAG CAG GTT GCC CAA GAT G

5-HT5AR

 Forward ATG GAT CTG CCT GTA AAC TTGAC 

 Reverse CAC TCG GAA AGC TGA GAG AAAA 

5-HT5BR

 Forward TTG CTG ATC GCT GCC ACT TT

 Reverse GTC GAG GCC ACC AAG TTA TGT 

5-HT6R

 Forward GCT GTG CGT GGT CAT CGT A

 Reverse CAT CAG GTC CGA CGT GAA GAG 

5-HT7R

 Forward CCG ACC TCT ACG GCC ATC T

 Reverse TCT CGA CTC TGC CAT AGT TGAT 
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The  DRN5‑HT neurons project to  dCA1CaMKII neurons
To further confirm the direct  DRN5-HT-dCA1 projec-
tion, two strategies were used. First, the AAV2/Retro-
TPH2-Cre and AAV2/9-EF1α-Dio-mCherry virus was 
injected into the dCA1 and the DRN, respectively. We 
subsequently observed mCherry-expressing neurons in 
the DRN region which also can be labeled with TPH2. 
These data suggested direct synaptic connection of 
serotonin neurons in DRN with dCA1 (Fig.  2a, b). We 
then exchanged the viral infusion regions by injecting 
AAV2/1-TPH2-Cre virus into the DRN and AAV2/9-
EF1α-Dio-mCherry into the dCA1 region of WT mice. 
We observed mCherry-expressing neurons in the dCA1, 
which were co-labeled with excitatory neuronal marker 
CaMKII (Fig. 2c, d and Fig. S2a, b) but not with inhibi-
tory neuronal marker GAD67 (Fig. S2c).

To further characterize the DRN-dCA1 neuronal 
organization, CaMKII-Cre mice and GAD2-Cre mice 
were used for cell-type-specific retrograde trans-mon-
osynaptic tracing. The Cre-dependent helper viruses 
(AAV2/9-EF1α-Dio-TVA-EGFP and AAV2/9-EF1α-Dio-
oRVG) were injected into the dCA1 of CaMKII-Cre or 
GAD2-Cre mice. Three weeks later, the rabies virus (RV) 
(RV-EnVA-△G-dsRed) was injected into the same site 
(Fig. 2e and Fig. S2d). We observed that the DsRed sig-
nal was mostly co-localized with GFP in CaMKII-Cre 
mice (Fig. 2f ) but not in GAD2-Cre mice (Fig. S2e). The 
presence of these helper viruses also enabled the RV to 
spread retrogradely across monosynapses. As predicted, 
we observed that the DsRed signal in the DRN was co-
labeled with TPH2 immunostaining in CaMKII-Cre mice 
(Fig. 2g) but not in GAD2-Cre mice (Fig. S2f ). These find-
ings revealed a new neuronal circuit from DRN serotonin 
neurons to hippocampal dCA1 excitatory neurons.

The hyperactivity of  dCA1CaMKII neurons was alleviated 
by the activation of the  DRN5‑HT‑dCA1CaMKII neural circuit 
in 5×FAD mice
To assess the role of the  DRN5-  HT-dCA1CaMKII neu-
ral circuit in early 5×FAD mice, a chemogenetic strat-
egy was used, injecting the AAV2/9-EF1α-Dio-hM3Dq 
(Gq)-mCherry virus into the DRN region, and the 
AAV2/9-TPH2-Cre virus into the dCA1 region. Whole-
cell recordings of neurons in dCA1 were performed dur-
ing chemogenetic activation of hM3Dq (Gq)-containing 
 DRN5-HT terminals in the dCA1. Enhanced firing rate and 
decreased rheobase were found in  dCA1CaMKII neurons 
in early 5×FAD mice (Fig. 2h–j), which were significantly 
alleviated by activating 5-HT axon terminals (Fig.  2h–j). 
The balance of excitation and inhibition synaptic transmis-
sion (E/I) is also related to psychiatric disorders [31]. Then, 
the sEPSCs/sIPSCs in  dCA1CaMKII neurons were recorded 
before and after activating 5-HT neurons. The frequency 
of sEPSCs and sIPSCs increased and decreased respec-
tively in 3-month-old 5×FAD mice compared with WT. 
No obvious changes in the amplitudes of sEPSCs and 
sIPSCs were found. Chemogenetic activation of  DRN5-HT 
neurons projecting to  dCA1CaMKII neurons significantly 
reversed the changes of frequency of sEPSCs and sIPSCs 
in  dCA1CaMKII neurons of 5×FAD mice (Fig. 2k–o). These 
results suggest that the axons of 5-HT neurons in the 
DRN form synaptic connections with hippocampal dCA1 
excitatory neurons, and the stimulation of DRN seroton-
ergic neurons produced a rapid inhibition of hippocampal 
excitatory neurons and reversed the impairment of syn-
aptic transmission. Furthermore, the LTP impairments 
in the early 5×FAD mice were also reversed by chemoge-
netic activation of the  DRN5-HT-dCA1CaMKII neural circuit 
(Additional file 1: Fig. S3a, b), suggesting that this neural 

Fig. 1 Whole-brain mapping of direct outputs from  DRN5-HT neurons. a Schematic diagram of AAV vector constructs. b Schematic 
of AAV-EF1α-Dio-hChR2(H134R)-mCherry combined with AAV-TPH2-Cre injection into the DRN. c Representation of mCherry expression 
in DRN. mCherry (red), DAPI (blue). Scale bar, 200 μm. d Representation of whole brain projection at nine coronal levels from  DRN5-HT neuron 
populations. Measurements are given in millimeters from the bregma. Scale bars, 1 mm. e Quantitative pixel density of output axons of  DRN5-HT 
neurons in the corresponding brain area. These data are expressed as the mean ± SEM, n = 3 per group, *P < 0.05, by two-tailed Student’s 
t-test. f Representation of  DRN5-HT neurons projecting into the dCA1. mCherry (red), DAPI (blue). Scale bars, 200 μm (left) and 50 μm (right). g 
Quantitative analysis of mCherry signals in the dCA1 region. WT = 5 mice, 5×FAD = 5 mice. These data are expressed as the mean ± SEM, **P < 0.01, 
by two-tailed Student’s t-test. h Schematic diagram of the CTB-555 virus injection site and electrophysiological recording of  DRN5-HT-dCA1 
neurons. i Representation of the virus injection site of dCA1. Scale bar, 1 mm. j Representative images of  DRN5-HT-dCA1 neurons (yellow) labeled 
by CTB-555 and TPH2 in DRN. CTB-555 (red), TPH2 (green), DAPI (blue). Scale bars, 50 μm. Percentage of CTB-555-labeled neurons that expressed 
TPH2 in the DRN (n = 10 cells from 6 mice). k Representative traces from  DRN5-HT-dCA1 neurons. l Quantification of firing rates induced by current 
injection recorded from  DRN5-HT-dCA1 neurons. WT = 20 cells from 5 mice, 5×FAD = 20 cells from 5 mice. The data are expressed as the mean ± SEM, 
*P < 0.05, by two-tailed Student’s t-test. m Quantification of rheobase to evoke an action potential under current step recorded from  DRN5-HT-dCA1 
neurons. WT = 20 cells / 5 mice, 5×FAD = 20 cells / 5 mice. The data are expressed as the mean ± SEM, *P < 0.05, by two-tailed Student’s t-test. n 
Representation of TPH2 expression in DRN. TPH2 (green), DAPI (blue). Scale bars, 200 μm. o Quantitative analysis of TPH2 density in DRN. WT = 5 
mice, 5×FAD = 6 mice. These data are displayed as mean ± SEM, **P < 0.01, ns, no significance, by two-tailed Student’s t-test. p Quantitative analysis 
of 5-HT in the hippocampus. The data are expressed as the mean ± SEM, n = 5 per group, *P < 0.05, by two-tailed Student’s t-test. q Quantitative 
analysis of 5-HT in the DRN. The data are expressed as the mean ± SEM, n = 5 per group, *P < 0.05, by two-tailed Student’s t-test

(See figure on next page.)
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circuit not only affects neuronal activity but also affects 
synaptic transmission in hippocampal dCA1.

Chemogenetic activation of the  DRN5‑HT‑dCA1CaMKII neural 
circuit rescued depressive symptoms and subsequent 
cognitive impairments in 5×FAD mice
The above data indicated that activation of the 
 DRN5-HT-dCA1CaMKII neural circuit would increase the 
hippocampal synaptic transmission in early 5×FAD 
mice. Then, the effects of this circuit on the depressive 

behaviors were tested. The AAV2/Retro-TPH2-Cre 
virus was injected into the dCA1 region, and AAV2/9-
EF1α-Dio-hM3Dq (Gq)-mCherry or AAV2/9-EF1α-
Dio-mCherry (serving as the control AAV) was injected 
into the DRN region of WT and 5×FAD mice (Fig. 3a). 
Enhanced mCherry/c-Fos double labeling of neurons 
after CNO administration firstly proved the success of 
this strategy (Fig. 3b).

The 3-month-old 5×FAD and WT mice that received 
the AAV were subjected to behavioral tests (Fig.  3c). 

Fig. 1 (See legend on previous page.)
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Before the cognitive impairments occur, the 3-month-
old 5×FAD mice exhibited significant depressive behav-
iors as evaluated by TST, FST, and SPT (Fig.  3d–f), but 
not anxiety-like behaviors (Fig. S4a–c). Activation of the 
 DRN5-HT-dCA1CaMKII neural circuit significantly res-
cued the depressive-like behaviors in early 5×FAD mice 
(Fig.  3d–f). Depressive symptoms are also a risk factor 
for AD and precede cognitive impairments. These mice 
further underwent the MWM test at 6  months of age. 
Activation of the  DRN5-HT-dCA1CaMKII neural circuit sig-
nificantly attenuated the cognitive impairments in 5×FAD 
mice during the training stage (Fig. 3g) and on the test day 
(Fig.  3h–j). Specifically, 5×FAD-hM3Dq mice displayed 
more crossings of the platform, reduced latency to reach 
the platform, and more residence time in the target quad-
rant, compared with 5×FAD-mCherry mice (Fig.  3h–j). 
The  mCherry+  neurons in the DRN were sensitive to 
10-μM CNO stimuli (Fig. S5a, c), and they were 5-HT 
neurons (Fig.  2b). Together, these data suggested that 
the  DRN5-HT-dCA1CaMKII neural circuit plays antidepres-
sant roles in early 5×FAD mice and attenuates cognitive 
impairment of 5×FAD mice at later stages.

Optogenetic activation of the  DRN5‑HT‑dCA1CaMKII neural 
circuit rescued depressive symptoms and cognitive 
impairments in 5×FAD mice
To strengthen our finding from chemogenetic modulations 
in 5×FAD mice, optogenetic manipulations were also per-
formed. The AAV2/Retro-TPH2-Cre virus was injected 
into the dCA1 region and the AAV2/9-EF1α-Dio-ChR2-
mCherry virus was injected into the DRN of 2-month-old 

WT and 5×FAD mice, with the optical fibers implanted 
above the DRN region (Fig.  4a). The depressive and cog-
nitive behaviors of these mice were measured at 3 and 
6 months of age, respectively (Fig. 4b). We first confirmed 
the activation of  DRN5-HT neurons (Fig. 4c) indicated by the 
mCherry/c-Fos double labeling after optogenetic activation 
(Fig.  4d). Consistent with the chemogenetic manipulation 
data, optogenetic activation of the  DRN5-HT-dCA1 neurons 
also significantly alleviated the depressive-like behavior in 
early 3-month-old 5×FAD mice (Fig. 4e, f), and attenuated 
the cognitive impairments in 6-month-old 5×FAD mice 
(Fig. 4g–j). The  mCherry+  neurons in the DRN were sen-
sitive to 473 nm light stimuli (Fig. S5b, d), and they were 
5-HT neurons (Fig. 4c).

Agonists of 5‑HT1BR and 5‑HT4R reduced the activity 
of  dCA1CaMKII neurons and improved depressive symptoms 
and cognitive impairments in 5×FAD mice
The implications of the  DRN5-HT-dCA1CaMKII neural 
circuit in 5×FAD prompted us to explore whether the 
5-HT receptors (5-HTRs) are also involved in this regu-
lation. We examined the mRNA levels of 14 subtypes of 
5-HTRs in dCA1 from the chemogenetically or optoge-
netically manipulated WT and 5×FAD mice mentioned 
above. Notably, the mRNA levels of 5-HT1BR, 5-HT1FR, 
5-HT2BR, 5-HT3BR, 5-HT4R, 5-HT6R and 5-HT7R were 
significantly decreased in the dCA1 of 5 FAD mice 
compared with WT. The down-regulation of these 
5-HTR genes was reversed after optogenetic or chemo-
genetic activation of the  DRN5-HT-dCA1CaMKII neu-
ral circuit (Fig.  5a, Fig. S6a) manipulation. Among the 
seven changed 5-HTRs, the 5-HT1BR and 5-HT4R were 

(See figure on next page.)
Fig. 2 Structural analysis of the  DRN5-HT-dCA1CaMKII neural circuit. a Schematic of retrograde labeled virus tracing strategy. b The mCherry signals 
were co-localized with TPH2, a 5-HT neuronal marker, in the DRN. mCherry (red), TPH2 (green), DAPI (blue). Scale bars, 50 μm. c Schematic 
of anterograde labeled virus tracing strategy and electrophysiological recording of a  DRN5-HT-dCA1CaMKII neuron. d The mCherry signals 
were co-localized with CaMKII immunofluorescence in the dCA1. mCherry (red), CaMKII (green), DAPI (blue). Scale bar, 5 μm. e Schematic 
of the Cre-dependent retrograde trans-monosynaptic rabies virus tracing strategy. f Typical images of viral expression within the dCA1 
of CaMKII-Cre mice. Starter cells (yellow) co-expressing AAV2/9-Dio-TVA-EGFP, AAV2/9-Dio-oRVG (green), and RV-EnVA-△G-dsRed (red). Scale bars, 
100 μm (left) and 50 μm (right). g DsRed signals were co-localized with TPH2 immunofluorescence in the DRN of CaMKII-Cre mice. Scale bars, 
100 μm (left) and 20 μm (right). h Representative traces showing the effects of chemogenetic activation of  dCA15-HT terminals. i, j Quantification 
of firing rates of action potential and spike rheobase under current step recorded from  DRN5-HT-dCA1CaMKII neurons. WT-mCherry = 20 cells from 5 
mice, 5×FAD-mCherry = 22 cells from 5 mice, 5×FAD-hM3Dq = 18 cells from 5 mice. The data are expressed as the mean ± SEM, *P < 0.05, by one-way 
ANOVA followed by the Holm-Sidak’s pairwise test. k Sample traces showing the effects of chemogenetic activation of  dCA15-HT terminals 
on sEPSCs and sIPSCs recorded from  CA1CaMKII neurons at −70 mV and 0 mV. l Quantification of the frequency of sEPSCs recorded from  dCA1CaMKII 
neurons. WT-mCherry = 20 cells from 5 mice, 5×FAD-mCherry = 22 cells from 5 mice, 5×FAD-hM3Dq = 18 cells from 5 mice. The data are expressed 
as the mean ± SEM, **P < 0.01, n.s., by one-way ANOVA followed by the Holm-Sidak’s pairwise test. m Quantification of the amplitude of 
sEPSCs recorded from  dCA1CaMKII neurons. WT-mCherry = 20 cells from 5 mice, 5×FAD-mCherry = 22 cells from 5 mice, 5×FAD-hM3Dq = 18 cells 
from 5 mice. The data are expressed as the mean ± SEM, n.s., no significance, by one-way ANOVA followed by the Holm-Sidak’s pairwise test. n 
Quantification of the frequency of sIPSCs recorded from  dCA1CaMKII neurons. WT-mCherry = 20 cells from 5 mice, 5×FAD-mCherry = 22 cells from 5 
mice, 5×FAD-hM3Dq = 18 cells from 5 mice. The data are expressed as the mean ± SEM, *P < 0.05, ***P < 0.001, by one-way ANOVA followed 
by the Holm-Sidak’s pairwise test. o Quantification of the amplitude of sIPSCs recorded from  dCA1CaMKII neurons. WT-mCherry = 20 cells from 5 
mice, 5×FAD-mCherry = 22 cells from 5 mice, 5×FAD-hM3Dq = 18 cells from 5 mice. The data are expressed as the mean ± SEM, n.s., no significance, 
by one-way ANOVA followed by the Holm-Sidak’s pairwise test
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Fig. 2 (See legend on previous page.)
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selected in our study for the following reasons: 5-HT1BR 
and 5-HT4R are highly expressed in the HPC and par-
ticipate in the regulation of the hippocampal neuronal 
activity [24, 32]. 5-HT1BR [16, 33] and 5-HT4R [34–36] 
have been considered as drug targets for serotonergic 

system-related diseases, and their activation has antide-
pressant and neuroprotective effects [37, 38].

Next, 5-HT1BR agonist CP93129 and 5-HT4R ago-
nist BIMU8 were used to activate the corresponding 
receptors. Consistent with the chemogenetic data in 

Fig. 3 Chemogenetic activation of  DRN5-HT neurons in the DRN-dCA1 neural circuit attenuated depressive symptoms and cognitive impairments 
in 5×FAD mice. a Schematic of retrograde labeled virus tracing strategy. b The mCherry signals were co-localized with c-fos immunofluorescence 
in the DRN. mCherry (red), c-fos (green), DAPI (blue). Scale bars, 50 μm. c Schematic of chemogenetic manipulations. d-f Quantification 
of chemogenetic activation of  DRN5-HT-dCA1CaMKII neural circuit by TST, FST, and SPT. WT-mCherry (n = 10), WT-hM3Dq (n = 10), 5×FAD-mCherry 
(n = 10), 5×FAD-hM3Dq (n = 10). The data are expressed as the mean ± SEM, *P < 0.05, **P < 0.01, by one-way ANOVA followed by Holm-Sidak’s 
pairwise test. g Latency to target is recorded during the 5-day training stage. h-j MWM analysis as target crossings, latency to the target (s), and time 
in zone (%) in the invisible platform tests. WT-mCherry (n = 10), WT-hM3Dq (n = 10), 5×FAD-mCherry (n = 10), 5×FAD-hM3Dq (n = 10). The data are 
expressed as the mean ± SEM, *P < 0.05, **P < 0.01, by one-way ANOVA followed by the Holm-Sidak’s pairwise test
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Fig. 2, the hyperexcitability of hippocampal  dCA1CaMKII 
neurons in 5×FAD mice was significantly reversed by 
CP93129 or BIMU8 (Fig.  5b–e). The brief blue light 
stimulation of ChR2-containing  DRN5-HT terminals 
in the dCA1 elicited a hyperpolarized potential in 
 dCA1CaMKII neurons, which was reversed by the appli-
cation of the 5-HT1BR antagonist NAS-181(Fig.  5f, g). 

Of note, the hyperpolarized potential was not affected 
in the presence of the  GABAA receptor antagonist pic-
rotoxin (PTX, Tocris Bioscience, Cat# 1128) (Fig. S7a–
d), suggesting that the 5-HT1BR mediated fast, transient, 
GABA-independent hyperpolarization of dCA1 excita-
tory neurons. Furthermore, the activation of 5-HT1BR 
or 5-HT4R also attenuated the hippocampal LTP deficits 

Fig. 4 Optogenetic activation of  DRN5-HT neurons in the DRN-dCA1 neural circuit improved depressive symptoms and cognitive impairment 
of 5×FAD mice. a Schematic of retrograde labeled virus tracing strategy and optogenetic manipulation. b Schematic of optogenetic manipulation. 
c The mCherry signals were co-localized with 5-HT neuronal marker TPH2 immunofluorescence in the DRN. mCherry (red), TPH2 (green), DAPI 
(blue). Scale bars, 50 μm. d The mCherry signals were co-localized with c-fos immunofluorescence in the DRN. mCherry (red), c-fos (green), DAPI 
(blue). Scale bars, 50 μm. e, f Effect of optogenetic activation of  DRN5-HT-dCA1CaMKII neural circuit  on performance in TST and FST. WT-mCherry 
(n = 10), WT-ChR2 (n = 10), 5×FAD-mCherry (n = 10), 5×FAD-ChR2 (n = 11). The data are expressed as the mean ± SEM, *P < 0.05, by one-way 
ANOVA followed by Holm-Sidak’s pairwise test. g Latency to target recorded during the 5-day training stage. h-j Number of crossings, the latency 
to arrive at the platform (s), and the time in the zone during the MWM test phase. WT-mCherry (n = 10), WT-ChR2 (n = 10), 5×FAD-mCherry (n = 10), 
5×FAD-ChR2 (n = 11). The data are expressed as the mean ± SEM, *P < 0.05, **P < 0.01, by one-way ANOVA followed by Holm-Sidak’s pairwise test
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in 5×FAD mice (Fig.  5h, i). More importantly, direct 
administration of 5-HT1BR agonist CP93129 or 5-HT4R 
agonist BIMU8 into the dCA1 via cannular infusion 
(Fig. 5j, k) significantly relieved the depressive behaviors 
in 3-month-old 5×FAD mice (Fig. 5l, m), and improved 
cognitive impairments in 6-month-old 5×FAD mice 
(Fig. 5n–q). In addition, Nissl staining revealed no dif-
ferences among these four groups, suggesting that 
the injection dose has little effects on the anatomical 
changes (Fig. S7e).

Up‑regulation of TPH2 in  DRN5‑HT neurons attenuated 
the depressive symptoms and cognitive impairments 
in 5×FAD mice
The down-regulation of TPH2 expression (Fig.  1n–o, 
Fig. S1a–h) decreases  5-HT levels in 5×FAD mice  and 
promotes depression [39–42]. We found that optoge-
netic activation of the  DRN5-HT-dCA1CaMKII neural 
circuit restored the expression of TPH2 in the DRN of 
5×FAD mice (Fig. 6a, b). We speculated that the TPH2 
level is crucial during these regulations. A Tph2 pro-
motor-derived TPH2 virus (AAV-Tph2-mCherry) and 
control AAV (AAV-mCherry) were constructed and 
injected into the DRN of 2-month-old WT and 5×FAD 
mice (Fig.  6c). These mice were subjected to tests as 
indicated in Fig. 6d. Enhanced expression of TPH2 and 
double labeling of THP2 with mCherry confirmed the 
TPH2 expression efficiency and specificity (Fig.  6e, f ). 
Behavioral tests indicated that the overexpression of 
TPH2 in DRN significantly attenuated the depressive-
like behaviors of 3-month-old 5×FAD mice measured 
by TST, FST, and SPT (Fig.  6g–i). After 3  months, 

the TPH2-overexpressing 5×FAD mice also showed 
improved learning and memory ability compared with 
5×FAD mice injected with control AAV (Fig.  6j–m). 
Electrophysiological recording further indicated that 
the overexpression of TPH2 reversed the hippocampal-
dependent LTP damage (Fig. 6n, o). Meanwhile, we did 
not observe significant differences in behavior tests 
between WT mice injected with TPH2-AAV and con-
trol AAV (Fig.  6g–m). Taken together, these data sug-
gested that maintaining normal TPH2 levels in DRN is 
antidepressant and improves cognitive impairment in 
5×FAD mice.

Discussion
5-HT neurons from the DRN widely project to diverse 
brain regions and are involved in the regulation of emo-
tion and cognition in AD [24, 43–47]. In this study, we 
reveal a novel neural circuit underlying the early depres-
sive symptoms and later cognitive impairments in 5×FAD 
model mice. We found that the excitability of  DRN5-HT 
neurons decreased and their projection to dCA1 was 
reduced in the 3-month-old 5×FAD mice. Activation 
of the  DRN5-HT-CA1CaMKII circuit by optogenetic or 
chemogenetic manipulations can alleviate the depres-
sive behaviors in early-stage 5×FAD mice and the cogni-
tive impairments in later-stage 5×FAD mice (Fig. 7). The 
 DRN5-HT  mediates the inhibition of  CA1CaMKII neurons 
predominantly through the postsynaptic hyperpolariza-
tion of 5-HT1BR and depolarization of 5-HT4R. These 
results suggest that  dCA1CaMKII neurons are regulated by 
both 5-HT1BR and 5-HT4R, resulting in glutamate toxic-
ity in 5×FAD model mice.

Fig. 5 5-HT1BR agonist or 5-HT4R agonist alone reduced the activity of  dCA1CaMKII neurons, and improved depressive symptoms and cognitive 
impairment in 5×FAD mice. a Effect of optogenetic activation of  DRN5-HT neurons in the DRN-dCA1 neural circuit on the relative expression 
of 5-HT receptors from mRNA analysis. The data are expressed as the mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, by one-way ANOVA followed 
by the Holm-Sidak’s pairwise test. b Recording configuration in acute slices. c Representative traces from  dCA1CaMKII neurons. d, e Quantification 
of firing rates of action potentials and spike rheobase under current step recorded from  dCA1CaMKII neurons. WT = 20 cells from 5 mice, 5×FAD = 20 
cells from 5 mice, 5×FAD-CP93129 = 20 cells from 5 mice, 5×FAD-BIMU8 = 20 cells from 5 mice. The data are expressed as the mean ± SEM, 
**P < 0.05, ***P < 0.001, ****P < 0.0001, by one-way ANOVA followed by the Holm-Sidak’s pairwise test. f Schematic showing the injection 
of AAV2/9-Dio-ChR2-mCherry and AAV2/9-TPH2-Cre into the DRN and whole-cell patch recording of dCA1 neurons. g Representative traces 
and summarized data showing hyperpolarized potentials (V) in  dCA1CaMKII neurons evoked by photostimulation of  DRN5-HT terminals in the dCA1 
in the presence of ACSF or 5-HT1B receptor antagonist NAS-181. ACSF = 9 cells from 4 mice, NAS-181 = 6 cells from 3 mice. The data are expressed 
as the mean ± SEM, ****P < 0.0001, by two-tailed Student’s t-test. h LTP was induced by two trains of 100-Hz stimuli in the Schaffer collaterals. i 
Significant differences in fEPSP potentiation were determined by comparing fEPSP slopes during the last 10 min of recording after high-frequency 
stimulation. WT = 7 slices from 5 mice, 5×FAD = 8 slices from 5 mice, 5×FAD-CP93129 = 7 slices from 5 mice, 5×FAD-BIMU8 = 7 slices from 5 mice. 
The data are expressed as the mean ± SEM, *P < 0.05, ****P < 0.0001, by one-way ANOVA followed by the Holm-Sidak’s pairwise test. j Schematic 
paradigm of drug administration. k Timeline of experiments. l, m Effect of 5-HT1BR agonist CP93129 and 5-HT4R agonist BIMU8 on freezing time 
in TST and FST. WT-Saline (n = 13), 5×FAD-Saline (n = 9), 5×FAD-CP93129 (n = 12), 5×FAD-BIMU8 (n = 11). The data are expressed as the mean ± SEM, 
*P < 0.05, **P < 0.01, ***P < 0.001, by one-way ANOVA followed by Holm-Sidak’s pairwise test. n Effects of 5-HTR1B agonist CP93129 and 5-HTR4 
agonist BIMU8 on the latency to the target in the water maze training phase. o-q Effect of 5-HT1BR agonist CP93129 and 5-HT4R agonist BIMU8 
on the number of crossings of the platform, the latency to the platform (s), and the time in the zone during the MWM test phase. WT-Saline (n = 13), 
5×FAD-Saline (n = 9), 5×FAD-CP93129 (n = 12), 5×FAD-BIMU8 (n = 11). The data are expressed as the mean ± SEM, *P < 0.05, **P < 0.01, ***P < 0.001, 
by one-way ANOVA followed by Holm-Sidak’s pairwise test

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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Soluble Aβ could induce glutamatergic hyperexcit-
ability of hippocampal pyramidal neurons in early AD 
mice [48, 49]. Previous studies suggested that serotoner-
gic signaling is reduced in the HPC of AD patients and 
mice [11, 49]. Here, we also found that the excitability 
of pyramidal neurons increased in early 5×FAD mice. 
However, the decreased excitability of  DRN5-HT neurons 
results in impaired nerve fiber projection to the HPC. 
The increased serotonergic input may act as a compen-
satory mechanism for maintaining synaptic activity, and 
alter the hippocampal glutaminergic circuits [50]. The 
hyperexcitability of dCA1 pyramidal neurons is closely 
related with the impairments of the serotonergic system, 
although the detailed mechanism needs further investi-
gation. In addition, the decreased expression of 5-HT1BR 
and 5-HT4R in the HPC of AD patients and AD mice may 
also be related to the hyperexcitability of CA1 pyramidal 
neurons [51, 52]. Both 5-HT1BR agonists and 5-HT4R 
agonists may shift the cleavage of APP to the produc-
tion of sAPPα, thus inhibiting amyloid formation, further 
reducing the hyperexcitability of CA1 pyramidal neurons 
and improving cognitive function in AD mice [51, 53].

Depression is one of the most pronounced clinical 
symptoms and one of the risk factors for AD [54]. Our 
animal studies also confirmed the emergence of depres-
sive symptoms in 3-month-old 5×FAD mice, followed 
by cognitive decline at approximately 6 months old. We 
predicted that the decrease of 5-HT underlies the role 
of serotonergic system in depression-like phenotype and 
cognitive impairment [55, 56]. TPH2 is the main regula-
tor for 5-HT generation in the brain. We found that the 
5-HT level and TPH2 expression were both reduced in 
DRN and dCA1 in early 5×FAD mice, which is consist-
ent with findings in AD postmortem brain tissues [57]. 
5-HT neurons are mainly located in the DRN and MRN, 
which have a close projective connection with the HPC 
[58]. Our study confirmed that the  DRN5-HT neurons 

have a direct projection to dCA1. The specific activa-
tion of the  DRN5-HT-dCA1CaMKII neural circuit attenu-
ated depressive symptoms and cognitive impairments in 
5×FAD mice. A previous report demonstrated that 5-HT 
neurons from MRN can project to the dorsal hippocam-
pus (dHPC), and activation of  MRN5-HT-dHPCCaMKII 
induces anxiety-like behaviors in mice [14]. The differ-
ence in behavioral results induced by the activation of the 
DRN or the MRN is related to the differential projections 
from the DRN and MRN. The ventral HPC is known to 
be implicated in anxiety [59] and receive more seroton-
ergic projections from the MRN than the DRN [60]. The 
ventral tegmental area/substantia nigra (VTA/SN), the 
amygdala, the dHPC, and the septum are reported to 
receive more serotonergic projections from the DRN [60] 
and are involved in antidepressant-like effects [61]. Com-
bined with our findings, the 5-HT neurons from the DRN 
and the MRN may play different roles in the regulation of 
emotion, which deserves further investigation.

5-HTRs are the core of the serotonergic system, regu-
lating the functions of 5-HT neuron-projected brain 
regions [43, 47]. There are about 14 subtypes of 5-HTRs, 
most of which are GPCRs. Regulation of the serotonin 
system is complicated, which includes but is not limited 
to changes of the density of 5-HT neurons, their projec-
tion in the  raphe nuclei, 5-HT metabolism, and expres-
sion of 5-HT uptake transporter [62]. In physiological 
conditions, the 5-HT system is at an equilibrium state. 
Our data indicated that the photogenetic activation of 
the  DRN5-HT-dCA1CaMKII neural circuit did not affect 
the mRNA expression 5-HTRs in WT mice. It is specu-
lated that the density and the projection of 5-HT neurons 
in the DRN of WT mice are not affected. The decreases 
of 5-HT1BR, 5-HT2BR, 5-HT3BR, 5-HT4R, 5-HT6R, and 
5-HT7R in the dCA1 of 5×FAD mice were significantly 
reversed after activation of the  DRN5-HT-dCA1CaMKII 
neural circuit. 5-HT1BR  has been reported to have 

(See figure on next page.)
Fig. 6 TPH2 overexpression rescued early depressive symptoms and later cognitive impairment in 5×FAD mice. a Representation of TPH2 
expression in the DRN. b Quantitative analysis of APP and TPH2 expression in DRN. The data are expressed as the mean ± SEM, n = 3 per group, 
*P < 0.05, **P < 0.01, by one-way ANOVA followed by Holm-Sidak’s pairwise test. c Schematic representation of DRN infusion sites and virus strategy. 
d Timeline of experimental design. e The TPH2 protein levels in mouse brains injected with AAV-Tph2-mCherry or control AAV-mCherry were 
determined by western blotting. The data are expressed as the mean ± SEM, n = 6 per group, *P < 0.05, by one-way ANOVA followed by Holm-Sidak’s 
pairwise test. f The mCherry signals were co-localized with 5-HT neuronal marker TPH2 in the DRN. mCherry (red), TPH2 (green), DAPI (blue). Scale 
bar, 50 μm. g-i Effect of TPH2 overexpression on depressive symptoms in TST, FST, and SPT. WT-mCherry (n = 11), WT- Tph2 (n = 12), 5×FAD-mCherry 
(n = 10), 5×FAD- Tph2 (n = 10). The data are expressed as the mean ± SEM, *P < 0.05, **P < 0.01, by one-way ANOVA followed by Holm-Sidak’s 
pairwise test. j Effects of TPH2 overexpression on the latency to the target in the water maze training phase. k-m Effect of TPH2 overexpression 
on the number of crossings of the platform, latency to the platform (s), and the time in the zone during the MWM test phase. WT-mCherry (n = 11), 
WT-Tph2 (n = 12), 5×FAD-mCherry (n = 10), 5×FAD-Tph2 (n = 10). The data are expressed as the mean ± SEM, *P < 0.05, **P < 0.01, by one-way ANOVA 
followed by Holm-Sidak’s pairwise test. n LTP was induced by two trains of 100-Hz stimuli in the Schaffer collaterals. o Significant differences 
in fEPSP potentiation were determined by comparing fEPSP slopes during the last 10 min of recording after high-frequency stimulation. 
WT-mCherry = 6 slices from 6 mice, WT-Tph2 = 6 slices from 6 mice, 5×FAD-mCherry = 8 slices from 6 mice, 5×FAD-Tph2 = 8 slices from 6 mice. These 
data are expressed as the mean ± SEM, *P < 0.05, ****P < 0.0001, by one-way ANOVA followed by Holm-Sidak’s pairwise test
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Fig. 6 (See legend on previous page.)
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antidepressant effects in a depressive mouse model [63]. 
5-HT2BR is expressed in both neurons and astrocytes 
to regulate the impulsivity/aggression behavior and 
antidepressant-like behavior, respectively [64]. 5-HT4R 
and 5-HT6R have been reported to have neuroprotec-
tive, neurotrophic, and cognitive-enhancing effects that 
could be beneficial in the treatment of AD [65]. 5-HT7R 
exerts antidepressant effects by forming the 5-HT1AR/5-
HT7R heterodimeric complex [66]. Unlike other 5-HTRs, 
the 5-HT3BR is a ligand-gated ion channel. Activation of 
5-HT3BR inhibits pyramidal neurons in the prefrontal cor-
tex via GABAergic interneurons [67]. Here, we found that 
the hyperpolarized potential of the  DRN5-HT-dCA1CaMKII 
circuit was reversed by the 5-HT1BR antagonist NAS-181, 
but not by the  GABAA receptor blocker PTX. Although 
these upregulated 5-HTRs in our study have been found 
to display antidepressant-like effects through different 
ways in depressive model mice, whether they mediate 
AD-associated depression is unknown. Our data indicated 
that pharmacologically activating 5-HT1BR or 5-HT4R in 
dCA1 attenuated the early depressive symptoms and cog-
nitive impairments in 5×FAD mice. However, neuronal 
excitation and inhibition by 5-HT through its receptors 
are very complicated. 5-HT1AR and 5-HT3AR are reported 
to be involved in the regulation of the excitability of CA1 
pyramidal neurons in hAPP-J20 mice [49]. Our data dem-
onstrated that 5-HT1BR and 5-HT4R are involved in the 
pathogenesis of AD. The underlying mechanisms of dif-
ferent 5-HT receptors deserve further investigations.

Presynaptic 5-HT regulates the release of neurotrans-
mitters, and reduced glutamate release directly affects 
the functions of 5-HT1AR [58, 68, 69], 5-HT1BR [23, 70–
72], and 5-HT6R [73]. Similarly, presynaptic inhibition of 
GABA release is also mediated by 5-HT1AR [74–76] and 
5-HT1BR [77, 78]. Therefore, our results do not rule out 
the possibility of other 5-HTRs regulating mood and cog-
nitive function. At least our data suggested that 5-HT1BR 
and 5-HT4R are more closely related to depressive symp-
toms in 5×FAD. Targeting 5-HT1BR and 5-HT4R will 
benefit AD patients with symptom relief.

Another common symptom in AD and major depres-
sion is neuroinflammation. During neuroinflammation, 
both the activated kynurenine pathway and the weakened 
5-HT pathway are associated with tryptophan metabo-
lism and deteriorate depression and cognitive impair-
ment [79]. Kynurenine is metabolized to kynurenic acid, 
a primary neuroprotective metabolite, and quinolinic 
acid, a key neurotoxic metabolite [80]. TPH2, the key 
and rate-limited enzyme of serotonin synthesis in the 
brain, affects the risk of depression [81]. We found that 
the expression of TPH2 and the 5-HT levels were both 
reduced in DRN and dCA1 in early 5×FAD mice, which 
suggests that the shift of tryptophan metabolism to the 
kynurenine pathway leads to increased glutamate toxic-
ity in the HPC. Activation of the  DRN5-HT-CA1CaMKII 
neural circuit is capable of increasing the expression of 
TPH2 in the DRN of 5×FAD mice. Consistent with this, 
TPH2 overexpression in  DRN5-HT neurons alleviated the 

Fig. 7 Schematic diagram showing that the  DRN5-HT-dCA1CaMKII neural circuit contributes to depressive symptoms and cognitive impairments 
in 5×FAD mice. In the AD state, decreased presynaptic 5-HT release and decreased 5-HT neuronal activity lead to hyperexcitability of postsynaptic 
CaMKII neurons by attenuating the functions of 5-HT1BR and 5-HT4R, resulting in increased glutamate toxicity and LTP impairment 
in the  DRN5-HT-dCA1CaMKII neural circuit. Activation of the  DRN5-HT-dCA1CaMKII neural circuit alleviates hyperexcitation of CaMKII neurons 
by enhancing the functions of 5-HT1BR and 5-HT4R, thereby reversing LTP damage and improving depressive symptoms and cognitive impairments 
in 5×FAD mice
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damage of synaptic function in 5×FAD mice and attenu-
ated the early depression and cognitive impairments. 
These results suggest that the expression level of TPH2 
affects emotional and cognitive function.

The prevalence of AD in women is higher than that in 
men, possibly due to the longevity, the education, and 
the sex hormone estrogen [82]. Several studies revealed 
that older AD mice, but not younger AD mice, exhibit 
gender differences during AD pathogenesis [83]. Young 
females appear to be protected from Aβ toxicity by estro-
gen due to the anti-inflammatory properties [84, 85]. In 
the current study, we mainly used male transgenic mouse 
models to explore the neural circuit regulation of AD-
associated depression and cognitive impairments. This 
regulation in female mice deserves further investigation 
to fully understand the effects of this circuit on depres-
sive and cognitive impairments in AD mice.

Conclusion
In summary, we determined that the abnormal hip-
pocampal synaptic function was attributed to the damage 
of the  DRN5-HT-dCA1CaMKII neural circuit and overexci-
tation of  CA1CaMKII neurons, mediated by the impaired 
5-HT1BR and 5-HT4R signal transduction in 5×FAD 
mice. Activating the  DRN5-HT-dCA1CaMKII neural cir-
cuit or applying 5-HT1BR and 5-HT4R agonists reversed 
the excessive activation of  dCA1CaMKII neurons and 
improved hippocampal synaptic function, ameliorating 
early depressive symptoms and cognitive impairments 
in 5×FAD mice. This highlights the regulatory  DRN5-HT 
neurons as a potential therapeutic target for AD. Early 
prevention and treatment of AD-related depression may 
help prevent or delay the cognitive defects of AD.
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