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NEUROSCIENCE

Distinct septo-hippocampal cholinergic projections
separately mediate stress-induced emotional and

cognitive deficits

Jian-Lin Wut, Zi-Ming Lit, Hao Chen, Wen-Jun Chen, Neng-Yuan Hu, Shi-Yang Jin, Xiao-Wen Li,

Yi-Hua Chen, Jian-Ming Yang, Tian-Ming Gao*

Patients suffering from chronic stress develop numerous symptoms, including emotional and cognitive deficits.
The precise circuit mechanisms underlying different symptoms remain poorly understood. We identified two dis-
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tinct basal forebrain cholinergic subpopulations in mice projecting to the dorsal hippocampus (dHPC) or ventral
hippocampus (vHPC), which exhibited distinct input organizations, electrophysiological characteristics, transcrip-
tomics, and responses to positive and negative valences of stimuli and were critical for cognitive and emotional
modulation, respectively. Moreover, chronic stress induced elevated anxiety levels and cognitive deficits in mice,
accompanied by enhanced vHPC but suppressed dHPC cholinergic projections. Chemogenetic activation of dHPC
or inhibition of vVHPC cholinergic projections alleviated stress-induced aberrant behaviors. Furthermore, we iden-
tified that the acetylcholinesterase inhibitor donepezil combined with blockade of muscarinic receptor 1-type
muscarinic acetylcholine receptors in the vHPC rescued both stress-induced phenotypes. These data illuminated
distinct septo-hippocampal cholinergic circuits mediated specific symptoms independently under stress, which
may provide promising strategies for circuit-based treating of stress-related psychiatric disorders.

INTRODUCTION
Maladaptive responses to prolonged stress are associated with the
onset and exacerbation of neuropsychiatric disorders, and chronic
exposure to stress can notably alter brain function, leading to emo-
tional symptoms such as anxiety and depression (1, 2). In addition to
emotional symptoms, patients commonly experience other symp-
toms, including cognitive deficits (3, 4). The variable set of symptoms
related to stress poses a challenge to achieving successful and sus-
tained treatment. The diversity of behavioral symptoms suggests that
discrete phenotypes under stress may be mediated by distinct circuit
elements. However, it remains unclear how different areas are inter-
connected or how these circuits contribute to specific behavioral do-
mains. Therefore, the identification of neural circuit mechanisms
responsible for distinct stress-related symptoms may ultimately fa-
cilitate the development of innovative therapeutic interventions.
The hippocampal region is implicated in both cognitive and affective
modulation. The medial septum and ventral diagonal band of Broca (MS/
vDB) located in the basal forebrain are anatomically and functionally as-
sociated with the hippocampal formation (5, 6). Previous studies have es-
tablished a notable correlation between the MS/vDB and cognitive function
(5, 7-9). In addition, it has been suggested that the MS/vDB may also aftect
affective behaviors (10-12). Multiple lines of evidence suggest the involve-
ment of the MS/vDB in the stress response. Anatomical evidence indicates
that MS/vDB neurons receive inputs from hypothalamic and brain stem re-
gions, including the lateral hypothalamus (LH) and periaqueductal gray,
which are involved in stress-related behaviors (13-15). Mice exposed to
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stress exhibited heightened activity in the MS/vDB (16, 17). Exposure to
stressors can trigger an immediate response from the autonomic nervous
system (18). Studies have demonstrated a correlation between the activity
of MS neurons and elevated blood pressure (19-21). Furthermore, in vivo
recordings have demonstrated that the activation of MS neurons is induced
by noxious peripheral stimulation (22). A more recent study indicated that
MS glutamatergic neurons mediate the influence of sensory cues on aversive
emotions (11). Moreover, emerging evidence suggests that corticotropin-
releasing factor (CRF), a neuropeptide associated with stress, modulates
stress-induced cognitive impairments through its receptors in the MS (23-
25). Together, these investigations propose that the MS/vDB plays a pivotal
role in the stress response. However, the mechanisms underlying adaptive
changes in MS/vDB neurons in response to chronic stress remain un-
known, and it is unclear if precise circuit-specific organization and function
of the MS/vDB contribute to stress-related psychiatric disorders.
Cholinergic neurons [choline acetyltransferase (ChAT) neurons] in
the MS/vDB provide the major cholinergic innervation to the hippo-
campus through the fimbria-fornix pathway (26). Although the hip-
pocampus is widely recognized as a crucial brain region in modulating
the stress response (27-29), there is a scarcity of studies that have di-
rectly examined the function of the septo-hippocampal cholinergic
circuit under stress. Furthermore, while multiple lines of evidence
demonstrate the necessity of MS/vDB ChAT neurons in cognitive pro-
cesses (5, 30-32), other studies suggest that these neurons bidirection-
ally modulate emotional behaviors (12, 33). Because of the notable
cellular heterogeneity of MS/vDB ChAT neurons (34, 35), it remains
unclear if distinct cholinergic subpopulations within the MS/vDB con-
tribute separately to stress-induced emotional and cognitive disorders.
Acetylcholinesterase inhibitors (AChEIs), which enhance cho-
linergic function by increasing the level of acetylcholine (ACh), are
widely used for treating cognitive deficits in patients with Alzheim-
er’s disease or Parkinson’s disease (36). A clinical study revealed that
the administration of AChEIs to normal volunteers resulted in no-
table increases in plasma cortisol levels (37). In addition, several
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studies have indicated that acute AChEI administration in partici-
pants enhanced their anxiety state (38-41). Animal studies have also
demonstrated that AChEISs, such as donepezil, can lead to an eleva-
tion in anxiety levels (42, 43). However, the precise target region of
AChEIs in anxiogenic-like effects remains to be elucidated.

In the present study, we identified that ChAT neurons projecting
to the dorsal hippocampus (dHPC) or ventral hippocampus (vHPC)
in the MS/vDB represent two distinct subpopulations, exhibiting
different anatomical structures, electrophysiological characteristics,
responses to aversive and appetitive stimuli, and functional proper-
ties. These two distinct subpopulations display contrasting electro-
physiological and transcriptional adaptations in response to chronic
restraint stress. Furthermore, we report that distinct cholinergic cir-
cuits are responsible for cognitive deficits and heightened anxiety

states in stress mice. Furthermore, we have identified that the com-
bination of donepezil and application of a muscarinic receptor 1
(M1) antagonist in the vHPC can effectively rescue both stress-
induced phenotypes.

RESULTS

The MS/vDB ChAT neurons transmit negative valence signals
We used a Cre-dependent GCaMP6m calcium indicator expressed
virally in ChAT-ires-Cre mice and monitored changes in the fluo-
rescence signal using an optic fiber above the MS/vDB (Fig. 1A).
The histological analysis showed that over 90% of GCaMP6m-
expressing cells were located and colocalized with ChAT-positive
cells in the MS/vDB of mice used for calcium imaging experiments
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Fig. 1. Aversive stimuli elicit MS/vDB ChAT neuronal activity. (A) (Left) Fiber photometry setup. (Middle) GCaMP6m expression and optical fiber tract in the MS/
vDB. Scale bar, 200 pm. (Further right) Overlap between GCaMP6m-expressing cells (green) and anti-ChAT-positive cells (red). Scale bar, 50 pm. (Right) Percentage of
GCaMP6m+ neurons coexpressing ChAT. (B) (Left) Schematic for footshock. (Right) Heatmap of Ca* transients across animals aligned to the start of footshock. (C) (Left)
Plot of Ca®* transients across animals aligned to the start of footshock. (Right) Change in calcium signals. n = 8 mice, AUC, area under the curve. (D) (Left) Schematic for
social attack. (Right) Heatmap plot of Ca®* transients across animals aligned to the start of attack. (E) (Left) Plot of Ca* transients across animals aligned to the start of
attack. (Right) Change in calcium signals. n = 6 mice. (F) (Left) Schematic for TRT application. (Right) Heatmap plot of Ca®* transients across animals aligned to the start of
theTRT. (G) (Left) Plot of Ca’* transients across animals aligned to the start of the TRT. (Right) Change in calcium signals. n = 6 mice. (H) (Left) Schematic of intraoral quinine
infusion. (Right) Heatmap of Ca®" transients across animals aligned to the start of quinine infusion. (I) (Left) Plot of Ca®* transients across animals aligned to the start of
quinine infusion. (Right) Change in calcium signals. n = 6 mice. Paired t test. *P < 0.05; **P < 0.01; ***P < 0.001. Data are presented as the means + SEM.
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(Fig. 1A and fig. S1, A and B). The expression of GCaMP6m was
observed in 31% of ChAT neurons in the MS/vDB (fig. S1C).

We initially investigated alterations in GCaMP6m fluorescence
intensity under aversive stimuli. During a footshock test, in which
mice were randomly subjected to four electric shocks (0.75 mA, 2 s),
we observed a rapid increase in GCaMP6m intensity following the
footshock (Fig. 1, B and C). Similar outcomes were observed in the
context of social aggression (Fig. 1, D and E). During the tail re-
straint test (TRT), GCaMP6m intensity increased when mice were
manually chased and lifted, indicating a heightened neuronal re-
sponse to physical stimulation (Fig. 1, F and G). Then, intraoral
cheek fistulae were implanted into the oral cavity of mice for deliv-
ery of a quinine solution (5 mM, 10 pl in 0.5 s) (Fig. 1H). Notably,
the administration of quinine resulted in a notable enhancement of
GCaMPé6m fluorescence intensity (Fig. 1, H and I). However, the
fluctuations in GCaMP6m fluorescence intensity showed no obvi-
ous correlation with the velocity of mice (fig. S1D). Furthermore,
mice with MS/vDB ChAT neurons expressing enhanced green fluo-
rescent protein (EGFP) exhibited negligible changes in fluorescence
intensity during the TRT or footshock stimuli (fig. S1, E to G), indi-
cating that the observed alterations in AF/F were not attributable to
movement artifacts.

We then investigated the responsiveness of MS/vDB ChAT neu-
rons to reward stimuli. Water-deprived mice received sucrose by
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licking a nozzle. Contrary to previous findings indicating that reward
enhances ChAT neuron activity in the horizontal limb of the diago-
nal band of Broca (hDB) (44-46), we observed a notable decrease in
GCaMP6m intensity following sucrose licking (fig. S1). To mitigate
the potential impact of signal attenuation over time, we administered
a 5% w/v sucrose solution (10 ml in 0.5 s) into the oral cavity of
water-deprived mice. The delivery of sucrose consistently suppressed
GCaMP6m signals in MS/vDB- ChATCCMPOm pyjce (fig. S1J). Rele-
vant findings were also observed in the context of food intake (fig.
S1L). Notably, mice with MS/vDB ChAT neurons expressing EGFP
exhibited no obvious changes in fluorescence intensity during re-
ward stimuli, excluding the possible hemodynamic contamination of
photometry signals (fig. S1, I and K). These observations suggest that
MS/vDB ChAT neurons exhibit responsiveness to a broad spectrum
of aversive stimuli and can be suppressed by appetitive reward.

We then used optogenetics to investigate the impact of activating
MS/vDB ChAT neurons in a real-time place avoidance (RTPA) assay.
We administered a Cre-dependent adeno-associated virus (AAV)
channelrhodopsin-2 (ChR2) fused to mCherry (AAV-Dio-ChR2-
mCherry) or a control virus carrying only mCherry into the MS/
vDB of ChAT-ires-Cre mice (Fig. 2A). We confirmed the activation
of MS/vDB ChAT neurons by blue light stimulation (Fig. 2B). ChR2-
expressing animals displayed a reduced preference for the stimula-
tion chamber compared to the control chamber (Fig. 2C). Moreover,
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Fig. 2. Activation of MS/vDB ChAT neurons induces place avoidance. (A) (Left) Schematic of viral injection and optical fiber implantation site. (Middle) ChR2 expression
in ChAT neurons and the optical fiber tract above the MS/vDB. Scale bar, 100 pm. (Further right) Overlap between ChR2-expressing cells (red) and anti-ChAT-positive cells
(green). Scale bar, 20 pm. (Right) Percentage of GCaMP6m+ neurons coexpressing ChAT (n = 4 mice). (B) Response of a ChR2 cell to a train of light pulses (20 Hz, 10-ms
pulse width; blue dashed line) for 1 s in current clamp (top; scale bar, 20 mV, 200 ms) and voltage clamp (bottom; scale bar, 200 pA, 200 ms) mode. (C) (Left) Representative
locomotor traces of mCherry and ChR2 mice in an RTPA. (Right) Time spent in the stimuli zone of mice. mCherry, n = 9; ChR2, n = 10; unpaired t test. (D) Velocity ratio of
mice. mCherry, n = 9; ChR2, n = 10; unpaired t test. (E) Schematic for the conditioned place preference experiment. (F) (Left) Movement tracking traces for the mCherry
mouse and ChR2 mouse in pretest and posttest. (Right) Individual place preference indices (%) of mice before and after conditioning. mCherry, n = 9; ChR2, n = 9; two-way
ANOVA with Holm-Sidak post hoc analysis. *P < 0.05; **P < 0.01. Data are presented as the means + SEM.
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we observed that ChR2-expressing animals exhibited increased loco-
motor activity on the stimulated side compared to control (Fig. 2D).
Furthermore, we used a Pavlovian conditioned place aversion assay
to directly assess the enduring learned associations resulting from
the activation of MS/vDB ChAT neurons (Fig. 2E). Following 2 days
of photostimulation conditioning, ChR2-expressing animals spent
notably less time in the context previously paired with photostimula-
tion (Fig. 2F). The findings collectively support the proposition that
the activation of MS/vDB ChAT neurons is indicative of negative
valence.

MS/vDB ChAT neurons process and regulate the

anxiety state

The aforementioned findings suggest the enhanced activity of MS/
vDB ChAT neurons eliciting defensive reactions in animals. To in-
vestigate the involvement of MS/vDB ChAT neurons in spontane-
ous avoidance, we recorded their activity in the elevated plus maze

(EPM). The activity of MS/vDB ChAT neurons increased before
mice entered the anxiogenic open-arm compartment and remained
high while mice explored the open arms (Fig. 3, A to C). The ob-
served increase in activity cannot be attributed to differences in
mouse velocity between compartments as the open-arm and closed-
arm velocities were comparable across all animals (fig. S2A). Fur-
thermore, exploration of the quadrant containing the novel object
did not result in increased MS/vDB ChAT neuronal activity (fig. S2,
B to D), indicating a bias of these neurons toward representing anx-
iogenic features rather than spatial salience changes.

We subsequently investigated if the open arm-induced activity of
MS/vDB ChAT neurons was essential for maintaining avoidance be-
havior in the EPM. We injected control virus or one that expressed
enhanced natronomonas pharaonis halorhodopsin (eNpHR, used
for optogenetic inhibition) into the MS/vDB of ChAT-ires-Cre mice
and implanted fiber optics (Fig. 3D). Yellow light induced the inhibi-
tion of MS/vDB eNpHR-expressing neuronal activity (Fig. 3E). The
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Fig. 3. The MS/vDB ChAT neurons process and modulate anxiety-like behaviors. (A) (Left) Ca** recording during the EPM test. (Right) Example of MS/vDB ChAT neu-
ronal activity within the EPM. (B) Plot of Ca®* transients aligned to the start of open-arm entry. (C) Change in Ca®* signals. n = 8. (D) (Left) Virus injection and fiber implan-
tation for optogenetic inhibition of MS/vDB ChAT neurons. (Right) Representative image illustrating eNpHR-expressing cells and the fiber tract in the MS/vDB. Scale bar,
200 pm. (E) Response of an eNpHR cell to yellow light illumination under 30 pA of current injection. (F and G) The laser was triggered on when mice entered the open or
closed arms only. Open-arm silencing increased the time spent exploring the open arms [(F) EYFP, n = 7; eNpHR, n = 8]. Silencing in the closed arms had no effect [(G) EYFP,
n=29; eNpHR, n = 8]. (H) Schematic of viral expression and implantation site. (I) Representative tracks during the illumination epoch within the EPM for ChR2 mouse and
mCherry mouse. (J and K) Light activation of MS/vDB ChAT neurons resulted in a decrease in the duration mice spent exploring the open arms [(J) mCherry, n = 9; ChR2,
n = 10] and the open-arm entries (K). (L) Representative tracks during the illumination epoch within the OFT for ChR2 mouse and mCherry mouse. (M) Time spent in ex-
ploring the center in the OFT. (N) Distance traveled in the OFT. Paired t test for (C); unpaired t test for (F) and (G); two-way, repeated-measures ANOVA with Bonferroni’s
post hoc analysis for (J), (K), (M), and (N). *P < 0.05; **P < 0.01. Data are presented as the means + SEM. n.s., not significant.
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ChAT neuronal activity in the MS/vDB was selectively inhibited
only when mice entered the center and open arms of the EPM; mice
expressing eNpHR spent a notably greater amount of time exploring
the open arms of the EPM (Fig. 3F). The closed-arm silencing did
not affect the open-arm avoidance behavior, unlike the open-arm
silencing in the EPM (Fig. 3G). Moreover, this was not attributable
to the appetitive effects of MS/vDB ChAT neurons inhibition in the
open arms as both groups exhibited similar preference for the side
with light illumination in a real-time place preference assay (fig. S2E).

In addition, we investigated if enhanced ChAT neuronal activity in
the MS/vDB would affect anxiety levels during the EPM and another
open field test (OFT). AAV-Dio-ChR2-mCherry or a control virus car-
rying mCherry was injected into the MS/vDB of ChAT-ires-Cre mice
(Fig. 3H and fig. S15A). In the EPM test, the animal tracks representa-
tive of the light-on epoch from both ChR2 and mCherry groups are
presented (Fig. 3I). Mice in the ChR2 group displayed a reduction in
open-arm exploration and entering into the open arms (Fig. 3, ] and
K), indicating an elevated anxiety state during the On epoch. Similar to
the findings in the EPM, ChR2 mice exhibited reduced center explora-
tion compared to control mice during On epoch illumination in the
OFT (Fig. 3, L and M). Reassessing locomotor activity across epochs
failed to reveal any alterations in distance traveled during the On ep-
och (Fig. 3N). These findings suggest that ChAT neuronal activity in
the MS/vDB region may serve as a signal and regulator of anxiety states.

MS/vDB ChAT neurons exhibit distinct subpopulations
projecting to the dHPC and vHPC regions

Consistent with previous findings (47), our results indicate that MS/
vDB ChAT neurons exhibit dense innervation in both the dHPC and
VHPC regions (fig. S3, A to C). Do individual MS/vDB ChAT neu-
rons send collateralized axons to target both the dHPC and vHPC, or
do dHPC-projecting and vHPC-projecting MS/vDB ChAT neurons
represent distinct subpopulations (Fig. 4A)? To ascertain if the MS/
vDB ChAT neurons projecting to the dHPC and vHPC are identical
or distinct entities, Cre-inducible, retrogradely trafficked viral vec-
tors were injected into the dorsal CA1 (dCA1) (AAV eyro-Dio-EYFP)
and ventral CA1 (VCA1) (AAV eyro-Dio-mCherry), respectively (Fig.
4B). Most CAl-projecting ChAT neurons were located in the MS/
vDB (fig. S3D). We observed distinct neuronal populations project-
ing to the dCA1 and vCA1 regions with minimal overlap (Fig. 4C),
and they were distributed in an anterior-posterior axis with a salt-
and-pepper pattern (Fig. 4D). We also injected cholera toxin subunit
B (CTB) conjugated to Alexa Fluor 488 or 555 into the dCA1 or
vCA1 and quantified neurons that were double labeled for ChAT and
CTB (fig. S3E). Once again, we identified two distinct populations of
neurons projecting to either the dCA1 or vCAl regions (fig. S3, F
and G). Moreover, ex vivo electrophysiological recordings revealed
that ChAT neurons projecting to vCA1 had lower intrinsic excitabil-
ity than those projecting to dCA1 (Fig. 4, E and F). Consistently, the
threshold and after-hyperpolarization amplitude of the ChAT neu-
rons projecting to vCA1 were greater than those of ChAT neurons
projecting to dCA1 (fig. S3, H to O).

We subsequently examined the output domains of these distinct sub-
populations of ChAT neurons (Fig. 4G). The analysis of the axonal fibers
within the hippocampus revealed that dCA1-projecting MS/vDB ChAT
neurons project to dCA1, dorsal dentate gyrus (dDG), and dCA3 with a
similar extent, whereas vCA1-projecting MS/vDB ChAT neurons main-
ly innervate vCA1 and vCA3 (Fig. 4H and fig. S4). Then, we used cell
type-specific and projection-specific transsynaptic tracing to examine

Wu et al., Sci. Adv. 10, eado1508 (2024) 8 November 2024

the input organization of dCA1-projecting and vCAl-projecting MS/
vDB ChAT neurons (Fig. 4I). Quantification of mCherry-labeled neu-
rons across the entire brain revealed notable differences in the input re-
gions to these two neuronal populations. Specifically, dCA1-projecting
MS/vDB ChAT neurons exhibit a relatively higher degree of input from
the subiculum and lateral entorhinal cortex (LEnT) regions, whereas
vCA1l-projecting MS/vDB ChAT neurons demonstrate a notably great-
er level of input from areas such as the hypothalamic arcuate nucleus
(ARC) and dorsal raphe nucleus (DRN) (Fig. 4, ] and K). Moreover, we
observed that most DRN neurons projecting to these two neuronal
populations are nonserotonergic (fig. SS5A), whereas the vast majority
of ventral tegmental area neurons innervating these two neuronal pop-
ulations are dopaminergic (fig. S5B). Furthermore, a previous study
identified D28K™ ChAT neurons in the MS that target vCA1 pyramidal
cells (48). Consistently, we observed ~30% of vCA1-projecting MS/vDB
ChAT neurons expressing D28K (fig. S6). As the targets of dCA1 or
vCAl-projecting MS/vDB ChAT neurons in the hippocampus can be
classified into dorsal and ventral groups, therefore, MS/vDB ChAT neu-
rons projecting to the dCA1 will be referred to as ChAT™S"P5 AHPC peu-
rons and MS/vDB ChAT neurons projecting to vCA1 as Ch AT/ "PBVHPC
neurons hereafter.

MS/vDB cholinergic input to the vHPC and the dHPC regions
separately modulates anxiety-like behaviors and spatial
learning and memory

We next investigated the activity of cholinergic fibers from the MS/
vDB to vHPC (Fig. 5A). Histological analysis revealed that more than
90% of GCaMP6s-expressing cells colocalized with ChAT-positive
cells in the MS/vDB (Fig. 5B). An optical fiber was implanted above
the vHPC region (Fig. 5C). Recording data from the EPM indicate
that there is a rapid activation of MS/vDB-vHPC ChAT fibers prior to
mice entering the open arms, and these fibers exhibit higher activity
during mice exploration of the open arms (Fig. 5, D and E). More-
over, this projection is also activated by aversive stimuli (fig. S7, A and
B) and suppressed by sucrose reward (fig. S7C). Hence, we proceeded
to investigate if cholinergic projection activity from the MS/vDB-
vHPC contributes to anxiety-related behaviors (Fig. 5F and fig. S15B).
The results showed that selective inhibition of cholinergic projec-
tions from the MS/vDB-vHPC during open-arm, but not closed-
arm exploration, effectively attenuated the open-arm avoidance be-
havior in the EPM (Fig. 5, G and H).

Subsequently, we evaluated if elevation of MS/vDB-vHPC cho-
linergic projection activity through optogenetics could potentiate
the anxiety state (figs. S7D and S15E). Optogenetic stimulation re-
sulted in notably higher levels of corticosterone (CORT) in mice
injected with ChR2 than mCherry mice (fig. S7E). In the RTPA test,
ChR2-expressing animals displayed a reduced preference for the
stimulation chamber (fig. S7F). Furthermore, the activation of MS/
vDB-vHPC cholinergic projection resulted in a decrease in the time
spent and entries made into the open arms (fig. S7, G to I). In the
OFT, light activation also decreased the time spent in the center
while having no effect on mouse locomotion (fig. S7, J to L).

To further determine if ACh release from the MS/vDB-vHPC cho-
linergic pathway contributes to the induction of the anxiety-like behaviors,
we applied cholinergic receptor antagonists, including a nicotinic receptor
antagonist, 0.2 pl of mecamylamine (0.5 pg) together with a muscarinic
receptor antagonist, atropine (1.0 pg), into the vHPC of mice 1 hour
before the behavioral tests. This treatment effectively blocked the be-
havioral phenotypes induced by the chemogenetic activation of MS/
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Fig. 4. Distinct subpopulations of MS/vDB ChAT neurons project to the dCA1 and vCA1. (A) Two possible projection patterns. (B) Dual retrovirus strategy used for label-
ing dCA1-projecting or vCA1-projecting MS/vDB ChAT neurons. (C) (Left) EYFP and mCherry expression in MS/vDB ChAT neurons (purple). Scale bar, 100 pm. (Right) Propor-
tion of cells classified as projecting to the dCA1, vCA1, or both (731 cells from four mice). (D) Number of dCA1-projecting and vCA1-projecting ChAT neurons throughout
the anterior-posterior (AP) extent of the MS/vDB. (E) Ex vivo recording of dCA1-projecting or vCA1-projecting MS/vDB ChAT neurons. (F) Representative traces (left) and
injected current-evoked firing relationship (right) of dCA1-projecting or vCA1-projecting MS/vDB ChAT neurons. Scale bar, 100 ms, 20 mV. Two-way, repeated-measures
ANOVA with Bonferroni’s post hoc analysis. (G) Viral strategy used for tracing the output of ChATMSVDBACAT o ChATMSVDBVCAT hayyrons, (H) Fiber quantitation of dCA1-
projecting or vCA1-projecting MS/vDB ChAT neurons. (1) (Left) Strategy to map monosynaptic inputs to either ChATMS/WDB-ACAT o Ch ATMSAVDBVEAT oo, (Right) Starter cell
localization of AAV-fDio-EYFP-TVA, AAV-fDio-oPBG, and EnvA-RVAG-mCherry (yellow arrows). Scale bar, 100 um. (J) Whole-brain quantitation of inputs to ChATMS//DB-dCAT
and ChATMS/YDBYCAT nayirons. Percentage of total cells in a given brain area relative to the total number of brain-wide inputs. n = 4 for each condition, unpaired t test.
(K) Representative images of inputs in select brain areas. ACC, anterior cingulate cortex. Scale bars, 100 pm. **P < 0.01; ***P < 0.001. Data are presented as the means + SEM.
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Fig. 5. MS/vDB cholinergic input to the vHPC and the dHPC separately modulates the anxiety-like behavior and spatial learning. (A) Recording of the MS/vDB-vHPC
cholinergic projections. (B) (Left) GCaMP6s expression in the MS/vDB. Scale bar, 100 pm. (Middle) Overlap between GCaMP6s-expressing cells (green) and anti-ChAT-
positive cells (red). Scale bar, 20 pm. (Right) Percentage of GCaMP6s* neurons coexpressing ChAT (n = 5 mice). (C) Placement of fiber optics. Scale bar, 200 pm.
(D) Example of vCA1 cholinergic fiber activity. (E) Plot of Ca?* transients across animals aligned to the start of open-arm entry and the change in Ca>* signals. n = 8.
(F) Optogenetic silencing of MS/vDB-vHPC cholinergic projections. Scale bar, 200 pm. (G and H) Open-arm silencing increased the time spent exploring the open arms
[(G) EYFP, n = 10; eNpHR, n = 8]; silencing in the closed arms had no effect [(H) EYFP, n = 9; eNpHR, n = 9]. (I) Chemogenetic inhibition of the MS/vDB-dHPC cholinergic
projections [nM4Di (red) and ChAT neurons (green)]. Scale bar, 100 pm. (J) Representative trace and summarized data showing the inhibition of hM4Di cells after 5 uM
CNO delivery. n = 4. (K) Escape latency during acquisition training. mCherry, n = 7; hM4Di, n = 8. (L) Representative swimming traces in the probe trial. (M) Time spent in
Q1. (N) Number of platform crossings. (0) Speed in the MWM. Paired t test for (E) and (J); unpaired t test for (G), (H), (M), (N), and (O); two-way, repeated-measures ANOVA
for (K). *P < 0.05; **P < 0.01; ***P < 0.001. Data are presented as the means + SEM.

vDB-vHPC cholinergic pathways (figs. S8 and S15F). Together, these
observations indicate that MS/vDB cholinergic input to the vHPC re-
gions modulates anxiety-like behaviors via releasing ACh.

We also observed the activity of MS/vDB-dHPC cholinergic fibers
(fig. S9A). While acute and severe stressors such as footshock and so-
cial attack notably increased the Ca** signal of MS/vDB-dHPC cho-
linergic projections (fig. S9, B and C), little enhancement was observed
during open-arm entries (fig. S9, D and E), and sucrose reward did

Wu et al., Sci. Adv. 10, eado1508 (2024) 8 November 2024

not affect the activity of these projections (fig. SOF). In addition, the
activation of MS/vDB-dHPC cholinergic terminals did not affect the
release of CORT in mice (figs. S9, G and H, and S15G). Optogenetic
modulation of MS/vDB-dHPC cholinergic projections did not induce
place aversion or anxiety-related behaviors (figs. S9, I to P, and S15H).
These findings suggest that the activation of cholinergic projections
from the MS/vDB-dHPC may contribute only to the transformation
of salient sensory cues but not to emotional valence processing.
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Given the well-established involvement of the dHPC region in
spatial learning, we sought to investigate the potential role of cho-
linergic projections from the MS/vDB-dHPC in this process. We
used chemogenetic inhibition of the cholinergic projection from
the MS/vDB-dHPC via designer receptors exclusively activated by
designer drugs (DREADDS) (Fig. 5I). The application of clozapine-
N-oxide (CNO, 5 pM) resulted in hyperpolarization and reduction
in firing activity among cholinergic neurons (Fig. 5J). The spatial
learning and memory of mice were evaluated using the Morris wa-
ter maze (MWM). During the training session, bilateral injections
of CNO were administered into the dHPC region 30 min prior to
training. The escape latency was prolonged in mice expressing hM-
4Di (inhibitory designer receptors exclusively activated by CNO)
compared to control mice when reaching the hidden platform
(Fig. 5K), indicating impaired spatial learning due to inhibition of
MS/vDB-dHPC cholinergic projections. On the sixth day, the pro-
portion of time spent in the target quadrant and the number of
target crossings were higher in control mice than in hM4Di-
expressing mice (Fig. 5, L to N). In addition, there were no differ-
ences in swimming speed between the control group and mice
expressing hM4Di (Fig. 50), indicating no locomotor impairment.
In contrast, using the identical strategy yielded no indication of MS/
vDB-vHPC cholinergic projections involved in spatial learning pro-
cesses (figs. S10 and S151). Together, these results of circuit modula-
tion suggest that the cholinergic projections of the MS/vDB-vHPC
and MS/vDB-dHPC can independently mediate anxiety-like behaviors
and spatial learning.

ChATMSVPE-dHPC g d ChATMS/YPBVHPC heurons exhibit distinct
electrophysiological and transcriptional adaptations
following chronic restraint stress

Previous research has demonstrated that chronic stress can lead to
both cognitive dysfunction and emotional disorders (49, 50). Con-
sistently, our findings demonstrate that mice exposed to chronic re-
straint stress exhibit elevated levels of anxiety (fig. S11, A to E) and
impaired spatial learning and memory (fig. S11, F to J). The acute
restraint stress led to an increase in ACh release in the vHPC while
causing a decrease in ACh release in the dHPC (fig. S12). Hence, we
investigated if the activity of ChATMSYPB-4HFC 3y § Ch ATMS/VPB-VHPC
neurons was altered under pathological stress. The mice were divided
into two groups: One group was subjected to chronic restraint stress,
while the other received 5 min of gentle handling. Subsequently, the
targeted neurons were examined via whole-cell patch-clamp record-
ings (Fig. 6A). We observed a notable increase in the firing activity
of ChATS"PEYHPE heyrons evoked by depolarization in stress mice
(Fig. 6B). Using the same approach, we demonstrated that chronic
stress impaired the intrinsic excitability of CRAT™S"PB-4HPC peyrons
(Fig. 6, C and D). Overall, our electrophysiological findings demon-
strate that animals subjected to chronic stress exhibit enhanced
ChATMSYPBYHPC heyronal activity and reduced ChATMS/YPB-4HPC
neuronal activity.

We next attem?ted to %ain insights into the transcriptional adap-
tation of ChATMS"PB-4HFC 4 4 ChATMSYPEYHPC heurons following
chronic stress. Following stress, individual neurons were aspirated
using Eligettes (Fig. 6E). Labeling and sorting ChATMS"P B-dHPC and
ChATM"PEYHPC heurons from the mice are described in detail in
Materials and Methods. RNA sequencing (RNA-seq) libraries were
established from each population and profiled by Illumina high-
throughput RNA-seq.

Wu et al., Sci. Adv. 10, eado1508 (2024) 8 November 2024

To elucidate the electrophysiological phenotypes of ChAT/ VDE-dHPC
and ChATMS"PEYHPC heyrons under both physiological and patho-
logical conditions, our primary focus was on the expression of ion
channel genes. We applied a cutoft of at least twofold and a P value of
<0.05 to score the gene expression profiles. RNA-seq analysis revealed
that Scn5a, which belongs to a family of genes that provide instruc-
tions for making sodium channel Navl.5, was highly expressed in
ChATMSWDE-AHPC heyrons, while Cacna2d4 and Cacnalh, which belong
to genes that provide instructions for making the voltage-dependent cal-
cium channels, were highly expressed in ChATMSVPBVHPC neyrons
(Fig. 6F). Although previous studies identified higher expression of sev-
eral molecules, including serotoninlA receptors, in a subpopulation
of cholinergic neurons within the septal region (24, 34, 35), there was
no difference in the mRNA expression of these molecules between
ChATMSYPB-AHPC 1 otirons and CRATMSYPEVHPC heyrons (fig. S13).

Following chronic stress, in ChATMS"PB-4HPC heyrons, eight ion
channel genes were up-regulated, and five ion channel genes were
down-regulated. Among them, Scn5a, which was highly expressed in
ChATMSNDB-AHPC byt not ChATMS*PEYHPC heyrons, was greatly down-
regulated after stress (Fig. 6G). For ChATS"PBYHPC heyrons, only 1
ion channel gene, Clcnl (a gene related to voltage-gated chloride chan-
nels), was down-regulated, while 19 ion channel genes were up-
regulated, such as Scnla and Scnlb, genes coding for voltage-gated
sodium channels (Fig. 6H). These observations suggest that the mecha-
nisms underlying electrophysiological changes after chronic stress may
involve differentially expressed candidate ion channel genes.

Together with the aforementioned optogenetic and chemogenetic
data in naive mice (Fig. 5), the contrasting alterations observed in
these two subpopulations of neurons may differentially contribute
to distinct symptoms induced by chronic stress.

Modulating discrete septo-hippocampal cholinergic circuits
rescues stress-induced symptoms
To further investigate if the hyperactivity of ChAT™"PPYHPC neyrons
and sluggishness of ChATMS"PE-4HPC 1eyrons induced by chronic
stress separately contribute to elevated anxiety and cognitive im-
pairments, we chemogenetically antagonize the alterations in these
two pathways. To achieve this, we initially expressed hM3Dq (excit-
atory designer receptors exclusively activated by CNO) or control
virus in MS/vDB ChAT neurons and implanted cannulas above the
dHPC (Fig. 7A and fig. S15C). Subsequently, the mice were sub-
jected to stress. After stress, both stressed and control mice were
subjected to behavioral assays, with bilateral delivery of CNO into
the dHPC region 30 min prior to the tests (Fig. 7B). As anticipated,
the chemogenetic activation of MS/vDB-dHPC cholinergic projec-
tions mitigated the decline in spatial learning and memory observed
in the MWM (Fig. 7, C to F). On the other hand, the inhibition of
MS/vDB-vHPC cholinergic projections by hM4Di reversed the
anxiety-like behaviors induced by stress, as evidenced by a notable
increase in center time during the OFT and open-arm time in the
EPM (Fig. 7, G to K, and fig. S15D).

These data indicate that it is probable that the aberrant activity of
distinct septo-hippocampal cholinergic circuits induced by chronic
stress separately modulates emotional and cognitive impairments.

AChEIs combined with blockade of the M1 ameliorate both

cognitive deficits and anxiety-like behaviors in stressed mice
We next investigated if stress-induced behavioral deficits could be
rescued by targeting circuit-based cholinergic signaling pathways.
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Single-cell transcriptomics analysis of the entire mouse hippocam-
pal formation reveals distinct expression patterns of ACh receptors
in the dCA1 and vCA1 regions, with widespread expression of M1
and M3 (51). The ISH (in situ hybridization) database of the Allen
Brain Atlas shows a high expression level of the M1 gene in both the
dCALl and vCAl regions, whereas the M3 gene was scarcely ex-
pressed in the vCA1 (fig. S14A). Then, we specifically expressed
ChR2 in the cholinergic fibers from the MS/vDB to the dCA1 or vCA1
to examine the contribution of M1 and M3 receptors to synaptic
transmission mediated by these two projections with whole-cell patch-
clamp recording (Fig. 8, A and C). Light-induced ACh release evoked
nicotinic inward currents (fast-currents, F-currents) and muscarinic
inward currents (slow-currents, S-currents) in both dCA1 and vCA1
pyramidal cells (Fig. 8, B and D), which were separately dependent on

Wu et al., Sci. Adv. 10, eado1508 (2024) 8 November 2024

nAChRs and mAChRs (48, 52). In the vCA1 region, the M1 receptor
inhibitor (M1i) but not the M3 receptor inhibitor (M3i) suppressed
light-induced muscarinic inward currents (Fig. 8B). In the dCA1 re-
gion, the muscarinic inward currents could be suppressed by either
M3i or M1i (Fig. 8D). These observations suggest that the M1 recep-
tors are essential for the MS/vDB-vHPC cholinergic pathway, whereas
the postsynaptic excitatory effect of the dCA1 cholinergic projection is
mediated by both M1 and M3 receptors.

Multiple lines of evidence suggest that AChEIs are effective in
treating cognitive deficits associated with neurodegenerative diseases
by elevating ACh levels (53, 54). However, numerous clinical and ani-
mal studies have demonstrated that acute administration of AChEIs
results in increases in plasma cortisol levels and induces high levels
of anxiety (38, 40, 42, 55), which may exacerbate the anxiety state of
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*P < 0.05; **P < 0.01; ***P < 0.001. Data are presented as the means + SEM.

stressed mice. Given that increased ACh release in the vCA1 region
modulates neuronal activity via M1 receptors, we first investigated if
blocking vHPC M1 receptors can attenuate the emotional impact of
acute AChEI administration. We intraperitoneally injected donepe-
zil, a clinically used AChEI at a dose of 1.0 mg/kg into male mice
(56, 57) with artificial cerebrospinal fluid (ACSF) or M1 inhibitor
(M1i) intra-vCA1 injection. Control mice were administered intra-
peritoneally with saline and received local injections of ACSF into
the vHPC region (fig. S14B). The results showed that administration
of donepezil induced anxiogenic effects in the OFT and EPM; these
effects were abolished by local blockade of M1 receptors in the
vHPC region (fig. S14, C and D). These findings suggest that the
activation of local M1 receptors by ACh underlies the mechanism
for donepezil-induced anxiety-like behaviors.

We next investigated if the combination of donepezil and M1i
could ameliorate both cognitive and emotional impairments in
stressed mice (Fig. 8E). In the EPM test, we observed that adminis-
tration of donepezil in stressed mice exacerbated their anxiety state.
However, delivery of M1i into the vHPC alone or in combination
with donepezil effectively ameliorated the anxiety-like behavior in
stressed mice (Fig. 8, F and G). In the MWM test, administration of
donepezil alone or in combination with M1i ameliorated stress-
induced cognitive impairment; however, no improvement was ob-
served in the stress group that received M1i infusion into the vHPC
region (Fig. 8, H to K). Therefore, these results demonstrate that the
combined delivery of donepezil and M1i could effectively reverse
emotional and cognitive deficits induced by chronic stress.

Wu et al., Sci. Adv. 10, eado1508 (2024) 8 November 2024

DISCUSSION

Studies on patients suffering from chronic stress have traditionally fo-
cused on emotional symptoms. However, poorly controlled cognitive
deficits are equally prominent and severely compromise quality of life
(58). Few studies have systematically approached the understanding of
potential circuits underlying emotional and cognitive deficits in these
patients. In this study, we identified two distinct septo-hippocampal
cholinergic circuits in mice that are responsible for cognitive and emo-
tional deficits under chronic stress conditions. Furthermore, by target-
ing circuit-based cholinergic signaling pathways, we effectively rescued
these stress-induced deficits in mice, providing a promising strategy for
treating emotional and cognitive deficits in stress-related psychiatric
disorders.

Previous research has indicated that over 50% of MS neurons are
activated by aversive stimuli originating from various peripheral re-
gions (22). A recent study indicated that aversive sensory stimuli acti-
vate glutamatergic neurons in the MS while inhibiting GABAergic
neurons (11). However, the response of MS/vDB ChAT neurons to
aversive stimuli or rewards remains poorly understood. Previous stud-
ies demonstrated that stress induced increasing in ACh levels within the
dHPC or vHPC (59-61). Consistently, we found the activation of both
MS/vDB-dHPC and MS/vDB-vHPC cholinergic projections after
footshock. However, we observed two distinct projections exhibiting
differential activities in response to diverse stimuli. ChATMS/VDB-dHPC
neurons are exclusively activated by intense aversive stimuli, such as
footshock and social attack, while relatively mild aversive stimuli (open
arms) or rewards have no impact on their activity. A similar study
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ment of spatial learning in the MWM. (I to K) Donepezil injection combined with intra-vHPC delivery of M1i during the training session in stressed mice increased the time
spent in Q1 (1) and the number of platform crossings (J) with no effect on speed (K). One-way ANOVA with Tukey’s multiple comparison test for (B) and (D) and two-way

ANOVA with Bonferroni’s multiple comparison test for (F), (G), (I), (J), and (K). *P < 0.05; **P < 0.01; ***P < 0.001. Data are presented as the means + SEM.

demonstrated that the cholinergic fibers of the MS/vDB-dHPC exhibit
increased activity solely in response to air puff stimulation and display
minimal responsiveness to light flashes or tone stimuli (62). Further-
more, the activation of MS/vDB-dHPC cholinergic projections did
not elicit any emotional response in mice. Our hypothesis posits that
ChATMSMPBAHPC heyrons only transform salient sensory cues, thereby
serving as a gate for relaying salient signals to facilitate cognitive func-
tion. This pattern can prevent the body from developing hypersensitivity
to insignificant external stimuli. Previous MS single-unit in vivo record-
ing revealed a similar response, indicating that noise stimuli are more
effective than pure tones in driving MS neurons with a moderate inten-
sity threshold (63). Notably, we have also found that ChAT™MS/PBVHPC
neurons respond to a broad spectrum of stimuli. These neurons ex-
hibit rapid, biphasic responses that encode the positive and negative
valences of stimuli as they are promptly activated by aversive cues and
inhibited by appetitive stimuli. However, other studies have indicated

Wu et al., Sci. Adv. 10, eado1508 (2024) 8 November 2024

that both appetitive rewards and aversive stimuli elicit the activation of
ChAT neurons in the basal forebrain (44-46, 64). It should be noticed
that the ChAT neurons recording in these studies are predominantly
from the hDB, another subregion of the basal forebrain. The ChAT
neurons in the hDB are anatomically distinct with those ChAT neurons
in the MS/vDB recorded in our study (5). Moreover, our observation of
inhibiting ChAT neurons in the MS/vDB in response to reward may be
attributed to the activation of GABAergic neurons in the MS/vDB (65).
These divergent findings indicate functional heterogeneity among cho-
linergic neurons in subregions of the basal forebrain.

Our anterograde and retrograde tracing indicated that ChAT-
MSNDB-dHPC 4 ChATMS"PEYHFC peyrons are distinct subpopulations,
which is consistent with previous findings demonstrating differences
in the projection patterns of adjacent basal forebrain neurons (47).
Furthermore, studies have indicated that several receptors, including
serotonin and CRF receptors, exhibit different expression among
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MS ChAT neurons (34, 35, 66). A more recent study has demon-
strated that MS ChAT neurons, which express either calbindin-
D28K or not, project to the vCAl and dDG regions, exhibiting
distinct functional characteristics in regulating the anxiety-like be-
havior and spatial learning (48). In addition to the similar find-
ings, our study has further recorded the neuronal activity of ChAT
neurons and their distinct projections under diverse stimuli, which
help to precisely clarify how neurons contribute to information pro-
cessing. External information can be detected, interpreted, evaluat-
ed, and responded to by succeeding levels of highly interconnected
neural circuits (67). The amygdala complex is recognized as a key
region involved in the interpretation of sensory information as it
assigns valence to different primary information (68). Therefore,
our recorded findings of MS/vDB-dHPC cholinergic projections in
processing salient stimuli and MS/vDB-vHPC cholinergic projec-
tions in processing positive and negative valence highlight the piv-
otal role of the MS/vDB region as another crucial hub in interpreting
external information. Combined with the manipulation evidence,
these findings further support a substantial involvement of cholin-
ergic neurons in the interpretation of sensory information within
the MS/vDB.

We identified a precise input organization of subpopulations of ChAT
neurons in the MS/vDB. Our findings reveal that ChATMS/VPB-dHPC
neurons are predominantly targeted by neurons located in the subicu-
lum and LEnT regions. The subiculum is known to play a crucial role
in spatial processing (69, 70), while the LEnT is engaged in the process
of associative memory (71, 72). These two regions may transmit infor-
mation to ChRATMS"PBAHPC heyrons to facilitate their role in spatial
memory function. In contrast, ChATM*"PBYHFC heyrons exhibited a
higher degree of innervation from the ARC, LH, and DRN. The ARC
is renowned for its role in modulating feeding behaviors, with Agouti-
related protein and proopiomelanocortin-positive cells within the ARC
being activated during appetitive reward (73, 74). Sucrose reward
could potentially alleviate stress (75); the association between ARC
and ChATMS"PEVHPC heyrons may account for the appetite-induced
suppression of ChATMYYPPVHPC heyronal activities. However, fur-
ther research is required to elucidate the underlying mechanisms of
ChATMS"PBYHPC heyronal activity inhibition during appetitive re-
ward. Furthermore, the stress-induced activation of neurons in the
LH region is responsible for encoding negative valence (76, 77). There-
fore, ChATMS/YDB-VHPC neyrons are capable of integrating negative
valence signals from the LH and projecting directly to vCA1 neurons,
thereby eliciting avoidant behaviors. It is necessary to further investi-
gate the upstream inputs of ChATMSVPBVHPC heyrons implicated in
the modulation of anxiety-like behaviors.

The findings of our study suggest that distinct cholinergic projec-
tions to the hippocampus modulate cognitive function and anxiety
states in mice. Theta rhythm in the hippocampus has been linked to
both cognitive and emotional functions. It has been shown that spa-
tial memory performance is positively correlated with the theta pow-
er in the dHPC, and restoration of theta-like rhythmicity can restore
lost cognitive function (78, 79). Meanwhile, mice avoidance behav-
iors are accompanied with increased theta power in the vHPC (80),
and anxiolytic drugs can decrease the hippocampal theta frequency
(81, 82). Cholinergic regulation of hippocampal theta rhythm has
been proposed as one of the central mechanisms underlying hippo-
campal functions including spatial memory encoding (83, 84). Fur-
ther works are needed to investigate the impact of distinct cholinergic
subtypes on theta rhythm in the dHPC and vHPC.
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We observed distinct electrophysiological adaptations in
ChATMS/VPB-AHPC 410 q ChATMSVDB-VHPC peyrons under chronic
stress conditions. The differential molecular expression between
ChATMSVPB-AHPC 3 d ChATMSYPEVYHPC peurons following chron-
ic stress may account for their distinct neuronal adaptations. In
this study, we demonstrate that Scn5a is selectively expressed in
ChATMSVPE-AHPC heyrons but not ChATMSYPEYHPC peyrons. Fol-
lowing chronic stress, there is a significant reduction in Scn5a ex-
pression, which may contribute to the decreased excitability of
ChATMSVPB-4HPC heyrons. Scn5a mutations are linked to human
cardiac long QT syndrome and ventricular fibrillation; however,
their role in mental disease remains unknown (85). Furthermore,
Scnla, coding for the voltage-gated sodium channel Navl.1, was
up-regulated in ChATMSPEYHFC neyrons after stress. The enhanced
expression of Scnla may result in the increased excitability of
ChATMSPBYHPC peurons. A previous study indicated the wide ex-
pression of Navl.l in MS/vDB ChAT neurons (86). In addition,
knockout of Scnla in the brain could decrease animals’ anxiety levels
(87, 88). Further research is necessary to determine the molecular
contribution to the excitability of the two subtypes of ChAT neu-
rons, which could facilitate targeted treatment of specific symptoms
associated with chronic stress within neural circuits. Alternatively,
as assessed in our experiments, the differential neuronal adapta-
tions between ChATMSYPB-4HPC 314 ChATMSVPBVHPC 16 hula-
tions may be partially attributed to the distinct input patterns
observed in each population.

Our electrophysiolo%ical findings demonstrate a reduction in the
excitability of ChATMSPB-4HPC peyrons following chronic stress,
which is consistent with previous research indicating that chronic
stress leads to decreased ACh levels in the dHPC (89). Furthermore,
the activation of ChATMS"PB-4HPC peyrons through chemogenetics
or donepezil injection can effectively ameliorate cognitive deficits
induced by stress. Similar with our findings, previous research has
demonstrated that donepezil can mitigate stress-induced cognitive
inflexibility in rats (90). Enhancing cholinergic signaling appears to
be a promising strategy for alleviating cognitive impairment in-
duced by chronic stress.

ChATMSYPBYHPC heyrons exhibit hyperexcitability following ex-
posure to chronic stress, which is consistent with previous findings of
increased ACh levels in the vCA1 region under chronic stress condi-
tions (91, 92). The vHPC plays a pivotal role in the neural circuit me-
diating negative affective behaviors, whereby the activation of vCA1l
cell bodies and their projections can bidirectionally modulate anxiety-
like behaviors (93, 94). However, the precise mechanisms by which
neuromodulators regulate behaviors in the vHPC remain poorly un-
derstood. We demonstrate that targeted manipulation of the choliner-
gic projection from the MS/vDB-vHPC modulates anxiety levels in
naive mice. Moreover, the inhibition of this neural pathway effectively
reversed the anxiety-like behaviors induced by stress, indicating a cru-
cial role of this projection in the pathogenesis of anxiety disorders.

The hippocampal dorsoventral axis is functionally segregated
into the dorsal part that is essential for visuospatial information pro-
cessing, the ventral part that is involved in emotional, motivational,
and affective responses, and the intermediate part that integrates
information from both poles (95-98). The cholinergic projections
originating from the MS/vDB innervate to the whole hippocampal
formation (47). It remains uncertain if dCA1-projecting or vCA1-
projecting MS/vDB ChAT neurons can also innervate the interme-
diate CA1 region or if there are specific MS/vDB neurons that target
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the intermediate CA1 region. Meanwhile, what is the function of the
cells projecting to intermediate CA1 during chronic restraint stress
requires further investigation.

Although AChEIs are now considered a first-line treatment for
cognitive deficits, their acute use may exacerbate emotional symp-
toms and lead to poor therapeutic compliance for stress-related disorders.
Our findings strongly suggest that the engagement of M1 receptors in
vCAL1 by acute AChEIs induces aversive behaviors in rodents, which
could potentially explain early adverse events observed in clinical
populations. Therefore, it is crucial to identify compounds that ex-
hibit selectivity toward circuit-specific cellular populations.

In summary, by targeting circuit-based cholinergic signaling path-
ways, we can ameliorate the stress-induced emotional and cognitive
disorders. These findings may offer insights into the development of
circuit-specific treatments for stress-related disorders. Moreover, the
invasive modulation of cholinergic circuits in our study necessitates
further investigation into pharmacologically targeting different ACh
receptors in the dHPC and vHPC for the treatment of stress-related
emotional and cognitive deficits.

MATERIALS AND METHODS

We used (all males, aged 8 to 12 weeks) ChAT-ires-Cre mice (Jax no.
006410, a gift from L. Xiaoming at Zhejiang University). Male C57BL/6]
mice (aged 8 to 10 weeks) were obtained from the Southern Medical
University Animal Center (Guangzhou, China). Ethics approval for
this study was obtained from the ethics board for animal research
at the Southern Medical University (Animal Welfare Assurance no.
D2022111). The procedures used for virus construction and packag-
ing, virus injection, optical fiber and guide cannula placement, retro-
grade labeling, electrophysiological recordings, light delivery, drug
delivery, behavioral assays, histology, and imaging are detailed in
the Supplementary Materials.

Statistics

We conducted simple statistical comparisons using Student’s ¢ test.
Analysis of variance (ANOVA) (one-way and two-way) and post hoc
analyses were used to statistically analyze the data from the experi-
mental groups with multiple comparisons. All statistical analyses were
performed using the GraphPad Prism 8 software. All significant sta-
tistical results are indicated on the figures following the conventions:
*P < 0.05; **P < 0.01; **P < 0.001. All data are presented as the
means + SEM.

Supplementary Materials
This PDF file includes:
Supplementary Materials and methods
Figs.S1to S15
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