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Chronic stress is one of the most critical factors in the onset of
depressive disorders; hence, environmental factors such as psy-
chosocial stress are commonly used to induce depressive-like traits
in animal models of depression. Ventral CA1 (vCA1) in hippocam-
pus and basal lateral amygdala (BLA) are critical sites during
chronic stress-induced alterations in depressive subjects; however,
the underlying neural mechanisms remain unclear. Here we employed
chronic unpredictable mild stress (CUMS) to model depression in
mice and found that the activity of the posterior BLA to vCA1
(pBLA-vCA1) innervation was markedly reduced. Mice subjected
to CUMS showed reduction in dendritic complexity, spine density,
and synaptosomal AMPA receptors (AMPARs). Stimulation of
pBLA-vCA1 innervation via chemogenetics or administration of can-
nabidiol (CBD) could reverse CUMS-induced synaptosomal AMPAR
decrease and efficiently alleviate depressive-like behaviors in
mice. These findings demonstrate a critical role for AMPARs and
CBD modulation of pBLA-vCA1 innervation in CUMS-induced
depressive-like behaviors.

depression | AMPAR | chronic stress | pBLA-vCA1 | CBD

Major depression or major depressive disorder (MDD) is
one of the most common and disabling mental disorders
worldwide and is characterized by episodes of depressed mood,
decreased drive, and loss of interest and pleasure (1, 2). Al-
though MDD is multifactorial and heterogeneous by nature,
negative stimuli such as stress are strongly implicated in MDD
(3-5). The CA1 area in hippocampus has been one of the most
intensively studied brain regions in depression research. Patients
with MDD show a marked reduction in left CA1l volume (6).
Rodents subjected to stress also have impaired spike timing-
dependent long-term depression (LTD), as well as decreased
spine density and down-regulated synaptic transmission in ven-
tral CA1 (vCA1l) pyramidal neurons (7, 8).

vCA1 shares robust reciprocal projections with the basal lat-
eral amygdala (BLA), a pivotal site underlying stress-induced
emotional disorders. Based on morphological and genotypic
distinction, the BLA has been divided into two subregions, an-
terior BLA (aBLA) and posterior BLA (pBLA) (9), both of
which can be activated by negative (10-12) and positive (13, 14)
emotion-associated events. Under physiological conditions, pPBLA
has a stronger monosynaptic connection to vCA1 than aBLA (15).
Furthermore, optogenetic activation of the pBLA-vCAl circuit
can reduce anxiety-like behaviors (16). However, the mechanisms
through which the pBLA-vCA1 circuit impacts the pathogenesis
of depression remain unclear.

AMPA receptors (AMPARS) play a critical role in synaptic
plasticity, and dysfunction in AMPARS or proteins that regulate
AMPAR trafficking has been linked to various neurological and
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psychiatric disorders (17). Stress selectively decreases expression
of GluA1l, an AMPAR subunit, in vCA1l and impairs AMPAR-
mediated synaptic excitation (8). Antidepressants fluoxetine and
reboxetine can increase the expression of GluA1/GluA3 in hip-
pocampus and GluA2/GluA4 in prefrontal cortex (PFC), re-
spectively (18). The cannabinoid system also plays an important
role in regulation of mood and depression. Synthetic cannabi-
noids that activate cannabinoid type-1 (CB;) and cannabinoid type-
2 (CB,) receptors can alleviate depressive-like symptoms in animal
models (19, 20). Recently, cannabidiol (CBD), a nonpsychotomimetic
component of Cannabis sativa, has emerged as a promising com-
pound, since it exerts large-spectrum therapeutic potential in human
mental disorders such as psychosis, anxiety, and depression (21).
It has been reported that chronic CBD treatment induces be-
havioral and synaptic changes in stressed mice through CB;/CB,
receptor activation (22), but its acute antidepressant properties
and underlying mechanisms have not been completely investigated.

In the present study, we employed a chronic unpredictable
mild stress (CUMS) procedure to induce a model of depression
in mice and found that CUMS exposure resulted in decreased
activity in pBLA-vCA1 innervation, while chemogenetic activa-
tion of pBLA-vCAL input could reverse CUMS-induced behavior
deficits. CUMS led to reduction in dendritic complexity, spine
density, and synaptosomal AMPARs. Moreover, inhibition of
AMPAR activity via application of DNQX under subthreshold
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stress conditions could induce depressive-like behaviors. Acute
CBD administration reversed CUMS-induced reduction in ma-
ture spine density and synaptosomal AMPAR level in vCAl,
and, more importantly, alleviated depressive-like behaviors. In
summary, our study sheds light on the mechanisms underlying
depressive-like behavior and advances our understanding of the
complex pathology of depression.

Results

Activity of vCA1 Excitatory Neurons Plays a Critical Role in CUMS-Induced
Depressive-Like Behaviors. CUMS is a widely used animal model of
depression that recapitulates many features of the disease (23);
hence, we employed a CUMS procedure to induce a model of
depression in mice. After 4 wk CUMS experience, mice displayed
typical depressive-like phenotypes as evidenced by sucrose pref-
erence test (SPT), novelty-suppressed feeding test (NSFT), and
forced swim test (FST; Fig. 14 and SI Appendix, Fig. S1 A-C).
Since the ventral hippocampus (VHPC) has been strongly im-
plicated in maladapted emotional states such as depression (24),
we first examined the neuronal activity via c-Fos expression in
vHPC in mice subjected to CUMS (Fig. 1B and SI Appendix, Fig.
S1 D and E). Fewer c-Fos—positive neurons (marked by NeuN)
were detected in vCA1 of CUMS mice after FST compared with
the no-stress (NS) group (F», 24 = 23.44, P < 0.0001; Fig. 1 C,
Top), and there was a negative correlation between the c-Fos
level in vCA1 and the immobility time in the FST (r = —0.8982,
P = 0.0004; Fig. 1 C, Bottom). To further explore the identity of
the neurons activated after FST, the excitatory neuronal marker
CaMKIlla and the inhibitory neuronal markers GAD67 or par-
valbumin (PV) were costained with c-Fos. As shown in Fig. 1D,
robust coexpression between c-Fos and CaMKIla was detected,
along with only a small fraction showing coexpression between
c-Fos and GAD67 and almost no coexpression between c-Fos
and PV. These results indicated CUMS exposure significantly
reduced the activity of the excitatory neurons in vCAl during
FST. To further demonstrate the critical role of vCA1 in CUMS-
induced depressive-like behaviors, we bilaterally expressed hM3Dq,
a designer receptor exclusively activated by designer drugs, via
CaMKIla promoter-driven adeno-associated virus (AAV) in-
fection in vCA1 1 wk before mice were subjected to CUMS. The
control groups received the same viral vector carrying only the
morphology marker AAV-CaMKIIa-mCherry. Immunostaining
results showed hM3Dq expression was confined to vCAl
(Fig. 1E). Application of clozapine N-oxide (CNO), an hM3Dq
agonist, via intraperitoneal (i.p.) injection led to a significant
increase in vCA1 neuronal activity compared with control, which
was evidenced by increased total number (t;3 = 3.885, P =
0.0019; Fig. 1 F, Bottom Left) and proportion (t;3 = 6.278, P <
0.0001; Fig. 1 F, Bottom Right) of c-Fos—positive neurons. Acti-
vation of vCA1 excitatory neurons with CNO injection in mice
subjected to CUMS resulted in increased sucrose preference in
the SPT (F42 = 5.208, P = 0.0095; Fig. 1G), reduced latency to
feeding in the NSFT (I 4, = 3.288, P = 0.0472; Fig. 1H), reduced
immobility time (hM3Dq effect, I, 4, = 5.916, P = 0.0054; CNO
effect, F1 4, = 8.384, P = 0.006; Fig. 1 I, Left), and increased
latency to immobility in the FST (hM3Dq effect, F, 4, = 8.046,
P =0.0011; CNO effect, F; 4, = 4.946, P = 0.0316; Fig. 1 I, Right).
These results indicate that CUMS-induced depressive-like be-
haviors arise due to decreased activity of excitatory neurons
in vCAL

CUMS Induces Depressive-Like Behavior through pBLA-vCA1 Innervation.
To investigate the neural circuits in CUMS-induced depressive-like
behaviors, we set up to explore the upstream nucleus that pro-
jects to vCAL. Fluorescent gold (FG), a retrograde tracer, was
injected into vCAL to identify the regions projecting to vCA1 (SI
Appendix, Fig. S24). Notably, FG-positive neurons were most
prominent in pBLA but not in aBLA (¢, = 7.442, P = 0.0017; SI
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Appendix, Fig. S2B), and the number of FG, c-Fos, and NeuN
triple-positive cells in the CUMS group was significantly lower
than that in the NS group (¢5 = 3.34, P = 0.0003; SI Appendix, Fig.
S2 C and D, Top). Interestingly, the majority of c-Fos—positive
neurons in pBLA projected to vCAl in both NS and CUMS
groups (FG effect, Fy 16 = 519.6, P < 0.0001; SI Appendix, Fig.
S2 D, Bottom). Furthermore, FG and c-Fos double-positive
neurons coexpressed CaMKlIlIo, but not GAD67 or PV (F6 =
219.1, P < 0.0001; SI Appendix, Fig. S2E), indicating that they
were likely excitatory neurons. To further confirm the innerva-
tion from pBLA to vCAl, we took the reciprocal approach to
trace the downstream targets of pBLA. An inducible transsynaptic
anterograde tracer, AAV?2/1-Efla-DIO-mCherry-WPRE, was in-
jected into the pBLA of CaMKIla-Cre mice 1 wk before the
CUMS procedure. Robust mCherry expression was observed in
vCAl, while little expression was detected in aBLA and almost
no expression in dCA1 (Fig. 24), which indicates that vCAl is a
major projection target of pBLA. The number of mCherry, c-Fos,
and NeuN triple-positive cells in the CUMS group was signifi-
cantly lower than that in the NS group (g = 9.037, P < 0.0001;
Fig. 2 B and C, Top), which suggests that CUMS leads to a de-
creased activity in vCA1 neurons receiving inputs from pBLA
(F116 = 135.7, P < 0.0001; Fig. 2 C, Bottom). These results show
decreased activity of the pPBLA-vCALl innervation correlates with
CUMS-induced depressive-like behaviors, which is consistent with
previous findings that BLA-vHPC connections are heavily in-
volved in anxiety-related behaviors (25).

To further explore the roles that pBLA-vCAl innervation
plays in an animal model of depression, we investigated whether
activating this excitatory circuit could promote resilience to
CUMS exposure. The intersectional Cre-ON chemogenetic
strategy was employed by injecting Cre-dependent AAV2/9-
hSyn-DIO-hM3D(Gq)-GFP into pBLA and a retrograde
CaMKlIla promoter-driven AAV2/Retro-CaMKIIa-mCherry-
Cre in vCAl 1 wk before the CUMS procedure; AAV2/9-
hSyn-DIO-GFP was injected into pBLA to serve as the control
(Fig. 2 D and E). CNO injection in CaMKIIa-Cre mice led to
increased activity of pBLA (¢;3 = 4.371, P = 0.0008) and vCAl
(t13 = 3.936, P = 0.0017) excitatory neurons (Fig. 2 F and G).
More importantly, chemogenetic activation of the pBLA-vCA1l
innervation dramatically reversed the behavioral deficits in mice
subjected to CUMS (sucrose preference, hM3Dq effect, F, 4, =
17.09, P < 0.0001; CNO effect, Fy 4, = 5.845, P = 0.02; latency to
feeding, hM3Dq effect, F,4, = 4.978, P = 0.0115; immobility
time, F5 4, = 4.371, P = 0.0189; latency to immobility, hM3Dq
effect, F, 4, = 7.868, P = 0.0013; Fig. 2 H-J), which indicates that
activation of pBLA-vCA1 innervation exerts an antidepressant effect.

Mice that underwent 2 to 4 wk of CUMS treatment showed a
significantly reduced sucrose preference; however, 1 wk of
CUMS treatment was insufficient to produce changes in sucrose
preference (SI Appendix, Fig. S3A4). To further confirm the roles
of pPBLA-vCAl innervation in the mouse model of depression,
we examined whether inhibiting pBLA-vCA1 innervation could
induce depressive-like behaviors in mice subjected to subthreshold
unpredictable mild stress (SUMS). Virus carrying Cre-dependent
inhibitory designer receptor, AAV2/9-hSyn-DIO-hM4D(Gi)-GFP,
was locally injected into pBLA, and retrograde Cre-recombinase
was injected into vCA1l, 1 wk before the subthreshold stress
procedure (SI Appendix, Fig. S3 B and C). We found chemo-
genetic inhibition of the pBLA-vCAl innervation led to de-
creased sucrose preference (hMA4Di effect, Fy,3 = 5.143, P =
0.0313; CNO effect, F,, 23 = 4.777, P = 0.0374), increased latency
to feeding (CNO effect, Fy,5 = 6.197, P = 0.0190), increased
immobility time (hM4Di effect, F ,g = 4.493, P = 0.0430), and
reduced latency to immobility (hM4Di effect, F; 55 = 4.395, P =
0.0452), which recapitulates the CUMS phenotypes (SI Appen-
dix, Fig. S3 D-F). These results demonstrate that inhibition of
pBLA-vCALl innervation could exacerbate depressive-like responses
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Fig. 1. CUMS leads to decreased neuronal activity in vCA1. (A) Experimental design. IF, immunofluorescence staining. (B) Representative immunostaining images of NeuN
(red) and c-Fos (green) in vCA1 of NS and CUMS groups, respectively. (C, Top) Quantification of c-Fos and NeuN double-positive cells in vCA1, vCA3, and vDG (two-way ANOVA
with Sidak’s post hoc test, ***P < 0.001). (C, Bottom) Relationship between double-positive cells in vCA1 and immobility time in FST (Pearson'’s correlation, r = —0.8982, P =
0.0004; n =5 per group). (D) Representative images and quantification of CaMKlla-, GAD67-, or PV-positive cells colabeled with c-Fos—positive cells in vCA1 of NS group. White
arrowheads indicate colabeled cells (one-way ANOVA with Tukey’s post hoc test, ***P < 0.001; n = 3 per group). (E, Top) Representative images of hM3Dq injection sites in
VCAT1 (red). (E, Bottom) Representative images of hM3Dq (red), c-Fos (green), and Hoechst (blue) colabeled in vCA1. (F, Top) Diagram of CNO (5 mg/kg) injection to increase
neural activity. (Bottom Left) Quantification of c-Fos and mCherry double-positive cells in vCA1. (Bottom Right) Proportion of double-positive cells among c-Fos—positive cells
(unpaired Student's t test, ***P < 0.001). (G) Sucrose preference in SPT. (H) Latency to feeding in NSFT. (/, Left) Immobility time in FST. (/, Right) Latency to immobility in FST
(two-way ANOVA with Sidak’s post hoc test, *P < 0.05, **P < 0.01, ***P < 0.001, *#P < 0.01, **P < 0.001, ®P < 0.05, #4P < 0.01). Data are presented as the mean + SEM.
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Fig. 2. pBLA-vCAT1 innervation shows a decreased activity in mice subjected to CUMS, and chemogenetic activation of pBLA-vCA1 innervation exerts anti-
depressant effects. (A) Representative images of Cre-dependent mCherry injection sites in pBLA (red) and mCherry-expressed in aBLA and vCA1 of CaMKlla-
Cre mice. (B) Representative images of DIO-mCherry (red), c-Fos (green), and NeuN (blue) colabeled in vCA1 of NS and CUMS groups, respectively. (C, Top)
Quantification of DIO-mCherry, c-Fos, and NeuN triple-positive cells in vCA1 (unpaired Student'’s t test, ***P < 0.001). (C, Bottom) Proportion of mCherry-
positive or mCherry-negative cells colabeled with c-Fos—positive neurons (two-way ANOVA with Sidak’s post hoc test, ***P < 0.001, mCherry*+c-Fos*+NeuN*
vs. mCherry +c-Fos*+NeuN* in CUMS group; *##P < 0.001, mCherry*+c-Fos*+NeuN* of CUMS vs. mCherry*+c-Fos*+NeuN* of NS group; n = 5 per group). (D)
Representative images of DIO-hM3Dq and CaMKlla-Cre injection sites and expression in pBLA (green; Left) and vCA1 (red; Right), respectively. (E) Repre-
sentative images of DIO-hM3Dq (green), CaMKlla-Cre (red) expression, and Hoechst (blue) in pBLA and vCA1, respectively. Rad, stratum radiatum of the
hippocampus; Py, pyramidal cell layer of the hippocampus; LMol, lacunosum moleculare layer of the hippocampus. (F, Top) Representative images of c-Fos
(blue), DIO-hM3Dq (green), and CaMKlla-Cre (red) colabeled cells in the pBLA from mice treated with CNO. (F, Bottom) Representative images of c-Fos (blue)
and CaMKIla-Cre (red) colabeled cells in the vCA1 of hM3Dg-expressing mice treated with CNO. White arrowheads indicate c-Fos positive (Top) and colabeled
(Bottom) cells. (G) Quantification of colabeled cells in pBLA and vCA1 (unpaired Student’s t test, **P < 0.01, ***P < 0.001). (H) Sucrose preference in SPT. (/)
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carried out projection-specific neuronal morphology recon-
struction using Cre/loxP-based Supernova vectors (26) to mea-
sure dendrite complexity and spine density. AAV2/1-hSyn-Cre, a
transsynaptic anterograde Cre recombinase, was injected into
pBLA, and Supernova vectors AAV2/9-TRE-DIO-FLPo and
AAV2/9-TRE-fDIO-GFP-IRES-Tta were injected into vCAl 1
wk before the CUMS procedure (Fig. 34). We observed a dra-
matic decrease in dendritic complexity (main effect of CUMS,
Fi 196 =10.12, P = 0.0017; Fig. 3 B and C) and in dendritic spine
density (fgs = 2.746, P = 0.0073; tgs = 3.043, P = 0.0031; Fig. 3D)
in the CUMS group compared with control. We next investigated
molecular changes in vCA1 by detecting AMPARs, PSD95, and
CaMKIIu via Western blot. There was a significant decrease in
the levels of synaptosomal GluAl (¢19 = 2.767, P = 0.0199) and
PSDO5 (19 = 4.175, P = 0.0019), but not GluA2 (tp = 1.401, P =
0.1913), in the CUMS group (Fig. 3 E and F). It has been well
documented that phosphorylation of GluA1 plays critical roles in
AMPAR function and trafficking, so we next examined the
phosphorylation level of GluAl. Phosphorylation at both S831
(tio = 2.516, P = 0.0306) and S845 (1o = 2.595, P = 0.0267) of
GluA1l was significantly decreased in vCA1 in mice subjected to
CUMS (Fig. 3F). There was also a strong negative correlation
between the level of synaptosomal GluAl and immobility time in
the FST (r = —0.6307, P = 0.0279; Fig. 3G). In addition, inhi-
bition of pBLA-vCAl in mice subjected to subthreshold stress
led to synaptosomal GluAl level reduction (Fy 1> = 23.99, P =
0.0004; Fig. 3 H-K). On the contrary, chemogenetic activation of
pBLA-vCA1l innervation could restore synaptosomal GluAl
level (F,,5 = 44.28, P < 0.0001) and phosphorylation at S831 in
GluAl (F,15 = 10.80, P = 0.0008; Fig. 3 L-0) and reverse be-
havior deficits in mice subjected to CUMS (Fig. 2 H-J). These
data suggest that the behavioral deficits induced by CUMS are
mediated by the decrease in synaptosomal AMPAR level.

To further examine the role of AMPARSs in depression, we
employed a modified disconnection procedure in mice exposed
to subthreshold stress (Fig. 3P). Specifically, GABA receptor
agonists (27), baclofen and muscimol (B+M), were unilaterally
injected into pBLA, and the AMPAR antagonist DNQX (28)
was injected into ipsilateral or contralateral vCAl (the control
group received vehicle in both pBLA and vCAL1). No significant
differences were detected in animals that received ipsilateral
B+M and DNQX treatment, while mice that received unilateral
intra-pBLA B+M combined with contralateral intra-vCA1 DNQX
showed increased immobility time (Fy35 = 3.858, P = 0.0106;
Fig. 3 O, Left) and decreased latency to immobility in the FST
(F435 = 2.682, P = 0.0474; Fig. 3 Q, Right), which recapitulates
CUMS-induced depressive-like behavior. These results suggest that
inhibition of AMPAR activity in the pBLA-vCA1 innervation could
mediate depressive-like behaviors in mice. Overall, our findings
indicate that AMPARSs play a critical role in CUMS-induced
depressive-like behaviors.

CBD Serves as a Major Neuromodulator of pBLA-vCA1 Innervation and
Could Alleviate CUMS-Induced Depressive-Like Behavior. Finally, we
investigated the neuromodulatory regulation of the pBLA-vCA1
innervation in CUMS-induced depressive-like behavior. It has
been reported that endocannabinoids are pivotal endogenous
neuromodulators that modulate excitatory/inhibitory (E/I) bal-
ance and maintain the neurocircuitry integrity (29). Cannabi-
noids have shown positive effects for depression treatment, and
CBD is considered one of the most promising compounds (30,
31). Therefore, we set to test whether CBD could modulate pBLA-
vCALl innervation under the CUMS procedure (Fig. 44). Although
no difference in dendritic complexity (F24 355 = 1.280, P = 0.1723;
Fig. 4 B and C) or total spine number (F4 175 = 5.336, P = 0.0004;
Fig. 4D) was detected, CBD application could reverse CUMS-
induced reduction of mature dendritic spines (F4, 175 = 5.657, P =
0.0003; Fig. 4D). Moreover, CBD application restored synaptosomal
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GluAl level (Fy4, 25 = 5.348, P = 0.003), as well as phosphory-
lation at S831 in GluAl (Fy4, 25 = 9.557, P < 0.0001) and T286 in
CaMKlla (F4,5 = 6.553, P = 0.0009; Fig. 4 E and F). Interest-
ingly, application of AM251, an antagonist of CBD receptor
CB,Rs, resulted in partial block of the CBD effects (Fig. 4 B-F),
which further demonstrates that CBD administration could lead
to changes in pBLA-vCA1 innervation. More importantly, we
found that application of CBD significantly activated the vCA1
excitatory neurons innervated by pBLA (Fsyy = 8.807, P =
0.0003; Fig. 4G) and reduced the immobility time (F4 35 = 4.361,
P = 0.0058) and increased the latency to immobility (Fs35 =
5.808, P = 0.0011) in the FST (Fig. 4H). These results show that
CBD could modulate the pBLA-vCA1 innervation and alleviate
depressive-like behaviors in mice subjected to CUMS.

Discussion

pBLA-vCA1 Innervation in Depression. The brain effectively adapts
to stress through modification of the connectivity and strength
between synapses and neuronal circuits (32). Notably, the pat-
tern of modification is highly dependent upon stress intensity
and duration (33). Acute stress generally produces momentary
and bidirectional effects and is normalized quickly (34, 35), while
chronic stress produces relatively long-lasting and unidirectional
remodeling (36-38). Previous studies have shown that chronic
stress could induce region-specific changes and subsequent be-
havioral and emotional deficits. Brain regions responsible for
cognitive and executive control, such as the PFC and hippo-
campus, show impaired long-term potentiation (LTP) and LTD
after longtime stress exposure (39-42). Consistent with functional
negative alterations, chronic stress also reduces neurogenesis (41)
and induces pyramidal dendrite retraction in hippocampus (43).
These negative effects can be reversed by antidepressants (41,
42, 44). Other regions, most notably the BLA, may feature an
opposite neuronal pathology (45), although there are reports of
negative changes such as pyramidal dendrite atrophy and GluAl
reduction in BLA after chronic stress (9, 46).

These seemingly contradictory pathological changes are thought
to be due to the anatomical and functional heterogeneity of BLA
along its anterior—posterior axis. There are two types of excit-
atory pyramidal neurons in the BLA, magnocellular and parvo-
cellular neurons, which are intermingled with interneurons.
Anterior BLA consists of magnocellular neurons expressing
R-sPondin 2, while posterior BLA consists of parvocellular
neurons expressing Protein PhosPhatase 1 regulatory inhibitor
subunit 1B. It has been reported that aBLAs are activated after
aversive experience and pBLAs are activated upon rewarding
experience (47). There is evidence that optogenetic inhibition
of BLA inputs to vHPC reduces anxiety-related behaviors (25),
and activation of this circuit decreases sociability in a three-
chamber test (48). However, BLA neurons projecting to vHPC
do not express obvious preferences for either positive or negative
valence. Therefore, understanding the organization and functional
alteration of the BLA-vHPC circuit after chronic stress might help
to reveal basic principles underlying emotional processing and
depression.

Our data demonstrate that CUMS exposure led to decreased
activity of excitatory pyramidal neurons in a few brain regions
such as vCA1, pBLA, and nucleus accumbens core (Fig. 1 and S/
Appendix, Fig. S1). We found that pBLA projection to vCAl
played a critical role in CUMS-induced depressive-like behaviors
(Fig. 2), which is consistent with previous findings (15, 49). Mice
subjected to negative stimuli showed reduced activity of pBLA-
vCALl innervation. Notably, although activated neurons in pBLA
mainly project to vCA1, only 46% of activated neurons in vCA1
were innervated by pBLA (Fig. 2 and SI Appendix, Fig. S2).
These results suggest a multiple-input modulation of neuronal
excitability in vCA1 during CUMS exposure, consistent with the
fact that vCA1l pyramidal neurons can be divided into diverse
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Fig. 3. AMPARs play an important role in CUMS-induced depressive-like behaviors. (A) Representative images of Cre-recombinase injection trace (white
arrows) in pBLA (Top) and Cre/loxP-based Supernova vectors in vCA1 (Bottom). (B) Representative images of dendrites, traced neuronal processes, and spines
in vCA1 in each group. White arrowheads indicate mushroom spines. (C) Quantification of dendritic intersection (two-way ANOVA with Sidak'’s post hoc test,
*P < 0.01, NS vs. CUMS group; n = 15 neurons from n = 5 mice per group, Sholl analysis). (D) Quantification of total and mushroom spines in vCA1 (unpaired
Student’s t test, **P < 0.01; n = 45 dendritic segments from n = 5 mice per group). (E) Representative images of Western blots. (F) Quantification of syn-
aptosomal (“S") GluA1, GluA2, and PSD95 and total (“T") pS831GIuA1, pS845GluA1, GluA1, and GIuA2 in vCA1 (unpaired Student’s t test, *P < 0.05, **P <
0.01, CUMS vs. NS group). (G) Relationship between synaptosomal GIuA1 relative level in vCA1 and immobility time in FST (Pearson’s correlation, r = —0.6307,
P =0.0279; n = 6 per group). (H) Representative images of Western blots. (/-K) Quantification of synaptosomal (“S”) GluA1 and total (“T") pS831GIluA1 and
pS845GIuA1 in VCA1 after chemogenetic inhibition (two-way ANOVA with Sidak’s post hoc test, ***P < 0.0001, *%#pP < 0.05). (L) Representative images of
Western blots. (M-0) Quantification of synaptosomal (“S”) GIluA1 and total (“T") pS831GluA1 and pS845GIuA1 in vCA1 after chemogenetic activation
(two-way ANOVA with Sidak’s post hoc test, **P < 0.01, ***P < 0.0001, **#p < 0.01, %8P < 0.05). (P, Left) Disconnection procedure in SUMS mice. (P, Right)
Histological sites of cannula placements in the pBLA and vCA1, respectively. (Q) Immobility and latency to immobility in FST after disconnection procedure
(one-way ANOVA with Sidak’s post hoc test, *P < 0.05). Data are presented as the mean + SEM.
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Fig. 4. CBD functions as a neuromodulator of pBLA-vCA1 innervation in CUMS-induced depressive-like behaviors. (A) Experimental design. (B) Represen-
tative images of dendrites, traced neuronal processes, and spines in vCA1 in each group. (C) Quantification of dendritic intersection (two-way ANOVA with
Sidak’s post hoc test, **P < 0.01, ***P < 0.001, NS+Veh+Veh vs. CUMS+Veh+Veh group; n = 12 neurons from n = 4 mice per group; Sholl analysis). (D)
Quantification of total and mushroom spines in vCA1 (one-way ANOVA with Tukey’s post hoc test, *P < 0.05, **P < 0.01, *P < 0.05, *P < 0.05; n = 36 dendritic
segments from n = 4 mice per group). (E) Representative images of Western blots. NVV, NS+Veh+Veh; CVV, CUMS+Veh+Veh; CCV, CUMS+CBD+Veh; CVA,
CUMS+Veh+AM251; CCA, CUMS+CBD+AM251. (F) Quantification of synaptosomal (“S”) GluA1, GluA2, and PSD95 and total (“T") pS831GIluA1, pS845GIluA1,
pT286CaMKlle, and CaMKlla in VCA1 (one-way ANOVA with Tukey’s post hoc test, *P < 0.05, **P < 0.01, CUMS+Veh+Veh vs. NS+Veh+Veh group; #P < 0.01,
###p < 0.001, CUMS+CBD+Veh vs. CUMS+Veh+Veh group; P < 0.05, CUMS+CBD+AM251 vs. CUMS+CBD+Veh group). (G) Representative images and quan-
tification of DIO-mCherry (red) and c-Fos (green) double-positive cells in vCA1. White arrowheads indicate colabeled cells (one-way ANOVA with Tukey’s post
hoc test, *P < 0.05, **P < 0.01, *P < 0.05). (H) Immobility (Left) and latency time (Right) in FST after CBD treatment (one-way ANOVA with Tukey’s post hoc
test, *P < 0.05, **P < 0.01, *P < 0.05). Data are presented as the mean + SEM.

subpopulations (50). Indeed, recent studies have shown that
pBLA mainly innervates superficial-layered Calbl-positive neu-
rons in vCAT1 and the pBLA-vCA1“*'* circuit drives approach
behavior to reduce anxiety-like behavior (16). Our data show
that chemogenetic activation of pBLA-vCA1 innervation can
alleviate the depressive-like behaviors; on the contrary, inhibition
of pBLA-vCALl innervation exacerbated depression phenotypes
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(Fig. 2 and SI Appendix, Fig. S3). These results demonstrate that
pBLA-vCA1 innervation plays an important, bidirectional role in
an animal model of depression.

Cannabinoid Agents in Depression. Consistent with previous find-
ings, our results showed reduced dendritic complexity and spine
density, as well as decreased synaptosomal GluA1 and PSD95 in
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vCA1 (Fig. 3). AMPARsS play a critical role in synaptic plasticity,
and impairments of AMPARs have been indicated in multiple
neurological and psychiatric disorders (51). Phosphorylation of
S845 increases single-channel open probability, and phosphory-
lation of S831 increases single-channel conductance (52, 53);
these two phosphorylation sites also play a synergistic role in
LTP expression. Our data demonstrate CUMS-induced reduc-
tion of S831 phosphorylation in vCA1l (Fig. 3), indicating that
chronic stress might impair LTP through posttranslational modi-
fication of AMPARs. Moreover, blockage of AMPARs in vCA1
combined with contralateral pBLA inactivation could induce a
depressive-like phenotype in mice subjected to subthreshold
stress, which suggests that AMPAR activity in the pBLA-vCA1
innervation could mediate depressive-like behaviors.

CUMS treatment led to reduced activity of pBLA-vCALl in-
nervation, which in turn would result in an E/I balance shift in
pBLA inputs to vCAl. Previous studies have shown that can-
nabinoids regulate presynaptic GABA and glutamate release in
the brain (54), and the cannabinoid system plays an important
role in orchestrating E/I balance and controlling stress responses
(55). Recently, cannabinoids, most notably CBD, have shown
positive signs for the treatment of emotional disorders such as
anxiety and depression (30, 31). We found CBD could promote
struggling behavior in the FST 30 min after administration
(Fig. 4), indicating a fast-acting antidepressant effect. This ob-
servation is consistent with previous reports describing its
antidepressant-like effects (56-58) through increased activity of
vCA1 neurons receiving inputs from pBLA (Fig. 4). Since fast-
acting antidepressants like ketamine and scopolamine work
through rapid increase of synaptogenesis (59, 60), we further
investigated if CBD would increase the density of dendritic
spines and/or synaptic protein levels. Our data showed that acute
CBD did not reverse CUMS-induced dendrite spine density
decrease or synaptic PSD95 reduction in vCAl. One possible
explanation could be that acute CBD rapidly strengthens AMPAR-
medicated synaptic connections in pPBLA-vCA1 within preexisting
spines. It has been shown that plasticity at preexisting stable
spines was much more widespread (17). Acute CBD treatment
could reverse levels of synaptosomal GluA1 and phosphorylation at
S831 in GluAl and T286 in CaMKIla in vCAl. CBD treatment
was only partially blocked by CB;R antagonist AM251 (Fig. 4),
most likely due to CBD acting on other receptors such as CB,
and GABA, receptors (29). Furthermore, previous studies have
shown increased dendritic length and branches and PSD95 level after
chronic CBD treatment in mice subjected to CUMS (25), which
indicates that CBD could have long-term antidepressant effects.

The rapid antidepressant effect of CBD might work through
shifting E/I balance in vCAl by activating pBLA-vCAl inner-
vation. CBD could silence GABAergic interneurons through
presynaptic CB;Rs and induce a glutamate burst from pBLA
inputs, which could reverse CUMS-induced activity decrease of
pBLA-vCA1 innervation. Activation of CaMKIla indicates an
increase in intracellular Ca®*; however, the source of calcium
entry needs further examination. Activated CaMKIla can en-
hance phosphorylation of GluAl S831 and increase channel
activity. Enhanced AMPAR synaptic transmission of pBLA-
vCAl innervation could alleviate depressive-like behaviors in-
duced by chronic stress (29). The underlying mechanisms of
sustained and long-term effects of CBD need to be investigated
in future studies.

We have demonstrated that pBLA-vCA1 innervation plays a
critical role in a CUMS-induced animal model of depression and
that CBD treatment can reverse depression-related changes in
activity and synaptosomal AMPAR expression at pBLA-vCA1
synapses and alleviate depressive-like behaviors in mice. Thus, ma-
nipulating the activity of pBLA-vCALl innervation using compounds
like CBD could be a promising approach for potential depression
treatment.
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Materials and Methods

Animals. Young male adult C57BL/6 (6 to 8 wk of age) and CaMKII-Cre mice
were used for our studies. CaMKII-Cre mice were a gift from Chen Zhang's
lab at Capital Medical University (Beijing, China). Mice were housed four to
five per cage under a 12-h light/dark cycle (light on from 7 AM to 7 PM) with
free access to food and water ad libitum, while the animals under the CUMS
procedure were housed individually. All animal studies and experimental
procedures were approved by the animal care and use committee of the
animal facility at Peking University Health Science Center.

Virus and Drugs. All the viruses used in our study were purchased from OBiO
Technology: AAV2/9-CaMKlla-hM3D(Gq)-mCherry (4.39 x 102 viral genomes
per mL [V.G./mL], 0.3 pL per site), AAV2/9-CaMKlla-mCherry (4.68 x 10" V.G./mL,
0.3 pL per site), AAV2/1-Ef1a-DIO-mCherry-WPRE (3.92 x 10" V.G/mL, 0.2 pL
per site), AAV2/9-hSyn-DIO-hM3D(Gq)-GFP (1.46 x 103 V.G./mL, 0.2 pL per
site), AAV2/9-hSyn-DIO-hM4D(Gi)-GFP (1.41 x 10"3 V.G./mL, 0.2 jL per site),
AAV2/9-hSyn-DIO-GFP (2.11 x 103 V.G./mL, 0.2 pL per site), AAV2/Retro-
CaMKlla-mCherry-Cre (3.2 x 10"? V.G./mL, 0.3 ulL per site), AAV2/1-hSyn-Cre
(1.34 x 10" V.G./mL, 0.2 pL per site), AAV2/9-TRE-DIO-FLPo (9.72 x 10"
V.G./mL), and AAV2/9-TRE-fDIO-GFP-IRES-Tta (6.21 x 10'2 V.G./mL) mixed in
the ratio of 1:100 (total 0.3 pL per site). Drugs used in our experiments were
as follows: CNO (5.0 mg/kg in 0.9% saline; ab141704; Abcam), Fluoro-Gold
(i.e., FG; 4% in 0.9% saline, 0.2 uL per site; Fluoro-001; Fluorochrome),
baclofen (G014; Sigma) and muscimol (G019; Sigma) mixed in the ratio of
1:1 (total 250 ng/pL in 0.9% saline, 0.2 pL per side), DNQX (5 pg/uL in 0.9%
saline; 0.3 pL per side; no. 0189; Tocris), CBD (30 mg/kg in 2% Tween-80 in
0.9% saline; E3691; Lableader), and AM251 (0.3 mg/kg in 2% Tween-80 in
0.9% saline; no. 1117; Tocris).

CUMS. The CUMS procedure was adopted from a previous study (61). In brief,
mice were exposed to randomized stressors twice a day (at 9 AM to 11 AM
and 2 PM to 4 PM, respectively) over 4 wk, including 24-h water/food dep-
rivation, 24-h soiled/empty cage, 24-h cage tilt (30°), reversed light/dark cy-
cle, overnight illumination, 2-h paired housing, 1.5-h confinement, 15-min
restraint stress, 10-min cold stress at 4 °C, and 5-min cold swimming. No same
stressor was applied in succession. For the SUMS procedure, mice were
subjected to the CUMS procedure for 1 wk instead of 4 wk. NS mice were
housed under normal conditions (four to five per cage) and only switched to
individual housing during the depressive-like behavior testing phase.

Behavioral Tests. All behavioral tests were performed during the light phase
(11:00 AM to 5:00 PM), and mice were housed individually. For SPT, mice were
water-deprived for 16 h, then given access to two preweighed bottles with
stoppers fitted with ballpoint sipper tubes for 90 min, one containing
drinking water and the other containing 1.5% sucrose solution. The posi-
tions (left or right) of water and sucrose were switched every 30 min to
ensure that the mice did not develop a side preference. Bottles were
weighed again after 30 min, and the weight difference during the last
60 min was used for calculation. Sucrose preference was measured as the
percentage of sucrose intake over total water and sucrose intake. For NSFT,
after a 24-h food deprivation and adaption to the environment for 30 min,
mice were individually placed into an open field (40 x 40 x 50 cm) with food
pellets placed in the center. The time until the first feeding episode was
video-recorded for 5 min. Mice were then returned to their home cage, and
the food consumption was measured for 60 min. For FST, mice were indi-
vidually placed in a vertical transparent cylinder (20 cm height x 14 cm di-
ameter) with 13-cm-deep water (23 to 24 °C) for 6 min after adapting to the
environment for 30 min. The duration and latency of immobility were video-
recorded during the last 5 min.

Surgery. Mice were anesthetized with 1.2% avertin (0.2 mL/10 g, i.p.) and
head-fixed in a stereotaxic apparatus (RWD Life Science). For cannula im-
plantation, stainless steel guide cannulas (0.41 mm in outer diameter) were
bilaterally implanted above the pBLA [anteroposterior (AP), —2.18 mm;
mediolateral (ML), +3.10 mm; dorsoventral (DV), —4.50 mm; AP, —2.18 mm,
ML, +3.10 mm; DV, —4.40 mm; Fig. 3 P and Q] and vCA1 (AP, —3.16 mm;
ML, +£2.95 mm; DV, —4.15 mm; AP, —3.28 mm; ML, +3.10 mm: DV; —4.40 mm;
Fig. 3 Pand Q) through a small hole drilled on the skull. Guide cannulas were
fixed to the skull with dental cement. Stainless steel obturators were
inserted into the guide cannulas to keep it unobstructed and prevent in-
fection. During intracranial injection, the obturators were removed, and
injection cannulas (0.21 mm in outer diameter) were inserted. The injection
cannulas were connected to 1-pL Hamilton syringes via polyethylene (PE)
tubing (0.85 mm in outer diameter), which was back-filled with saline, with a
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small air bubble separating the saline from the drug or vehicle. The cannulas
were left in place for an additional 5 min after injection to allow drug dif-
fusion. The obturators were then reinserted. For direct microinjection
through a syringe, a small hole was drilled on the skull, and the viruses or
drugs were delivered with a syringe pump. The coordinates were measured
from bregma according to the Mouse Atlas (62). We injected at a rate of 0.05
uL/min, and the syringe was left in place for an additional 5 min before it
was slowly withdrawn. Mice were given 1 wk for recovery.

Immunofluorescence Staining. Mice were anesthetized with 1.2% avertin
(0.2 mL/10 g) i.p. injection 90 min after FST and perfused transcardially with
0.9% saline followed by 4% paraformaldehyde [in 0.1 M phosphate-buffered
saline (PBS) solution, pH 7.4]. The brains were removed and postfixed in 4%
paraformaldehyde for 24 h at 4 °C before they were dehydrated subse-
quently in 20% and 30% sucrose (in 0.1 M PBS, pH 7.4). Coronal sections (30
pum thick) were prepared using a cryostat microtome (model 1950; Leica).
The sections were permeabilized with PBST (0.1 M PBS with 0.3% Triton X-
100) for 30 min and then blocked with PBST containing 5% normal goat
serum for 1 h at room temperature. Then, the sections were incubated with
the primary antibody in PBST with 1% normal goat serum overnight at 4 °C.
The following primary antibodies were used in our experiments: rabbit
anti-c-Fos (1:500; sc-52, Santa Cruz Biotechnology), mouse anti-NeuN (1:800;
MAB377, Millipore), mouse anti-CaMKlla (1:500; sc-13141, Santa Cruz Bio-
technology), mouse anti-GAD67 (1: 500; MAB5406, Millipore), and mouse
anti-PV (1:500; PV235, Swant). The sections were then washed three times in
PBST and incubated with indicated secondary antibodies for 1.5 h at room
temperature. The following secondary antibodies were used in our experi-
ments: Alexa Fluor 488 goat anti-rabbit IgG (for c-Fos, 1:500; ab150077,
Abcam), Alexa Fluor 594 goat anti-mouse IgG (for NeuN 1:500; ab150116,
Abcam), Alexa Fluor 405 goat anti-mouse 1gG (for NeuN 1:500; ab175660,
Abcam), and Hoechst 33258 (1:500; H3569, Invitrogen). Finally, after three
more washes with PBST, the sections were mounted on antifade medium
(C1210, Applygen Technologies) and imaged by confocal microscope (Olym-
pus FV1000). All images were acquired at 1,024 x 1,024 resolution using 3x
Kalman frame averaging. High-resolution z-stacks were acquired using a 60x
oil-immersion lens (numerical aperture, 1.49; with 3x optical zoom for den-
dritic branch segments) at a step size of 1 um. For quantification of double- or
triple-positive cells, three sections were selected in aBLA (from 1.22 mm to
1.82 mm posterior to bregma), pBLA (from 2.18 mm to 2.80 mm posterior to
bregma), or vCA1 (from 2.92 mm to 3.52 mm posterior to bregma) from an
individual animal and counted manually in a double-blind manner.

Sholl Analysis and Dendritic Spine Counting. Sholl analysis was carried out as
described previously (63). Coronal sections (50 pm thick) were processed for
imaging. Confocal z-stacks of GFP* cells were taken from each vCA1 (from
2.92 mm to 3.52 mm posterior to bregma) section per mouse. Images were
imported into Adobe lllustrator CS5, and dendritic trees were reconstructed
using the tracing tool. Dendritic complexity was analyzed from 8-bit images
using ImageJ. The center of the soma was defined as the center of all con-
centric circles. The parameters used were starting radius (10 um from the
center), ending radius (300 pm), and interval between consecutive radii (10
um). Three pyramidal neurons were randomly selected from individual ani-
mal for Sholl analysis. Three secondary or tertiary dendritic branch segments
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longer than 40 pm were randomly selected from individual cells for spine
counting. Mushroom spines are defined as a head diameter larger than 0.5
pm and a head-to-neck diameter ratio greater than 1:1.

Western Blotting. Mice were euthanized immediately after behavioral tests,
and the brains were quickly removed and frozen until further analysis. Co-
ronal sections were prepared in a cryostat microtome after fixation, and
bilateral vCA1s were dissected carefully with a no. 8 blunt puncture needle
from sections between 2.92 mm and 3.80 mm posterior to bregma. Purified
synaptosomes were extracted according to a previous study (64). vCA1 was
dissected and homogenized in a precooling buffer containing 320 mM su-
crose, 20 mM Hepes, 1 mM EDTA, and 1x protease inhibitor mix. The ho-
mogenate was centrifuged for 10 min at 2,800 rpm at 4 °C. Twenty microliters
of the supernatant (S1) was preserved for total protein analysis, and the
remaining was further centrifuged for 10 min at 12,000 rpm at 4 °C, pro-
ducing the pellet (crude synaptosomal fraction, P2). P2 was resuspended in
RIPA buffer (C1035, Applygen Technologies) with 1x protease inhibitor mix.
Protein concentration was determined by BCA protein assay (Pierce). Equal
amounts of proteins (10 pg) for each sample were loaded for Western blot.
The blots were blocked with 5% nonfat milk in TBST (TBS with 0.1% Tween-
20) for 1 h at room temperature and then incubated with primary antibody
overnight at 4 °C. The following primary antibodies were used in our ex-
periments: rabbit anti-GluA1 (1:2,000; ab109450, Abcam), rabbit anti-GluA2
(1:2,000; ab206293, Abcam), rabbit anti-pS845GIluA1 (1:1,000; 8084S, Cell
Signaling Technology), rabbit anti-pS831GIluA1 (1:1,000; no. 04823, Millipore),
rabbit anti-PSD95 (1:1,000; ab18258, Abcam), rabbit anti-pT286CaMKII
(1:1,000; 12716S, Cell Signaling Technology), mouse anti-CaMKII (1:1,000; sc-
13141, Santa Cruz Biotechnology), and rabbit anti--actin (1:1,000; 4970S, Cell
Signaling Technology). The blots were washed three times in TBST and in-
cubated with horseradish peroxidase-conjugated goat anti-rabbit (1:2,000;
ZB-2301, Zhongshan Biotechnology) or goat anti-mouse (1:2,000; ZB-2305,
Zhongshan Biotechnology) secondary antibodies for 1 h at room tempera-
ture. After the final three washes with TBST, the blots were detected using a
chemiluminescence detection kit (WBKLS0500, Millipore) and analyzed
quantitatively by densitometry with Quantity One 1-D analysis software.
B-Actin was used as an internal control, and relative expression was nor-
malized to the mean value of control group for each protein.

Statistical Analysis. Statistical analysis was performed using GraphPad Prism.
Normally distributed data were tested by one-way or two-way ANOVA fol-
lowed by post hoc multiple comparison test or unpaired Student'’s t test for
two-group comparisons as indicated in figure legends.

Data Availability. All study data are included in the article and/or supporting
information.
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