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Major depressive disorder is viewed as a ‘circuitopathy’. The hippocampal-entorhinal network plays a pivotal role in regulation of
depression, and its main sensory output, the visual cortex, is a promising target for stimulation therapy of depression. However,
whether the entorhinal-visual cortical pathway mediates depression and the potential mechanism remains unknown. Here we

report a cortical circuit linking entorhinal cortex layer Va neurons to the medial portion of secondary visual cortex (Ent—V2M) that
bidirectionally regulates depression-like behaviors in mice. Analyses of brain-wide projections of Ent Va neurons and two-color

www.nature.com/mp

Check for updates

retrograde tracing indicated that Ent Va—V2M projection neurons represented a unique population of neurons in Ent Va.
Immunostaining of c-Fos revealed that activity in Ent Va neurons was decreased in mice under chronic social defeat stress (CSDS).
Both chemogenetic inactivation of Ent—V2M projection neurons and optogenetic inactivation of the projection terminals induced
social deficiency, anxiety- and despair-related behaviors in healthy mice. Chemogenetic inactivation of Ent—V2M projection
neurons also aggravated these depression-like behaviors in CSDS-resilient mice. Optogenetic activation of Ent—V2M projection
terminals rapidly ameliorated depression-like phenotypes. Optical recording using fiber photometry indicated that elevated neural
activity in Ent—V2M projection terminals promoted antidepressant-like behaviors. Thus, the Ent—V2M circuit plays a crucial role in
regulation of depression-like behaviors, and can function as a potential target for treating major depressive disorder.
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INTRODUCTION
Major depressive disorder (MDD) has become a leading cause of
disability with more than 264 million sufferers around the world
[1]. The prefrontal cortical areas (including dorsolateral, dorsome-
dial, ventrolateral and ventromedial subareas) have been common
targets for stimulation therapy of depression using repetitive
transcranial magnetic stimulation (rTMS) or transcranial direct-
current stimulation (tDCS) [2-5]. However, the efficacy of therapy
is unsatisfactory as it typically requires a chronic treatment course
(4 to 10 weeks) [2, 4, 6, 7] and there are high undesirable response
rate and remission rate [8-10] (30~50% and 20~40%, respectively).
In addition, there are several adverse effects such as headache,
skin redness, tinnitus, nervousness and new-onset mania [4, 71.
The visual cortex (Vis) is a novel target for stimulation therapy, and
surprisingly, stimulation of Vis can rapidly alleviate depressed
symptoms (within 5 days) with little drawbacks [11]. Despite of
these desirable properties, how Vis related neural circuits
participate in regulation of depression is largely unexplored.
Previous studies have demonstrated that the entorhinal cortex
(Ent), a key node that links the hippocampus (HPC) to certain
neocortical and subcortical areas, is implicated in depression as
characterized by its reduced volume [12], diminished neural

activity [13], decreased functional connectivity [14] and abnormal
expression of molecules [15-19] in MDD patients or rodent models
of depression. Stimulation of Ent and its hippocampal output (from
Ent Il to DG) can rescue depression-like symptoms and promote
learning and memory [20-22]. Enhancing activity of DG newborn
neurons or CA1 pyramidal neurons can also promote anxiolytic-
and antidepressant-like behaviors [23, 24]. These findings suggest
that the hippocampal-entorhinal network is crucial for modulation
of depression. The visual cortex, a major output target of this
network, receives afferents from Ent layer Va neurons [25-27].
Whether Ent Va output to Vis is implicated in depression and if so,
the underlying mechanism remains unknown.

Here, we first used anterograde and retrograde tracers to show
that Ent Va neurons had extensive axonal projections to multiple
neocortical and subcortical areas and a sub-population of Ent
Va neurons mainly targeted the medial part of the secondary
visual cortex in the ipsilateral hemisphere (hereafter referred to as
Ent—V2M). We then combined c-Fos immunostaining, optoge-
netic and chemogenetic perturbations, and fiber photometry to
delineate the role of the Ent—V2M pathway in depression. Mice
under chronic social defeat stress (CSDS) had fewer c-Fos positive
neurons in Ent layer Va, indicating that these neurons were less
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activated under stress. Mimicking reduced activation, by using
chemogenetic inactivation of Ent—V2M projection neurons or
using optogenetic inactivation of Ent—V2M projection terminals,
recapitulated depression-like behaviors including social deficiency,
anxiety, anhedonia and despair-related phenotypes in otherwise
healthy mice. Notably, this manipulation also exacerbated
depression-like phenotypes in CSDS-resilient mice. Consistently,
activation of Ent—V2M projection terminals rapidly rescued
behavioral phenotypes of depression, producing an antidepres-
sant effect. Mechanistically, the elevated activity of this pathway
promoted the transition from stressed state into anxiolytic- and
antidepressant-like state. These findings suggest, for the first time,
that the Ent—V2M pathway plays a crucial role in regulation of
depression-like behaviors and activity of this circuit drives
antidepressant-like behaviors.

METHODS

Animals

Adult male wild type C57BL/6JNju mice (8-10 weeks, from Charles River
Laboratories, Beijing) were used for the following experiments: antero-
grade and retrograde tracing of Ent neurons, chronic social defeat stress
and behavior tests, c-Fos immunostaining, chemogenetic and optogenetic
manipulations and fiber photometry. Young male C57BL/6JNju mice
(4-6 weeks) were used as the stranger mice in three-chamber social test.
Adult male Etv1-CreERT2 (Jackson#013048) and Rosa26-LSL-H2B-mCherry
transgenic mice [28] (8-12 weeks) were used for anterograde tracing of Ent
Va neurons’ projections at whole-brain level and retrograde tracing of the
Ent—V2M projection neurons, respectively. Adult male CD-1 mice
(12-16 weeks) were used as aggressors in CSDS. All experimental
procedures were approved by the Institutional Animal Care and Use
Committee at Tsinghua University, Beijing, China. All mice were maintained
in a 12:12 reverse light: dark cycle (light on from 19:00 to next morning
7:00) with water and food ad libitum.

Chronic social defeat stress (CSDS)

Similar to the standard protocol [29], CD-1 mice were housed singly and
aggressive CD-1 mice were screened primarily. During each day of the 10-
day or 21-day CSDS period, each C57BL/6JNju mouse was suffered 5-10
min social defeat stress from an unfamiliar aggressor and then transferred
to the other side to experience sensory stress for the remaining day.
Control mice were housed in the two sides of the CSDS cage with one
mouse per side.

Behavioral experiments

After CSDS, all mice were housed singly with one day interval before
behavioral tests. All behavioral tests were similar to previous studies [30-
32]. During the test, the mouse was videotaped by a camera from the top
to track the movement trajectory or from the side to track the motion. The
apparatus was cleaned with a paper towel in 75% ethanol after each
session (see supplementary methods for detailed description of apparatus).

Social interaction test (SIT)

Each mouse was introduced into the open area to freely explore for 150,
after which the mouse was returned to the home cage for an interval of
about 30s. Then the mouse was re-introduced into the open area with an
aggressive CD-1 mouse in the enclosure to explore for 150s. For
optogenetic activation experiment, the first part of test with no aggressive
CD-1 mouse lasted for 5 min with two 2.5 min periods and laser light was
delivered during the second 2.5 min period. The second part of test with a
CD-1 mouse lasted for 7.5 min (with pre, optogenetic stimuli, and post
periods), and laser were delivered during the second 2.5 min period. The
duration that the animal stayed in the interaction zone or corner zones was
quantified based on videotaped movement trajectory.

Sucrose preference test (SPT)

Mice were habituated with two bottles of water (one is pure water and the
other is 1% sucrose water) for 4 days, with the sides of two bottles
switched every day to avoid any side bias. During the one-day test period,
the side of the sucrose bottle was randomly set. Consumption of sucrose
water or pure water was quantified by measuring the amount of drop of
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volume in each bottom every day. The sucrose preference = consumption
of sucrose water/total consumption of sucrose water and pure water.

For SPT with chemogenetic inactivation of Ent—V2M neurons, mice
were water deprived for 12 h to motivate them for water consumption, as
the duration of inactivation through applying CNO only lasted for a few
hours. During the test, the side of the bottle with 1% sucrose was randomly
selected. The test lasted for 2 h.

Elevated-plus maze test (EPM)

Mice were placed into the center and allowed to freely explore the
elevated-plus maze for 5.5 min. The durations and entries that animal
explored in open arms in the last 5 min were quantified. For optogenetic
manipulations, each mouse freely explored in the EPM for 15.5 min, and
the laser was delivered from the 5.5 min to 10.5 min.

Forced swimming test (FST)

Mice were individually placed into a glass cylinder (diameter 10 cm, height
30 ¢cm) with water reaching the height of ~20 cm (water temperature ~22 °C)
to swim for 6 min. The time that mice spent in immobile (changed area less
than 5-7% of their whole-body area) in the last 4 min was quantified. For
optogenetic activation, FST lasted for 14 min with laser delivered from the 6th
to 10th min. For chemogenetic inactivation, FST lasted for 8 min.

Open field test (OFT)

Mice were individually introduced into the central area of an open field
(length, width, height, 46 cm) and allowed to explore for 5.5 min. The
duration that animal explored in the central area (length, width, 23 cm), the
entries to the central area, and the average speed in the last 5 min were
quantified. For optogenetic manipulation, the test lasted for 15.5 min with
laser delivered from 5.5 to 10.5 min.

Tail suspension test (TST)

Mice were hung by their tail (~2 cm from the tip, ~30 cm from the ground)
using a piece of medical tape. The motion of animal was videotaped from the
side for 6 min. The immobile duration in the last 4 min of test was quantified.

Three-chamber social test (TCST)

Three-chamber social test was commonly used to test the sociability of
animals [33]. For adaptation, each mouse was introduced into the corridor
with the two doors to other chambers closed for 5min. At the end of
adaptation, the doors were opened near simultaneously to allow the
mouse freely explore in three chambers for 10 min. To quantify the social
interaction, the chambers of S and E were equally divided into two sub-
chambers, with S1 and E1 containing perforated cages and the opposite
ones, S2 and E2, with no perforated cage. The duration that mice spent in
S1, S2, G, E1, E2 was quantified separately. For optogenetic manipulations,
laser was delivered during the 10-min test period.

Surgeries and viral injection

Mice were anesthetized by 3-4% isoflurane for 5 min in an acrylic box and
then transferred to a surgical table with a stereotaxic apparatus
(Kopf Instruments) for head fixation. Mice were placed on a heating pad
(~37.5°C), and ointment (Bepanthen, Bayer) was applied to cover their eyes.
The anesthesia was maintained at 1.5-2% isoflurane during the whole
surgery period. Flunixin meglumine (Sichuan Dingjian Animal Medicine Co.,
Ltd) was applied for perioperative analgesia and postoperative pain care
(1.25 mg/kg, subcutaneous injection, once a day, at least three consecutive
days). A small piece of scalp was removed to expose the skull covering the
visual cortex. We performed skull trepanations for manipulation of Ent Va
cell bodies or projection-specific manipulations of axon terminals.

For viral injection, mice were unilaterally or bilaterally injected with
150-200 nl of virus at a rate of 50 nlmin™" in a brain area by a volumetric
injection system (modified from Mo-10 Narishige). The viral vector and
injection sites were shown in supplementary methods.

Optogenetic manipulation

For optogenetic activation, 470nm LED pulse light (NEWDOON Inc.,
Hangzhou) was delivered at 20 Hz (10 ms on, 40 ms off, square wave) for
500 ms, followed by a 1 s no light interval. The power at fiber tip is about 5
mW. For light blocked experiment, light was delivered as normal but was
blocked at the junction of fiber optic cannulae and ferrules. For
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optogenetic activation in CSDS mice with blinders, we did behavioral tests
of SI, EPM, OFT before and after the animal wearing black blinder, and LED
light was delivered as normal. For optogenetic inactivation of the Ent-V2M
circuit, orange light from a 594 nm laser (CNI optics, Changchun) was
delivered constantly with power (at fiber tip) of 15-20 mW.
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Chemogenetic manipulation

The designer drug, Clozapine N-oxide (CNO) (A3317, ApexBio Tech. LLC,
USA), was dissolved in DMSO (D8418, Sigma) to form a stock solution of
100 mg/ml which was further diluted to 1.0 mg/ml using 0.9% saline right
before use. For SI, TCST, FST and SPT behavioral tests in hM4Di and
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Fig. 1 Brain-wide mapping of Ent Va axonal projections. a Distribution of axonal projections of Ent Va neurons in various cortical and subcortical
brain areas. The fluorescence images show example axonal projections. The 3D image (center) indicates the distribution of axonal projections (each
dot represents one manually marked sub-region with signals). The locations of these brain regions were shown in Supplementary Fig. 1c.
b Quantification of axonal projections in 37 cortical and subcortical areas (n = 3 mice). ¢ Division of the primary and higher-order visual cortical areas.
d Quantification of axonal projections in the primary and higher-order visual cortical areas (n = 3 mice). Scale bars, 200 pm in all fluorescence images.
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mCherry mice, CNO was i.p. administrated at 5.0 mg/kg body weight
[34, 35] about 50 min before each test. For EPM and OFT, CNO was diluted
with 1% sucrose and was administrated intragastrically [36, 37] (i.g., 6-7
mg/kg body weight) using a mouse-feeding needle as this approach
potentially reduced disturbance likely seen in i.p. injection.

Fiber photometry

Fiber photometry setup (TINKERTECH, Nanjing) was used to record Ca*"
activity under both anesthesia and freely behaving conditions as previous
studies [38-40]. To record Ca?* signals of the Ent-V2M circuit, optic fiber
with a metal protecting cannula 0.5mm lower than the fiber tip was
implanted onto the surface of V2M. The Ca®*" signals and behavioral
trajectory during EPM, FST, restraint and reward tests were recoded
simultaneously. We used external LED flashes and the corresponding TTL
signals to synchronize Ca>" signals and behavioral trajectory (also see
supplementary methods).

Immunostaining and imaging of c-Fos

CSDS and control mice were deeply anesthetized one day after behavioral
test and were perfused intracardially with PBS followed by 4% PFA. The
brains were fixed in 4% PFA overnight and then were dissected to have the
hind part containing the whole Ent (left or right). The dissected brains were
immunolabelled against c-Fos, and cleared following the recommended
iDISCO+ protocol [41]. After clearing, the brains were imaged along lateral
to medial axis using a customized light-sheet fluorescence microscope [42]
(see supplementary methods for details).

Histology and imaging

Mice were deeply anesthetized by avertin (250 mg/kg bodyweight, T48402,
Sigma-Aldrich) and perfused intracardially with PBS followed by 4% PFA. The
brains were fixed in 4% PFA overnight and then sectioned into slices (sagittal,
50 um thickness) by a vibratome (VT1200 S, Leica). Brain sections were
imaged by a slide scanner microscope (Zeiss Axio Scan Z1, 10X objective) or

confocal microscope (Zeiss LSM710 META, 20X and 40X objectives).
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Fig.2 The entorhinal-visual cortical projections. a Schematic of anterograde tracing of visual cortex projecting Ent Va neurons by injecting
AAV-CAG-GFP into Ent Va. Ent, entorhinal cortex; R, rostral; C, caudal; D, dorsal; V, ventral; L, lateral; M, medial. b Expression of GFP in Ent with
layer Va neurons strongly labeled. Neurons in other layers have little projection to the visual cortex. ¢ Distribution of the projections of Ent Va
neurons in the ipsilateral medial part of secondary visual cortex (V2M ). d, @ Magnified images of the projections in layers II/Ill (d) and V/VI
(e) of the visual cortex from c. f Distribution of the projections of Ent Va neurons in the contralateral V2M (V2M contra). 9 Magnified image of
the projections in layer II/1ll of the visual cortex from f. h Summary of the Ent—V2M cortical projections. Solid line indicates major projection,
dashed line indicates sparse projection. i Schematic of retrograde tracing of V2M projected Ent Va neurons by injecting AAV-retro-Cre into the
V2M of H2B-mCherry transgenic mice. j Expression of mCherry in the injection site in V2M. k Distribution of the retrograde labeled Va neurons
in the ipsilateral Ent (Ent ). | Magnified view of the boxed region in k. m Magnified view of the boxed region in I. n The retrograde labeled
Va neurons in the contralateral Ent (Ent_contra). © Magnified view of the boxed region in n. p Density of Ent Va projections from six sections of
the ipsilateral or contralateral cortex along caudal-rostral axis (as indicated in the image). Red, green and blue lines indicate the ipsilateral
cortical layers of II/1ll, IV-V and V-VI, respectively. Gray, purple and cyan lines indicate the contralateral cortical layers of Il/Ill, IV-V and V-VI,
respectively. The density of the projections was normalized by the strongest cortical projections of each mouse. The density of the ipsilateral
or contralateral projection was averaged from over 20 sagittal brain sections collected from at least 3 mice. q Quantification of the density of
Ent Va projections in different layers of the ipsilateral (red) and contralateral (gray) V2M. Statistics, two-way ANOVA followed by Tukey post hoc
test. r Quantification of visual cortex-projecting Va neurons in the ipsilateral or contralateral Ent along the lateral-medial axis. Red, ipsilateral
Ent (n =7 mice). Blue, contralateral Ent (n =5 mice). s Percentage of V2M-projecting Va neurons in the ipsilateral or contralateral Ent. Data
were based on the number of neurons from 5 mice. Statistics, paired t-test. Scale bars, 500 um in b, j, k, n; 100 um in ¢, f, I, 0; 50 pm in m; 20 pm
in d, e g. *P<0.05, ****P < 0.0001. *P < 0.05, ****P < 0.0001. Data are shown as mean *s.e.m.
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Statistical analysis

Mice were randomly assigned to treatment or control groups. Analyses
were performed in a manner blinded to treatment assignments in all
behavioral experiments. All statistical analyses were performed using
SPSS statistics 20 (IBM). Statistical details including the definitions and
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exact value of n (e.g., number of animals, number of events or trials,
etc.), p values, and the types of the statistical tests can be found in the
Figures and Figure legends (see supplementary methods for details).
All statistical tests were two-tailed, and the significance was assigned at
P <0.05.
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Fig. 3 CSDS decreases the number of c-Fos positive neurons in Ent Va. a Experimental timeline. After 21-day chronic social defeat stress
(CSDS), an array of behavioral tests was used to quantify the susceptibility to CSDS. SPT Sucrose preference test, SIT Social interaction test,
EPM Elevated-plus maze test, OFT Open field test, FST Forced-swimming test, TST Tail suspension test. b Schematic of CSDS. Mice in the CSDS
group experienced social defeat stress from a CD-1 mouse for 5-10 min and continuous sensory stress from the same CD-1 mouse during the
remaining day. A set of ~25 CD-1 mice were typically used during the CSDS procedure and thus each CD-1 mouse was used once or twice.
¢ Schematic of SIT. The social index, avoidance index, times in interaction zone and corner zone were quantified in the control and susceptible
mice. d Schematic of SPT. Susceptible mice were with significant lower sucrose preference. e Schematic of EPM. Susceptible mice had less time
and entries in open arms. f Schematic of OFT. Susceptible mice showed less time and entries in the central area. g There is no significant
difference in bodyweight in susceptible and control mice (P = 0.180). h Schematic of FST. The immobile time in susceptible mice is larger than
that in control mice. i Example images of c-Fos expression in Ent Va neurons from the control (black labels, n = 4) and susceptible (red labels,
n = 3) mice. j Heatmap of c-Fos expression in 10 sections of Ent Va in each mouse from the two groups. k Number of c-Fos positive neurons in
each section of Ent Va from the two groups. n = 40 sections from 4 control mice and 30 sections from 3 susceptible mice. | Example images of
c-Fos expression in Ent Va neurons of the control, susceptible and resilient mice from 10-day CSDS model. m Mean number of c-Fos positive
Ent Va neurons of the control, susceptible and resilient mice (n = 14 sections from 4 control mice, 16 sections from 4 susceptible mice and
16 sections from 4 resilient mice). n Comparison of c-Fos expression among control, susceptible and resilient mice from10-day to 21-day CSDS
paradigms. Scale bars, 100 um in i and l. Statistics, t-test for the behavioral tests. n =12 mice in the control group, 17 mice in susceptible
group. Mann-Whitney U test for comparing the number of c-Fos positive neurons between groups and one-way ANOVA followed by LSD post
hoc test for comparing z-scored c-Fos expression among different groups from 10-day and 21-day CSDS paradigms. *P < 0.05, **P < 0.01,

**¥P < 0.001, ****P < 0.0001, n.s. Not significant. Data are shown as mean +s.e.m.

RESULTS

Brain-wide mapping of axonal projections of Ent Va neurons
Previous studies have shown that Ent Va neurons provide the
major output source of Ent to multiple cortical and subcortical
areas [25-27]. However, there has not been systematic mapping of
Ent Va projections at the whole brain level. To map the brain-wide
projections, we first specifically labelled Ent Va neurons using
Etv1-CreERT2 transgenic mice (Supplementary Fig. 1). Ent Va
neurons labelled with anterograde virus had extensive projections
in over 35 cortical and subcortical areas distributed in the
neocortex, basal forebrain and striatum (Fig. 1a, b). Among these
targets, the caudoputamen and NAc received strongest projec-
tions. The Vis, retrosplenial cortex (RSC), anterior cingulate cortex
(ACC) and BLA received extensive projections from Ent Va
neurons, consistent with previous studies [25-27]. There were
multiple brain areas, including olfactory tubercle, substantia
innominate and piriform area, that also received extensive
projections from Ent Va. For comparison, cortical areas relating
to motor, somatosensory and auditory only received sparse
projections and there were little projections in the thalamus,
hypothalamus, midbrain and cerebellum (Fig. 1a, b and Supple-
mentary Fig. 1c). Within the visual cortex, axonal projections were
not uniform, with the anterior, anteromedial and posteromedial
regions having highest density of labelling (Fig. 1a, ¢, d).

Ent Va-visual cortex projection neurons mainly target the
ipsilateral V2M

As layer distribution of projection terminals from Ent Va neurons
in the neocortex has not been explored, we then combined the
anterograde and retrograde strategies to trace the Ent-Vis cortical
projections (Fig. 2). Neurons in Ent Va projected extensively to the
caudal part of neocortex (mostly in medial part of the secondary
visual cortex, V2M) in the ipsilateral hemisphere with relatively
little projections in the contralateral hemisphere (Fig. 2a-g,
Supplementary Fig. 2). Notably, axons from Ent Va neurons mainly
targeted the supragranular layers (lI/lll) rather than infragranular
layers (IV-VI) of V2M (Fig. 2p, q and Supplementary Fig. 2g-i).

To further confirm that Ent Va neurons project to V2M, we
injected retrograde recombinant adeno-associated virus (rAAV2-
retro-hSyn-Cre) into V2M of Rosa26-LSL-H2B-mCherry transgenic
mice (Fig. 2i, j). V2M projecting neurons were mainly located in
layer Va of the ipsilateral Ent (Fig. 2k-o and Supplementary Fig. 3).
As Ent Va neurons project to Vis, PFC, NAc and BLA, we check
whether V2M projecting Ent Va neurons represent a distinct
population. To do so, we did dual retrograde virus injection with
rAAV2-retro-hSyn-tdTomato injected into V2M and rAAV2-retro-
hSyn-GFP injected into PFC, NAc, or BLA. Few Ent Va neurons (less
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than 10%) showed co-labeling of tdTomato and GFP, indicating
that V2M projecting Ent Va neurons were largely distinct from
those projecting to PFC, NAc or BLA (Supplementary Fig. 4).
Moreover, we found that V2M projecting Ent Va neurons were
mainly in the medial part of Ent (MEnt) (Fig. 2r, s). Thus, a
subpopulation of Ent Va neurons preferentially targeted the
supragranular layers of the ipsilateral V2M (Fig. 2h).

CSDS decreases activity in Ent Va neurons of both susceptible
and resilient mice

As the 21-day CSDS paradigm can induce higher uniformity in
depression-like behaviors [30], we first applied this paradigm to
efficiently induce depressed mice (Fig. 3a, b). After 21 days of
CSDS (Fig. 3b), most of mice reliably exhibited depression-like
behaviors (hereafter referred to as susceptible mice) (Fig. 3c-h).
Compared with control mice without going through the CSDS
procedure, susceptible mice had significantly reduced social
interaction (Fig. 3c) and sucrose preference (indicating anhedonia,
Fig. 3d), increased level of anxiety in elevated-plus maze (EPM)
and open field (OFT) tests (Fig. 3e, f), and increased immobile time
in the forced-swimming test (indicating despair, Fig. 3h). Com-
pared with control mice, susceptible mice showed no significant
difference in body weight (Fig. 3g) and immobile time in tail
suspension test (TST) (control group vs. susceptible group is
1604+ 11.45s vs. 176.5 £ 9.6 s). The locomotion speed of suscep-
tible mice is slight but significantly lower than that of control mice
(Supplementary Fig. 5a). However, there was no significant
correlation between time spent in central area and locomotion
speed (Supplementary Fig. 5b). These results suggest that the
CSDS paradigm can robustly induce depression-like behaviors in
mice.

To test whether CSDS changed neural activity in Ent Va neurons,
we immunostained c-Fos (a marker for neuronal activation,
Supplementary Fig. 5c). Susceptible mice had less activated
neurons compared with control mice, as characterized by reduced
number of c-Fos positive neurons in Ent Va (Fig. 3i). This pattern of
reduction was consistent across consecutive slices and the
number of c-Fos positive neurons in each section was significantly
smaller in susceptible mice (Fig. 3j, k).

To test whether activity in Ent Va neurons was also reduced in
resilient mice, we adopted the standard 10-day CSDS paradigm
[29] in order to have more resilient mice (Supplementary Fig. 6).
Compared with susceptible mice, resilient mice showed significant
more social interaction and higher sucrose preference (Supple-
mentary Fig. 6¢c—g). Resilient mice showed no difference in FST,
EPM and OFT tests (Supplementary Fig. 6h-I). We then checked
the number of c-Fos positive Ent Va neurons in resilient mice
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(Fig. 31-n). Resilient mice had significant reduced number of c-Fos
positive neurons than control mice although the reduction was
less compared with susceptible mice (Fig. 3l-n). The variable
reduction level in susceptible mice provided an opportunity to
study the relation between Ent Va activation and depression. The
number of c-Fos positive neurons in Ent Va was positively
correlated with the social index, time in interaction zone, sucrose
preference, time in central area and central area entries in OFT,
and negatively correlated with immobile time in FST (Supple-
mentary Fig. 5d-i). These results demonstrate that CSDS reduces
neural activity in Ent Va neurons of both susceptible and resilient
mice and suggest that the number of activated Ent Va neurons
predicts the susceptibility of depression.

Inactivation of Ent—V2M projection neurons in healthy mice
recapitulates depression-like behaviors

To test whether the Ent—V2M pathway is causally involved in
regulating depression-like behaviors, we injected cre-dependent
hM4Di virus (AAV9-EF1a-DIO-hM4Di-mCherry, Gi-DREADD [43]) in
Ent Va and injected retrograde Cre virus (AAV2-retro-hSyn-Cre) in
V2M, to specially label V2M projecting Ent Va neurons (Fig. 4a). We
inactivated Ent Va neurons in wild type mice to mimic the reduced
activity in CSDS susceptible mice. Inactivation of Ent—V2M
projection neurons following injection of CNO (5mg/kg body
weight [34, 35]) was verified by monitoring calcium-evoked neural
activity using fiber photometry (Fig. 4b-d).

Inactivation produced depression-like phenotypes in multiple
tests (Fig. 4e-m). In the three-chamber social test (TCST), hM4Di
mice was not attracted to interact with a stranger mouse at
location S1, but rather spent more time with a perforated
columniform cage placed at E1, resulting in a reduced social
preference (defined as time spent at S1 divided by time spent at
E1, Fig. 4e, f). Furthermore, hM4Di mice exhibited significant
higher level of anhedonia, despair, and anxiety compared with
mCherry control mice, as indicated by decreased sucrose
preference (Fig. 4h), longer immobile time in FST (Fig. 4j), less
central area duration and entries in OFT (Fig. 4k) and less open-
arm duration and entries in EPM (Fig. 4l). In contrast, hM4Di mice
injected with saline showed no difference in sucrose preference
(Fig. 4i) and time and entries to open arms of EPM (Fig. 4m). The
speed of locomotion in hM4Di mice was not significantly different
in TCST but was reduced in OFT (Supplementary Fig. 7a, d).
However, there was no significant correlation of time spent in S1,
E1 or central area with movement speed (Supplementary Fig. 7b,
¢, €), suggesting that the altered level of sociability and anxiety
cannot be explained by reduced locomotion speed. Furthermore,
the time in corridor of TCST and the immobile time in the first 2
min of FST showed no significant difference, confirming that
inactivation did not affect the locomotion capability (Fig. 4g, j).
Taken together, inactivation of Ent—V2M projection neurons in
wild type mice recapitulates depression-like behaviors, suggesting
that the Ent—V2M pathway is causally involved in regulation of
depression.

Ent—V2M projection neurons represent a distinct population in
layer Va from those projecting to PFC, NAc or BLA (Supplementary
Fig. 4), suggesting that our results were not due to inactivation of
collateral projections to other brain areas. To further confirm this,
we optogenetically suppressed neural activity of Ent Va projection
terminals in V2M (Supplementary Fig. 8). We first injected virus
into Ent bilaterally to allow expression of ArchT in Ent Va neurons
and their axonal projections in V2M (Supplementary Fig. 8c, d).
During behavioral test, we delivered light through optical fibers
implanted over V2M to bilaterally illuminate Ent projection
terminals (constant light, 15-20 mW/side as inactivation of axons
requiring higher power, Supplementary Fig. 8e, f). ArchT mice
exhibited higher anxiety in EPM with reduced exploration time in
open arms compared with GFP control mice (Supplementary
Fig. 8g). ArchT mice also interacted less with stranger mice in TCST
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(Supplementary Fig. 8h, i), indicating deficit in sociability under
inhibition of Ent—V2M pathway. These results further confirm that
the V2M projecting Ent Va neurons regulate depression-like
phenotypes through their direct projections.

Inactivation of Ent—V2M projection neurons aggravates
depression-like phenotypes in resilient mice

As resilient mice showed no obvious change in social interaction
and sucrose preference tests compared with control (Supplemen-
tary Fig. 6), we wonder whether inactivation of the Ent—V2M
pathway can still induce depression-like behaviors. To check this,
we performed the same chemogenetic inactivation but in resilient
mice (Fig. 5a). Following inactivation, resilient mice exhibited
significant higher level of social avoidance and anxiety compared
with the same set of mice before inactivation, as indicated by
decreased social index and time in interaction zone (Fig. 5b, ),
less open-arm duration and entries in EPM (Fig. 5h, i), and less
central area duration and entries in OFT (Fig. 5j, k). Resilient mice
also showed higher time in corner zone, higher avoidance index in
SIT, higher immobile time in FST and lower preference for sucrose,
although the change was not significant (Fig. 5d-g). Notably,
these resilient mice did not exhibit difference in social avoidance,
sucrose preference and anxiety before inactivation. Thus, suppres-
sing activity of Ent Va—V2M projection neurons also aggravated
the depression-like phenotypes in resilient mice.

Activation of Ent—V2M projection terminals rapidly alleviates
depression-like phenotypes
Given that the Ent—V2M pathway causally contributes to
depression-like behaviors, we hypothesized that activating this
pathway could rescue behavioral symptoms of depression. To test
this, we virally injected the excitatory opsin ChR2 (AAV2/9-
CaMKlla-hChR2(H134R)-EYFP) in Ent of CSDS mice (Fig. 6a, e, i).
As only Ent Va neurons project to V2M, we took advantage of this
feature to specifically activate the Ent—V2M pathway by optically
stimulating axonal terminals in V2M (Fig. 6f). Stimulation of
projection terminals (470 nm LED, 5~6 mW) reliably induced
postsynaptic Ca®" activities in V2M (Fig. 6b), with evoked activity
having an amplitude similar to spontaneous activity (Fig. 6¢, d).
We next assessed the behavioral effects during bilateral
activation of the Ent—V2M pathway (Fig. 6g-i). Stimulation
alleviated depression-like phenotypes in multiple tests. In SIT,
the abnormality in social index and avoidance index disappeared
during optogenetic activation of the Ent—V2M pathway (Fig. 6j, k).
The abnormality also disappeared in a variety of behavioral tests
including EPM (Fig. 6n, o), OFT (Fig. 6p, q), FST (Fig. 6r) and TST
(Fig. 6s). Specifically, susceptible mice showed significantly
increased time in social interaction zone (Fig. 6l, m), in open
arms in EPM (Fig. 6n) and in central area in OFT (Fig. 6p), and
exhibited increased entries to open arms of EPM and to central
area of OFT (Fig. 60, q) during optogenetic stimulation. The time in
corner zone of SIT and the immobile time in FST and TST tests
were significantly reduced (Fig. 6m, r, s). The difference between
time in interaction zone and time in corner zone of SIT was also
diminished (Fig. 6m). Activating the Ent—V2M pathway can
promote animals to be more active as indicated by significantly
increased locomotion speed of both groups in OFT (Supplemen-
tary Fig. 8j). However, there were no correlation between duration
in central area and locomotion speed under control and
optogenetic activation conditions (Supplementary Fig. 8k, I).
Control mice (injected with ChR2 but without CSDS) also exhibited
improvement in most of tests (EPM, OFT, FST, and TST), suggesting
that elevating neural activity of the Ent—V2M pathway can
generally ameliorate depression-like phenotypes (Fig. 6n-s). To
further confirm this, we activated this pathway in a new cohort of
wild type mice (Supplementary Fig. 8g-i). The sociability of
healthy mice was notably improved in TCST as indicated by
significantly increased social interaction duration in ST and
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Fig. 4 Inactivation of Ent—V2M projection neurons induces depression-like behaviors. a Schematic of specifically labelling of V2M
projecting Ent Va neurons using cre-dependent hM4Di and retrograde cre. To label Ent—V2M projection neurons specifically, we virally
injected AAV-retro-hSyn-cre into V2M and injected AAV-EF1a-DIO-hM4D(Gi)-mCherry (hM4Di group) or AAV-EF1a-DIO-mCherry (Control
group) into Ent Va bilaterally. This dual viral injection strategy yielded specific labeling of Ent Va neurons. R, rostral; C, caudal; D, dorsal; V,
ventral; L, lateral; M, medial. Scale bars, 500 pm. b Schematic of functional test of hM4Di using fiber photometry in vivo. Ca>" fluorescent dye
(OGB-1, AM) was injected into Ent Va and an optical fiber was implanted there to record neural activity before and after intraperitoneal
injection of CNO. ¢ Example fluorescent traces in hM4Di (red) and mCherry (black) mice before and after CNO injection. d The normalized
amplitude of fluorescence fluctuations (CNO/Pre) in hM4Di mice is significantly smaller than that in control mice (n = 3 for both hM4Di mice
and mCherry mice). e Schematic of the three-chamber social test (left) and example trajectory heatmap in mCherry mice (middle) and hM4Di
mice (right). The hM4Di mouse spent less time in S1 interacting with a stranger mouse. f Quantification of social interaction of hM4Di mice.
With bilateral inactivation of V2M projecting Ent Va neurons, hM4Di mice spent less time interacting with stranger mice (left) but spent
relatively more time in E1 (without stranger mice, middle) compared with mCherry control mice. The social preference, defined as time in S1
over time in E1, is much lower for hM4Di mice compared with control mice (right). n = 12 for both hM4Di and mCherry mice. g The time that
mice explored in corridor from both groups shows no significant difference (P=0.126). h, i hM4Di mice had lower sucrose preference than
that of mCherry mice after injection of CNO (h). The two groups showed no difference after injection of saline without CNO (i). n = 10 hM4Di
mice and 11 mCherry mice in h; n =12 hM4Di mice and 11 mCherry mice in i. j In FST, hM4Di mice spent more time immobile than mCherry
mice. The immobile time in each two-minute duration (left) and in the last 6 min (right) were compared between hM4Di mice (n =20) and
mCherry mice (n = 21). k hM4Di mice explored less (duration and entries) in central area in OFT. n = 10 hM4Di mice and 10 mCherry mice.l, m
In EPM, the duration in open arms and entries to open arms are significantly less for hM4Di mice compared with mCherry mice (l). The two
groups of mice showed no difference in duration and entries (m) without CNO. n = 7~10 mice in each group. Statistics, two-way ANOVA with
Bonferroni post hoc test in j and t-test for other behavioral results. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s. Not significant. Data
are shown as mean *s.e.m.

decreased duration in E1 relative to GFP mice (Supplementary monitor neural dynamics of their terminals in V2M (Fig. 7a, b,
Fig. 8h). Consistently, these mice also exhibited a lower level of Supplementary Fig. 9a-c). Fluorescent signals showed sponta-
anxiety as indicated by the longer exploration time in open neous fluctuations under both anesthesia and freely moving
arms in EPM (Supplementary Fig. 8g). These results suggest that conditions in jGCaMP7b mice, but not in control EYFP mice,

activation of the Ent—V2M pathway rapidly alleviates depression- indicating that fluorescence change reflected activity of the
like phenotypes and this pathway could bidirectionally regulates Ent—V2M pathway (Supplementary Fig. 9d-f).
depression-like phenotypes both in healthy and CSDS mice We next monitored neural activity of the Ent—V2M projection
(Figs. 4-6, Supplementary Fig. 8). terminals during several behavioral tests. In EPM, activity was
significantly higher when mice were in the center and open arms
Activity of the Ent—V2M projection terminals promotes than in closed arms (Fig. 7c-e). When mice crossed from the
antidepression closed arms to open arms (approach), neural activity increased
To investigate how the Ent—V2M pathway mediates depression- typically seconds before the beginning of transition (Fig. 7, f). In

like behaviors, we virally expressed genetically encoded Ca*" contrast, the activity decreased when mice moved from open to
indicators (jGCaMP7b [44]) in Ent Va and used fiber photometry to closed arms (retreat) (Fig. 7f, g). Furthermore, activity responded
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Fig. 5 Inactivation of Ent—V2M projection neurons promotes depression-like behaviors in resilient mice. a Experimental timeline of viral
injection, 10-day CSDS, behavioral test without or with chemogenetic inactivation. b—e The social index, times in interaction zone and corner
zone, and avoidance index were quantified among control, susceptible and resilient mice before and after injection of CNO or saline. f The
sucrose preference of control, susceptible and resilient mice. Susceptible and resilient mice after CNO injection showed significantly reduced
sucrose preference compared with control mice. g Susceptible and resilient mice showed longer immobile time compared with control mice.
h, i Resilient mice showed significant less time in and entries to open arms after CNO injection. j, k Resilient mice showed significant less time
in and entries to central area after CNO injection. Statistics, two-way ANOVA followed by LSD post hoc test for intragroup comparison. ****P <
0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, n.s. not significant. n = 11 mice in the control group, 12 mice in the susceptible group and 10 mice in

the resilient group. Data are shown as mean +s.e.m.

continuously to milk reward (Fig. 7h-j). The increase of amplitude
during the reward phase did not correlate with licking duration
(the number of licks), suggesting that activity of the pathway did
not reflect lickihng movement itself (Fig. 7k). During FST, the
activity of the Ent—V2M projection terminals correlated with
the anti-despair state (indicated by the mobile state) (Fig. 7I), and
the rise of activity was ahead of the transition from immobile
state to mobile state (Fig. 7n). In the restraint test, the activity of
the Ent—V2M pathway also correlated with the anti-restraint
state and activity increased nearly 1s before the transition from
the quiet to resistant state (Fig. 7m, o). This activity increase is
unlikely due to movement itself since the Ent—V2M pathway did
not respond to simple motion such as continuously running on a
treadmill or grooming (Supplementary Fig. 10). Directly activating
the Ent—V2M pathway rapidly alleviates depression-like beha-
viors (Fig. 6). Thus, activity increase of the Ent—V2M pathway
drives antidepression and can potentially function as an
antidepressant.

The antidepressant effect does not depend on external visual
input

As visual stimulus can modulate mood and depression through
the retina to subcortical areas including LHb, NAc and superior
colliculus (SC) [45-47], we have used multiple approaches to
control that the antidepressant effect of activating the Ent—V2M
projection terminals is independent of external visual input. We
first ruled out the possibility that leaked light contributed to the
antidepressant effect (Supplementary Fig. 11a). With optogenetic
stimulation blocked but leaked light unchanged, susceptible mice
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showed no improvement in sociability and the anxiety level was
not changed (Supplementary Fig. 11b-i). We then blocked visual
stimulus due to leaked light by covering eyes of mice with
blinders (Supplementary Fig. 11j). With eyes covered, susceptible
mice showed no significant change in sociability and anxiety
(Supplementary Fig. 11k-n), indicating that blocking normal vision
did not alter basic behaviors. However, with activation of the
Ent—V2M pathway, susceptible mice with blinders still showed
reduced depression-like phenotypes in SIT, EPM and OFT tests
(Supplementary Fig. 11k-n). These results demonstrate that the
antidepressant effect during activation of the Ent—V2M pathway
is independent of the peripheral visual pathway.

Given that the Ent—V2M pathway regulates depression-like
behaviors independent of the peripheral visual input, we
hypothesize that diminishing visual inputs or presenting addi-
tional visual stimuli would not alter neural dynamics of the
Ent—V2M projection terminals. To test this, we first monitored
activity of the Ent—V2M pathway under both white-light and red-
light conditions in EPM and restraint tests (Fig. 7a—g, m, o,
Supplementary Fig. 12a, d). Neural activity under red-light
condition is not significantly different from that under white-
light condition in EPM and restraint tests (Supplementary Fig. 12b,
¢, e, f). Next, we delivered ten consecutive blue light flashes and
simultaneously recorded neural activity of the pathway using fiber
photometry (Supplementary Fig. 12g). Consecutive visual flashes,
especially late flashes, did not effectively activate the Ent—V2M
pathway (Supplementary Fig. 12h—j). These results suggest that
the Ent—V2M circuit modulates depression-like behaviors inde-
pendent of the peripheral visual input.
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DISCUSSION

Our study provides the first evidence to our knowledge that the
Ent—V2M pathway can bidirectionally regulates depression-like
behaviors. Specific inactivation of the Ent—V2M pathway in
healthy mice using chemogenetic or optogenetic approaches
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induced depression-like behaviors including sociability deficiency,
anxiety- and despair-related phenotypes (Fig. 4, Supplementary
Fig. 8). Chemogenetic inactivation of this pathway also exacer-
bated depression-like behaviors in resilient mice (Fig. 5). Optoge-
netic activation of the Ent—V2M pathway in CSDS susceptible
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Fig. 6 Activation of Ent—V2M projection terminals is antidepressant. a Schematic of ChR2 expression in the Ent—V2M projection terminals
and functional test using fiber photometry in vivo. Ca" fluorescent dye (OGB-1, AM) was injected into superficial layers of the visual cortex.
Fiber photometry (gray fiber) was used to image neural activity evoked by optogenetic activation (blue fiber) of axonal projections from Ent
Va. b Example fluorescence trace evoked by presynaptic stimuli (blue bars) in the visual cortex under anesthesia. ¢, d Ca** related fluorescence
increases evoked by laser stimulus (blue bar) (c) and spontaneous fluorescence increase under no laser stimulation (d). Red (in ¢) and blue
lines (in d) indicate averaged activity trace. Gray lines, 60 laser stimuli-evoked events (c) and 29 spontaneous events (d). Dotted line,
hypothetical fluorescence change during optogenetic stimulation. Laser power, 5 mW; duration, 100 ms. e, f Expression of ChR2-EYFP in Ent (e)
and projection terminals in V2M (f). Scale bars, 500 pm (in e); 200 um (in f). g, h Schematic of laser stimuli on the surface of the visual cortex (g)
and laser stimulus profile (h). Laser was delivered in repeats with a 500 ms stimulus period followed with a 1 s interval. i Experimental timeline
of viral injection, CSDS, fiber implantation and behavioral tests during optogenetic activation. j, k Activation of the Ent—V2M projection
terminals promotes social interaction. The social index in CSDS mice was increased (j) while the avoidance index was decreased (k) during
optogenetic activation. There was no difference between control and susceptible groups during optogenetic activation, indicating that
activation of this pathway restored normal interaction in CSDS mice (j, k). | Control mice spent more time in the interaction zone than that in
the corner zone during SIT. m Susceptible mice spent more time in the interaction zone than in the corner zone when the CD1 mouse was
absent but this phenomenon was reversed when the CD1 mouse was present. Time in the interaction zone was increased while time spent in
the corner zone was decreased during optogenetic activation in susceptible mice. n =6 control mice and 8 susceptible mice. n-q Susceptible
mice explored more in open arms of EPM (n, o) and in central area of OFT (p, q) as quantified by exploration duration (n, p) and number of
entries (o, q) during optogenetic activation. There was no difference between control and susceptible groups during optogenetic activation,
indicating that activation restored normal level of exploration in susceptible mice (n—q). n =6 control mice and 10~11 susceptible mice.
r Optogenetic activation decreased immobile time of susceptible mice in FST. n=6 control mice and 9 susceptible mice. s Optogenetic
activation decreased immobile time of susceptible mice in TST. n =6 control mice and 9 susceptible mice. Statistics, t-test or Mann-Whitney
U test for between-group comparison and one-way ANOVA followed by Sidak post hoc test for intragroup comparison. ***P < 0.001, **P < 0.01,

*P < 0.05, n.s. Not significant. Data are shown as mean + s.e.m.

animals rapidly alleviated the social deficiency, anxiety- and
despair-like phenotypes, demonstrating the antidepressant effect
of activating this pathway in mice (Fig. 6). The antidepressant
effect of acute activation of the Ent—V2M pathway imply that
elevated activity in the pathway has a therapeutic effect. As a
shallow cortical circuit from deep brain area (Ent) to superficial
cortical area (V2M, especially to superficial layer II/lll), Ent—V2M
pathway could be a great target for noninvasive stimulation
therapy (such as rTMS and tDCS) of major depression. The
antidepressant effect by specifically activating the Ent—V2M
pathway in MDD patients requires confirmation.

Major depression has been viewed as a ‘circuitopathy’ [48].
Activity of the Ent—V2M pathway promotes the transition to
anxiolytic- and antidepressant-like states (Fig. 7). The persistent
neural activity of the pathway also correlates with continuous
reward, and may need reciprocal excitation from many other brain
areas [49], indicating the Ent—V2M pathway might be involved in
a multi-regional network that regulates depression. There are
several pathways, such as vHPC—mPFC [50, 51], Ent Il-DG [20],
mPFC—DRN (dorsal raphe nucleus) [52], and pBLA—VvCAT1 [53] that
positively regulate anxiety- or (and) depression-like behaviors.
Conversely, the neural activity of some brain regions and neural
circuits mediates negative valence information and modulate
stress related behaviors. For example, increasing activity of lateral
habenula (LHb) neurons and LHb—RMTg (retromedial tegmental
nucleus) circuit mediate depression-like behaviors [54-56]. The
activity of posterior insular cortex (plC)—central amygdala (CeA)
pathway encodes aversive sensory information (i.e., pain, bitter
taste and fear) and promotes anxiety-like behaviors [57]. The
neural pathways from anterior basolateral amygdala (aBLA) to
ventral hippocampal CA1 [53], from vHPC to NAc [58], and from
BLA cholecystokinin glutamatergic neurons to NAc D2 neurons
[35] mediate depression- or (and) anxiety-like behaviors. These
findings imply that there may exist multi-regional networks (i.e.,
positive and negative networks) in the brain that positively or
negatively modulate mental states and related behavioral
phenotypes. Coordination of these two types of networks is
required to maintain normal psychological states. Activation of the
Ent—V2M pathway is both anxiolytic and antidepressant, and thus
the pathway is part of a positive network.

Pulsed or continuous light illumination plays a pivotal role in
modulation of mood and related psychiatric disorders through
pathways from retina to specific subcortical areas [45-47].
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However, the depression-like phenotypes in our study are not
ameliorated by the leaked light illumination (Supplementary
Fig. 11). Moreover, stressed animals with blinders to block normal
visual stimulus maintain high level of social avoidance and
anxiety-like behavioral phenotypes (Supplementary Fig. 11).
Optogenetic activation of the Ent—V2M pathway under the
blinder condition is still antidepressant (Supplementary Fig. 11).
The Ent—>V2M pathway does not consistently respond to
consecutive LED light flashes (Supplementary Fig. 12). The activity
of Ent—V2M pathway promotes anxiolytic- and antidepressant-
like behaviors (Fig. 7), and this activity shows no change with
normal visual stimulus diminished during red light illumination
(which is blind to mice, Supplementary Fig. 12). These results
suggest that the antidepressant effect of activating the Ent—V2M
pathway does not depend on altered visual perception. Consis-
tently, clinical studies report that TMS over secondary visual cortex
(V2) of subjects elicits lower brightness of phosphenes than stimuli
over primary visual cortex (V1) [59]. And 51 MDD patients that
received rTMS over visual cortex, including V1 (27 cases) and a
specific high order visual cortical area that responds more to fast
neutral image viewing (24 cases), almost all have normal visual
perception [11].

Visual cortex has been implicated in depression and the visual
cortex of MDD patients has multiple abnormalities, including
reduction of total cortical surface, reduction in neuron number
and functional connectivity with frontoparietal networks, dimin-
ished response to emotional stimuli, and abnormal filtering of
non-emotional stimuli [60-63]. Direct activation of visual cortex
using rTMS (targeting the higher order visual cortex) rapidly
alleviates depression symptoms [11] and fluoxetine treatment in
MDD patients activates developmental-like neuronal plasticity in
visual cortex [64], suggesting that visual cortex is one key area in
regulation of depression. The primary visual cortex relays sensory
information to higher order visual cortical areas (i.e., V2) and
emotion-processing areas such as the hippocampus (via Ent),
frontal cortical area (ACC), amygdala and striatum [65]. Visual
cortex also receives feedback projections from areas including the
hippocampus (via Ent Va) and ACC. These results imply that visual
cortex functions as a key node in the network for modulation of
mood and mood-related disorders such as depression and anxiety.
How distinct neural circuits coordinate with each other to
maintain normal psychological condition and modulate depres-
sion require further study.
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Fig. 7 Elevated neural activity of the Ent—V2M projection terminals promotes antidepression. a Schematic of fiber photometry during
behavioral tests. A video camera was used to track the trajectory of mice. Genetically encoded calcium indicator jGCaMP7b was injected into
Ent Va and an optical fiber implanted over V2M was used to monitor activity of the Ent—V2M projection terminals. The light path of fiber
photometry is shown in the left middle figure. PMT, photomultiplier tube. b jGCaMP7b expression in Ent Va neurons (left) and their axonal
projections in V2M (right). Scale bar, 200 pm. ¢ Example neural dynamics of the Ent—V2M projection terminals in a mouse freely exploring an
elevated-plus maze. Red, Ca®" signal. Deep gray shadow indicates open arms. Light gray shadow indicates the center. The rest (white)
indicates closed arms. d Ca®* activity of the Ent—V2M projection terminals during exploration in the open arms, center and closed arms of
EPM. Solid line, mean; gray shaded area, s.e.m.; n = 12 mice. e Mean amplitude of Ca®" activity during exploration in the open arms and center
is significantly larger than that in the closed arms. f Ca>" activity increases when mice moved from closed to open arms and decreases when
mice moved from open to closed arms. Red, closed arm to open arm (Cl — Op); blue, open arm to closed arm (Op — Cl). g Slope of Ca**
activity change when mice transported between different arms (Cl - Op and Op—Cl). n =75 events from 12 mice. h Example fluorescence
trace of the Ent—V2M projection terminals during epochs of licking. Bottom, zoom in of the trace in the dashed box. Gray, licking events; blue,
fitted dynamics. i-k The slope (i), amplitude of change (j) and correlation between change amplitude and duration (k) of the fitted dynamics
during and after licking epochs. n =70 events from 12 mice. I, m Example fluorescence trace of the Ent—V2M projection terminals during
forced-swimming test (I) and restraint test (m). Gray shaded area indicates change of body area. n, o Normalized Ca®>" activity (to change
amplitude during each event) aligned to movement start in FST (n) and restraint test (0). n =119 events from 9 mice for FST, and n =169
events from 5 mice for restraint test. Bottom, heatmap of individual events. Statistics, one-way ANOVA followed by Sidak post hoc test, paired
t-test and Pearson correlation. ****P < 0.0001, **P < 0.01. Data are shown as mean * s.em.
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