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SUMMARY

Modulation of hippocampal dentate gyrus (DG) excitability regulates anxiety. In the DG, glutamatergic mossy
cells (MCs) receive the excitatory drive from principal granule cells (GCs) and mediate the feedback excitation
and inhibition of GCs. However, the circuit mechanism by which MCs regulate anxiety-related information
routing through hippocampal circuits remains unclear. Moreover, the correlation between MC activity and
anxiety states is unclear. In this study, we first demonstrate, by means of calcium fiber photometry, that
MC activity in the ventral hippocampus (VHPC) of mice increases while they explore anxiogenic environ-
ments. Next, juxtacellular recordings reveal that optogenetic activation of MCs preferentially recruits
GABAergic neurons, thereby suppressing GCs and ventral CA1 neurons. Finally, chemogenetic excitation
of MCs in the vHPC reduces avoidance behaviors in both healthy and anxious mice. These results not only
indicate an anxiolytic role of MCs but also suggest that MCs may be a potential therapeutic target for anxiety

disorders.

INTRODUCTION

Anxiety disorders are associated with the dysfunction of y-ami-
nobutyric acid (GABA)-ergic transmission and altered neuronal
activity in the hippocampal subfields (Dong et al., 2020; Engin
et al., 2016; Schoenfeld et al., 2013). Compared to its dorsal
counterpart, the ventral hippocampus (vHPC) has been linked
to affective and motivated behaviors because of its connections
with several limbic structures (Bannerman et al., 2003; Barkus
etal., 2010; Ciocchi et al., 2015; Fanselow and Dong, 2010; Wee-
den et al., 2015). Multimodal sensory information from the cortex
is mainly transmitted to the first station of the HPC, the dentate
gyrus (DG) (Amaral et al., 2007; Lisman, 1999; Squire, 2009).
Increased DG excitability is associated with a higher susceptibil-
ity to stress-induced anxiety disorders. Conversely, attenuated
DG excitability of the vHPC confers stress resilience (Anacker
et al., 2018). Selective deletion of a2-containing GABAA recep-
tors in the DG results in increased anxiety (Engin et al., 2016). In-
formation mainly flows from the DG to the CA1 output neurons
via the trisynaptic pathway. More recently, CA1 neurons in the
VvHPC are shown to encode anxiety-related information (Ciocchi
et al., 2015; Jimenez et al., 2018; Padilla-Coreano et al., 2016).

Furthermore, increasing the activity of CA1 output neurons en-
hances avoidance of aversive contexts (or aversive behavior),
whereas decreasing them disrupts avoidance behavior (Jimenez
et al., 2018; Padilla-Coreano et al., 2016).

In addition to extrinsic inputs, DG cells participate in the regu-
lation of DG activity. The DG consists of glutamatergic principal
neurons and GABAergic interneurons (INs). Granule cells (GCs)
constitute the vast majority of principal neurons in the DG and
project to the downstream CA3 region. The excitation/inhibition
balance in GCs is critical to cognitive processes, such as pattern
separation and mood regulation (Burghardt et al., 2012; Christian
et al., 2014; Deng et al., 2010; Kheirbek and Hen, 2011). Several
types of local GABAergic INs mediate feedforward and feedback
inhibition, thereby regulating the dynamics of GCs (Anacker and
Hen, 2017; Lee et al., 2016; Liu et al., 2014a; Schoenfeld et al.,
2013; Zou et al., 2016). In addition to GCs, mossy cells (MCs)
in the polymorphic hilar region of the DG are another major
type of glutamatergic principal neuron present in the DG. MCs
receive their main excitatory inputs from GCs (Amaral, 1978; Wil-
liams et al., 2007) and send extensive divergent projections to
GCs and local INs along the longitudinal axis of the hippocampus
(Scharfman, 1995, 2016; Scharfman and Myers, 2013). MC
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Figure 1. Increased MC activity during open-arm exploration

(A) Experimental schematic and timeline.
(B) Left, virally expressed GCaMP6s in the DG; scale bar, 200 um. Center, higher magnification of the GCaMP6s-expressing cells (green) and GluR2/3 immu-

noreactive cells (magenta). Right, merge image. Scale bar, 50 um. GCL, granule cell layer; H, hilus; ML, molecular layer.

(C) Schematic of the fiber photometry setup and the EPM.
(D) Heatmap illustrating the relative time spent in different locations of a mouse. Dashed line, open arm (O); solid line, closed arm (C).

(E) Representative Ca®* transient during EPM exploration.
(F) Heatmap of normalized Ca®* signals corresponding to the location of a mouse.
(G) Trajectory direction and representative normalized Ca?* signals corresponding to traveling routes of a mouse. O, open arm; C, closed arm.

(H) Probability distribution of averaged Z score of Ca* signals in open and closed arms.
() Comparison between the averaged Ca®* signals in different arms. Lines connect data collected from the same mouse. Open arm, 2.3% =+ 0.8%; closed arm,

—0.6% = 0.2%; n=9; *p < 0.01; Z = —2.66; Wilcoxon signed-rank test.
(J) Experimental schematic.

(legend continued on next page)
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excitation preferentially drives local INs, thereby modulating the
overall GC activity (Hsu et al., 2016; Scharfman, 1995).

Accumulating evidence suggests that MCs play a potential role
in stress and mood regulation. First, MCs express glucocorticoid
receptors (Patel and Bulloch, 20083), which are related to anxiety-
and depression-like behaviors. Novelty and stress are frequently
accompanied by anxiety (Bannerman et al., 2003; Fanselow and
Dong, 2010). Recent studies have demonstrated that the activity
of ventral MCs increases when animals encounter a novel object
(Bernstein et al., 2019) or explore a novel environment (Fredes
etal., 2021), whereas it decreases if animals experience an acute,
stressful condition (Moretto et al., 2017). Second, 5-HT, seroto-
nin receptors, which play an important role in mood regulation, are
expressed in MCs (Tanaka et al., 2012). Chronic administration of
selective serotonin reuptake inhibitors (SSRIs) has been shown to
enhance MC activity and reduce the latency to feed in the novelty-
suppressed feeding test (Oh et al., 2020). Conversely, acute
inhibition of MCs impairs their behavioral responses to SSRI-
mediated reduction of depression-like behavior (Oh et al., 2020).
However, a recent study reported a different finding. They show
that inhibiting MC activity in female mice reduces the latency to
feed in the novelty-suppressed feeding test (Botterill et al.,
2021). Lastly and most important, selective MC degeneration in
mice not only causes transient GC hyperexcitability but it also re-
sults in increased anxiety-like behavior (Jinde et al., 2012). Despite
previous observations, a direct correlation between MC activity
and innate anxiety-related behavior has not yet been established.

In this study, we tested the role of MCs in controlling neuronal
excitability along trisynaptic circuits and their corresponding ef-
fects on anxiety states. We showed that ventral MC activity
greatly increased when mice explored anxiogenic environments.
Next, we determined how elevating MC activity regulated DG
networks and downstream CA1 using in vivo juxtacellular
recording. Finally, we demonstrated that chemogenetically
elevating MC activity reduced avoidance behaviors in healthy
mice and in mice experiencing chronic pain. Our findings sup-
port the view that MCs control anxiety-related information rout-
ing by enhancing inhibition in the DG, thereby suppressing the
CA1 output and disrupting avoidance behaviors.

RESULTS

MC activity increased during open-arm exploration

To correlate MC activity with avoidance behavior in freely
behaving mice, we used fiber photometry to assess the changes
of Ca?* levels in MCs while mice were subjected to anxiogenic en-
vironments. To express the Ca®* indicator GCaMP6s in MCs
selectively, adeno-associated virus (AAV) serotype 1 or 5, carrying
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Cre-dependent GCaMP6s, was injected into the ventral DG of
Crir-Cre mice, an MC-specific Cre-driver line (Jinde et al., 2012)
(Figure 1A). As previously described (Jinde et al., 2012),
GCaMP6s-expressing cells in the DG were restricted to the hilus
(Figure 1B). The vast majority of GCaMP6s-expressing cells
were immunoreactive for GIuR2/3, a marker of MCs (96.6% =+
1.5%, 5 slices, 2 mice; Figure 1B), suggesting a cell-type-specific
labeling of MCs. After the implantation of an optical fiber, mice
were introduced into the elevated plus maze (EPM; Figure 1C),
which contains well-defined boundaries for anxiogenic and non-
anxiogenic environments (Calhoon and Tye, 2015; Gehrlach
et al., 2019; Lee et al., 2019). Consistent with previous studies
(Calhoon and Tye, 2015; Pellow et al., 1985), mice spent less
time in the open arms (15% + 4% of the total time) than in the
closed arms (71% + 5% of the total time, n = 9; p = 0.004,
Wilcoxon signed-rank test, Figure 1D). Intriguingly, although
Ca?* signals (AF/F%) fluctuated during the EPM test (Figure 1E),
high Ca®* signals were mostly detected when the mice stayed
in the open arms than when they stayed in the closed arms (Fig-
ure 1F). The Ca?* signal along unidirectional routes on the EPM
decreased from the open arms to the closed arms. In contrast,
Ca>* signals increased when the mice traveled from the closed
arms to the open arms (Figure 1G). Consistent with these obser-
vations, the probability distribution of Ca* signals in the open
arms was right-shifted compared to that in the closed arms at
the population level (Figure 1H). Overall, the average Ca?* signals
in the open arms were significantly higher than those in the closed
arms (Figure 1l). To understand how MC activity during explora-
tion of open spaces relates to avoidance behavior, we quantified
the average Ca®* signal versus the open-arm exploration time and
found a negative correlation between MC activity and open-arm
exploration time (Figure S1A). Finally, it is worth noting that dorsal
MCs were shown to correlate with running speed (Danielson et al.,
2017). Thus, we tested the correlation between ventral MC activity
and running speed. In contrast to dorsal MCs, ventral MC activity
did not correlate with the animal’s running speed during EPM
exploration (Figures S1B-S1E). To confirm the correlation be-
tween the increased MC activity and open-arm exploration, we
removed the wall of a closed arm and examined the change in
Ca?* activity in this new open arm (Figure S2C). As expected,
mice showed avoidance of all open arms (Figure S2D). The Ca2*
signals were increased when mice stayed in any of the three
open arms (Figures S2E-S2H). Overall, the average Ca®* signals
were higher when mice were in the open arms than when they
were in the closed arms (Figure S2l).

To eliminate potential confounding factors such as decision
making or risk assessment in the center zone, we performed
another subset of experiments using the elevated zero maze

K) Heatmap illustrating the time spent in the EZM.
L) Representative Ca2* transient during EZM exploration.
M) Heatmap of Ca®* signals corresponding to the location.

0) Similar to (H), probability distribution of averaged Z score of Ca®* signals.

(
(
(
(N) Representative Ca?* signals corresponding to traveling routes. Zero degrees indicated the crossing point between open and closed arms.
(
(

P) Similar to (I), summary plot of averaged Ca* signals. Open arm, 2.0% + 0.5%; closed arm —0.3% =+ 0.1%; n = 7; *p < 0.05; Z = —2.37; Wilcoxon signed-

rank test.

Data are represented as mean + SEM in (l) and (P). Data are represented as mean + SD in (H) and (O).

See also Figures S1 and S2.
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Figure 2. MC activation recruited GABAergic INs and suppressed GCs

(A) Schematic of coronal sections of the Crir-Cre mouse injected with an AAV5-DIO-ChR2-eYFP into the dorsal or ventral DG bilaterally.

(B) Morphology of a biocytin-filled MC (left) and merged image of biocytin and ChR2-eYFP (right). Scale bar, 50 um.

(C) Light-evoked spikes recorded from a ChR2-expressing MC (470 nm, 5-Hz, 5-ms light pulse) in the current-clamp mode and a ChR2-mediated photocurrent in
the voltage-clamp mode.

(legend continued on next page)
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(EZM; Figure 1J). Similar to the observations in the EPM, mice
spent much less time in the open areas (11% + 2% of the total
time; Figure 1K), and Ca®* signals were increased when mice
explored the open areas (Figures 1L and 1M). Analysis of Ca®* dy-
namics along the travel routes revealed that the Ca2* signals grad-
ually decreased when mice traveled from the open to the closed
areas, whereas the Ca®* signals gradually increased when mice
traveled from the closed to the open areas (Figure 1N). On average,
the Ca®* activity of MCs was higher when mice were in the open
areas than when they were in the closed areas (Figures 10 and
1P). These data indicate that MCs are more active when the animal
is in an innately anxiogenic environment.

MC activation recruited GABAergic INs and suppressed
GCs

Next, we investigated the circuit mechanism underlying MC acti-
vation using in vivo juxtacellular recording. To activate MCs at
specific times, we virally expressed ChR2-eYFP in MCs in the
dorsal or ventral DG (Figure 2A) and examined DG cell activity af-
ter optogenetic activation of MCs. In brain slices, brief light
pulses (470 nm, 5 ms) delivered at 5 Hz evoked spikes and in-
ward currents in ChR2-expressing MCs (Figures 2B and 2C).
Next, we performed in vivo juxtacellular recordings of DG cells
in head-fixed anesthetized mice. Putative INs exhibit a narrower
spike half-width than putative GCs (Bui et al., 2018; Csicsvari
et al., 1999; Diamantaki et al., 2016) (Figures 2| and 2P). Light
stimulation of dorsal MCs activated putative INs in the contralat-
eral and ipsilateral DG (Figures 2D and 2E). In contrast, putative
GCs in the contralateral DG (Figure 2G) were suppressed after
MC activation. After recordings, neurobiotin-filled cells were
morphologically identified (Figures 2F, 2H, and S3A). Overall,
all recorded INs (three morphologically identified INs of five jux-
tacellularly recorded cells; Figure 2J, blue circles) were activated
and all of the recorded GCs (two morphologically identified GCs
of three juxtacellularly recorded GCs; Figure 2J, red circles) were
inhibited after dorsal MC activation.
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Next, we investigated the longitudinal projections of MCs by
injecting an AAV-DIO-ChR2-eYFP into the bilateral ventral DG
(Figure 2K). Similar to the activation of commissural projections,
10-Hz photostimulation of ventral MCs activated most INs in the
dorsal DG (one morphologically identified IN of four juxtacellu-
larly recorded cells; Figures 2L, 2M, and 2Q, blue open circles,
and S3B, left) and all INs in the ventral DG (one morphologically
identified IN of four juxtacellularly recorded cells; Figure 2Q, blue
filled circles). In contrast, the activation of longitudinal projec-
tions of MCs suppressed GCs (Figures 2N, 20, and 2Q, red cir-
cles and S3B, right) in the dorsal DG. Off-target effects of photo-
stimulation were excluded because light-evoked field responses
were not detected in mice without ChR2 expression (Figures
S3C-S3G). Collectively, activation of either dorsal or ventral
MCs activated INs but suppressed GCs, suggesting a potential
role of MCs in gating the output of the DG.

Optogenetic activation of MCs suppressed CA1 PCs
Information from the DG is finally transmitted to the CA1 through
the canonical trisynaptic circuit. Next, we tested whether activating
MCs can suppress hippocampal CA1 pyramidal cells (PCs) in the
trisynaptic pathway after the inhibition of GCs. To achieve this,
we activated ChR2-expressing MCsin the ventral DG and juxtacell-
ularly recorded CA1 PCs (Figure 3A). The recorded neurons were
electrophysiologically identified as PCs by their complex spikes
(Figure 3B, box) and subsequently confirmed by post hoc morpho-
logical reconstructions (Figure 3C). Similar to GCs, the recorded
CA1 PCs were suppressed in response to ventral MC stimulation
in anesthetized (Figures 3Band 3D, open circles) and awake mice
(Figure 3D, filled circle). Overall, the firing frequency of the PCs
decreased during the light stimulation epoch (Figure 3D).

Elevating ventral MC activity decreased avoidance
behaviors

Next, we asked whether elevating MC activity was sufficient
to reduce avoidance behaviors. To this end, we used a

(D) Top, experimental schematic. Bottom, expression pattern of AAV5-DIO-ChR2-eYFP; scale bar, 500 um.
(E) Top, representative trace. Middle, raster plot from representative 10 sweeps of a recorded cell. Bottom, peristimulus time histogram (PSTH) from all sweeps of

a recorded cell during 10-Hz photostimulation (blue bar).

(F) Morphological reconstruction of the post hoc neurobiotin stained cell shown in (E). Somata and dendrites of a reconstructed cell were in black and the axons

were in red.
(G) Similar to (E), representative data from a GC.
(H) Morphological reconstruction of the cell shown in (G).

(I) Cumulative probability distribution of spike half-width and the representative spike waveforms of the IN and GC shown in (E) and (G), respectively.

(J) Summary of the firing frequency during light-off and light-on epochs for INs (blue) and GCs (red). Open and filled circles represent the responses of dorsal DG
cells to contralateral and ipsilateral MC activation, respectively. IN, light-off, 0.10 + 0.04 Hz; light-on, 11.60 + 2.67 Hz; n = 5; GC, light-off, 0.42 + 0.18 Hz; light-on,
0.03 + 0.02 Hz; n = 3.

(K) Top, experimental schematic. Center, confocal image of ChR2-eYFP expression in the inner molecular layer of the dorsal DG. Bottom, confocal image of
ChR2-eYFP expression in the ventral DG. Scale bar, 100 um.

(L) Similar to (E), representative data from an IN.

M) Morphological reconstruction of the recorded cell in (L).

N) Similar to (E), representative data from a GC.

0O) A morphologically reconstructed cell shown in (N).

P) Cumulative probability distribution of spike half-width and the representative spike waveforms of the IN and GC shown in (L) and (N), respectively.

(Q) Similar to (J). Open and filled circles represent the responses of dorsal and ventral DG cells, respectively, to ventral MC activation. IN, light-off, 0.28 + 0.08 Hz;
light-on, 9.25 + 1.50 Hz; n = 8; GC, light-off, 1.78 + 0.97 Hz; light-on, 0.23 + 0.20 Hz; n = 3.

Data are represented as mean + SEM.

See also Figure S3.
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(A) Top, schematic of experimental configuration. Bottom, an image of ChR2-eYFP expression; scale bar, 1 mm.

(B) The responses of the CA1 PC to ventral MC stimulation. Top, representative trace of a recorded cell during the 10-Hz photostimulation (blue bar). Box,
enlarged complex spikes; scale bar, 10 ms. Center, raster plot of representative spikes. Bottom, PSTH of all spikes.

(C) Confocal image of the post hoc neurobiotin-stained cell shown in (B). Scale bar, 50 um.

(D) Summary of the averaged firing frequency during light-off and light-on epochs. Filled and open circles represent the data collected from awake and anes-
thetized mice, respectively. Light-off, 0.9 + 0.3 Hz; light-on, 0.3 + 0.1 Hz; n = 7; p = 0.016; Z = —2.3; Wilcoxon signed-rank test.

Data are represented as mean + SEM.

chemogenetic approach to manipulate MC activity selectively.
An AAV5 carrying Cre-dependent eDREADD (hM3Dg-mCherry)
or control (mCherry) was injected into the bilateral ventral DG of
Crir-Cre mice (Figures 4A and 4B). Whole-cell patch-clamp re-
cordings showed that hM3Dg-mCherry-expressing neurons in
brain slices were depolarized after bath application of 5 uM clo-
zapine N-oxide (CNO) (Figure 4C). Elevating ventral MC activity
significantly increased the time that mice spent in the open
arms relative to the mCherry control group in the EPM (Figure 4D).
The total travel distances were similar in both groups (Figure 4D).
Thus, elevating ventral MC activity reduced open-arm avoidance
without altering locomotion. Similar to the EPM test, mice spent
more time at the center of the open field upon ventral MC activa-
tion in the open field test (OFT; Figure 4E). Locomotion did not
differ during ventral MC activation (Figure 4E). Furthermore,
elevating ventral MC activity markedly decreased the number
of buried marbles compared to that in the mCherry control groups
(Figure 4F). In addition, no significant sex differences were
observed in any of the behavioral tasks (Table S1). Thus,
elevating ventral MC activity is enough to the generation of anxi-
olytic effects.

To examine whether the neuronal activity of MCs is essential
for regulating avoidance behaviors, we chemogenetically in-
hibited MC activity by injecting an AAV5-carrying Cre-dependent
iDREADD (hM4Di-mCherry) into Crir-Cre mice. Intriguingly,
decreasing ventral MC activity had no impact on avoidance be-
haviors (Figures S4A-S4D). Similar results were obtained when
MCs were strongly inactivated using an optogenetic approach
(Figures S4E-S4J), suggesting that ventral MCs are not required
for normal avoidance behaviors.

6 Cell Reports 36, 109702, September 14, 2021

Furthermore, we considered whether dorsal MC activity
also participates in mediating avoidance behaviors. Notably,
elevating dorsal MC activity failed to cause any changes in the
open-arm time and center field time in the EPM and OFT, respec-
tively (Figures S5A and S5B). However, mice buried fewer mar-
bles in the marble-burying test (Figure S5C). The travel distance
in the eDREADD group was similar to that of the mCherry group
in the EPM and OFT tests (Figures S5A and S5B). In addition,
decreasing dorsal MC activity had little effect on avoidance be-
haviors (Figures S5D-S5F). The less-consistent behavioral re-
sults suggest a lesser role of dorsal MCs in generating avoidance
behaviors.

Elevating MC activity decreased avoidance behaviors in
chronic pain

Chronic pain causes emotional changes such as anxiety and
depression (Bushnell et al., 2013). We further corroborated the
MC-mediated anxiolytic effect in a mouse model of fibromyalgia
(FM) (DeSantana et al., 2013; Sharma et al., 2009; Sluka et al.,
2001). Similar to patients with FM, FM-like mice display comor-
bid anxiodepressive symptoms (Liu et al., 2014b; Thieme et al.,
2004). To model FM, acidic saline was administered unilaterally
into the gastrocnemius muscle of mice immediately after the
von Frey test for the baseline (BL) on days 0 and 3 (Figure 5A).
In contrast to the FM group, mice that received normal saline in-
jections served as the sham group. The hind paw withdrawal
(PW) threshold in the FM group was significantly reduced after
acidic saline injection on the day after the BL test, and the me-
chanical allodynia persisted up to 14 days after the second
acidic saline injection in the FM group, indicating the
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Figure 4. Elevating MC activity decreased avoidance behaviors

(A) Experimental schematic and timeline.

(B) Confocal image of hM3Dg-expressing MCs in the ventral DG. Scale bar, 100 pm.

(C) Left, confocal images of a biocytin-filled MC, which expressed mCherry; scale bar, 100 um. Box, high magnification of the labeled MC. Scale bar, 10 um. Right,
membrane potential changes of a hM3Dg-expressing MC recorded in the presence of kynurenic acid (2 mM) and gabazine (1 uM) in response to bath-applied
CNO (5 uM).

(D) Top, representative travel tracks of each group in the EPM. Bottom, summary of travel distance and open-arm time. Total distance, n = 14 for mCherry, 21.1 =
1.3 m; n =20 forhM3Dgq, 22.3 + 1.3 m; p = 0.45; U = 118. Open-arm time, n = 14 for mCherry, 33.9% + 4.2%; n = 20 for hM3Dq, 51.0% + 4.6%; *p < 0.05; U = 81;
Mann-Whitney test.

(E) Top, representative travel tracks of each group in the OFT. Bottom, summary of travel distance and center time. Total distance, n = 5 for mCherry, 17.6 + 0.8;
n =16 forhM3Dq, 16.8 + 1.0 m; p = 0.78; U = 36. Center time, n = 5 for mCherry, 23.6 + 1.8; n = 16 for hM3Dq, 36.9% + 2.3%; **p < 0.01; U = 7.5; Mann-Whitney
test.

(F) Top, representative results of the marble-burying test. Bottom, summary of the marble-burying test. n =11 for mCherry, 17.6 + 1.8; n=20 forhM3Dq, 4.8 + 1.4;

***p < 0.0001; U = 16.5; Mann-Whitney test.
Data are represented as mean + SEM.
See also Figures S4 and S5.

development of chronic pain (Figure 5A). Compared to the sham
group, FM mice spent less time in the open arm of the EPM (Fig-
ure 5B) and buried more marbles in the marble-burying test (Fig-
ure 5C), suggesting increased avoidance behavior. It is worth
noting that the total travel distances were similar between the
FM and sham groups in the EPM test (Figure 5B).

To determine whether elevating MC activity was sufficient to
alleviate avoidance behaviors in FM mice, we induced chronic
pain in both mCherry- and hM3Dg-expressing Crir-Cre mice
(Figure 5D). Notably, the PW threshold did not change after
elevating MC activity in FM-mCherry and FM-hM3Dqg mice
(day 16; Figure 5E). Next, we tested the anxiolytic effect of
MC activation on FM mice. Chemogenetic activation of MCs
significantly increased the open-arm time of FM-hM3Dq

mice in the EPM (Figure 5F). The total travel distances be-
tween these two groups were not different (Figure 5F).
Similarly, FM-hM3Dg mice significantly buried a fewer number
of marbles (Figure 5G). Collectively, enhancing ventral MC ac-
tivity reduced avoidance behaviors in FM mice without altering
mechanical hypersensitivity.

Gating model for MC-mediated anxiolytic effects

Finally, we propose a circuit-based model to explain how MCs
decrease the HPC output via inhibiting DG GCs and CA1 PCs
and thereby reduce avoidance behaviors. In this model (Fig-
ure 6A), anxiety-related information is transferred from the cor-
tex to the DG, where GCs fire action potentials to encode
valence-related contextual information during exploration of
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Figure 5. Enhancing MC activity alleviated heightened avoidance behavior in chronic pain

(A) Top, FM induction protocol. Bottom, PW thresholds at different time points. Group effect of ipsilateral hind paws, F(1,17) = 84.95; p < 0.0001; group effect of
contralateral hind paws, F(1,17) = 40.18; p < 0.0001. *p < 0.0001, compared to BL; o = 0.05; 2-way ANOVA with Bonferroni post hoc test.

(B) Top, representative travel tracks of sham and FM in the EPM. Bottom, total travel distance and open-arm time of sham and FM groups. Total distance, n=19
for sham, 22.5 + 1.4 m; n = 24 for FM, 18.6 + 1.5 m; p = 0.36; U = 190; open-arm time, n = 19 for sham, 23.9% + 1.4%; n = 24 for FM, 18.6% = 1.5%; *p < 0.05;
U = 131; Mann-Whitney test.

(C) Top, representative results of the marble-burying test. Bottom, summary of the marble-burying test. n = 7 for sham, 14.3 £ 1.2, n =7 for FM, 18.7 £ 1.4; "p <
0.05; U = 9; Mann-Whitney test.

(D) Experimental schematic and timeline.

(E) PW threshold of mCherry FM mice (left, n = 6; time effect, F(7,70) = 36.16; p < 0.0001; ipsi_day14, 0.11 + 0.06 g; ipsi_day16, 0.06 + 0.01 g; p > 0.99; con-
tra_day14, 0.14 + 0.09 g; contra_day16, 0.05 + 0.01 g; p > 0.99) and hM3Dg FM mice (right, n = 6; time effect, F(7,70) = 33.56; p < 0.0001; ipsi_day14, 0.07 + 0.02
g; ipsi_day16, 0.04 + 0.00 g; p > 0.99; contra_day14, 0.05 + 0.01 g; contra_day16, 0.06 + 0.02 g; p > 0.99); ns, no significant difference; o = 0.05; 2-way ANOVA
with Bonferroni post hoc test.

(F) Left, representative tracks of EPM. Right, summary of total distance and open-arm time. Total distance, n = 6 for mCherry-FM, 23.4 + 2.0 m; n = 6 for hM3Dg-FM,
23.1 £ 1.1 m; p> 0.999; U = 18; open-arm time, n = 6 for mCherry-FM, 27.4% + 4.0%; n = 6 for hM3Dg-FM, 41.6% + 2.2%; *p < 0.05, U = 3, Mann-Whitney test.
(G) Left, representative data of the marble-burying test. Right, summary of the marble-burying test. n = 6 for mCherry-FM, 21.0 + 0.8; n = 6 for hM3Dg-FM, 8.9 +
3.2; *p < 0.05; U = 4; Mann-Whitney test.

Data are represented as mean + SEM.

the open spaces. In the DG, GCs make strong monosynaptic ~ This model is in line with a previous report by Jimenez et al.
excitatory connections with MCs via their mossy fibers. There-  (2018) that ventral CA1 neurons preferentially fire in open areas
fore, GC firing not only sends the anxiogenic signal to the and are hence called anxiety cells. Experimentally activating
downstream CA3 and CA1 areas but it also activates MCs. MCs using optogenetics or chemogenetics (Figure 6B)
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Figure 6. MC gates in anxiety-related information routing along
hippocampal circuits

(A) While mice explore the EPM or EZM under normal conditions, information
of anxiogenic contexts finally leads to increased CA1 output and enhanced
avoidance behavior.

(B) Activating MCs in manipulated mice can suppress the DG-CA3-CA1
pathway through enhancement of local inhibitory INs and finally generates
anxiolytic effects.

Interneuron

suppresses GCs via local INs and prevents the flow of informa-
tion from GCs to the downstream CA3 PCs and CA1 PCs. The
decreased activity of ventral CA1 PCs (or anxiety cells) fails to
encode anxiety-related information and leads to reduced
avoidance behaviors (Jimenez et al., 2018; Padilla-Coreano
et al., 2016).

DISCUSSION

In this study, we observed anxiety-related increases in MC activ-
ity and demonstrated that experimentally enhancing MC activity
using the chemogenetic approach reduced avoidance behav-
iors. This apparent discrepancy requires an explanation. Our
findings suggest a model (Figure 6) in which behaviorally relevant
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contextual information from the entorhinal cortex is transferred
to the DG, where GCs and their major local target cells, the
MCs, fire action potentials to encode information with a negative
valence. Therefore, higher MC activity signals a higher anxio-
genic valence. MC activity was negatively correlated with open
arm exploration time (Figure S1A). The information of anxiogenic
contexts is then eventually sent to the CA1 output neurons and
their targets, which mediate avoidance behavior.

The changes in MC activity observed with fiber photom-
etry were highly acute and contextually specific. However,
DREADD-mediated membrane depolarization is sustained
and independent of the context (Sternson and Roth, 2014).
Therefore, the effect of chemogenetic manipulation cannot
mimic acute changes in MC activity. In light of these differ-
ences, we acknowledge a potential caveat in the interpretation
of the results of the chemogenetic experiment. As suggested
by our model, the effect of chemogenetic activation of MCs
on avoidance behavior involves the sustained suppression of
anxiety-related information routing from the DG to the CAS3 (Fig-
ure 6B). Under normal conditions, information about anxiogenic
contexts is encoded by neuronal activity patterns (Figure 6A). In
the DG circuitry, GC excitation activates local INs and MCs,
which further modulate GC activity. Therefore, both MCs and
INs shape GC spiking patterns (Hsu et al., 2016; Lee et al.,
2016) and contribute to the representation of behaviorally
related information. To mimic acute changes in MC activity
observed with fiber photometry, activating MCs at frequencies
close to physiological MC activity in the anxiogenic contexts
using an optogenetic approach when mice stay in closed
arms may be more appropriate.

Our previous study (Hsu et al., 2016) demonstrated that
MCs project contralaterally and inhibit GCs by exciting local
GABAergic INs. Several lines of evidence suggest that GABA-
mediated inhibition by MC activation is implicated in anxiety
suppression. First, selective MC degeneration causes GC hyper-
excitability and increases anxiety (Jinde et al., 2012). Second,
physical exercise-induced suppression of anxiety is associated
with a reduction in stress-induced GC activation and enhanced
inhibition in the DG (Schoenfeld et al., 2013). Third, chemoge-
netic activation of parvalbumin-positive INs in the DG induces
an anxiolytic effect (Zou et al., 2016). Lastly, selective deletion
of a2-containing GABA, receptors in DG GCs and CAS principal
neurons results in heightened anxiety (Engin et al., 2016). The in-
formation processed in the DG is relayed to the CA1 region
through the canonical trisynaptic DG-CA3-CA1 circuit. There-
fore, the DG represents the starting point, whereas the CA1 rep-
resents the ending point of the intrahippocampal circuit and the
primary source of extrinsic hippocampal-cortical projections. To
our knowledge, our in vivo juxtacellular recording is the first to
demonstrate that MC activation via regulating DG excitability
can influence the HPC output, which is tightly linked to anxi-
ety-related behavior (Padilla-Coreano et al., 2016; Jimenez
et al., 2018).

Multiple circuit mechanisms have been shown to determine the
state of anxiety (Kim et al., 2013; Parfitt et al., 2017). A subpopu-
lation of lateral hypothalamus (LH)-projecting PCs in the CA1 re-
gion of the vHPC (vCA1), also called anxiety cells, was shown to
respond to anxiogenic stimuli and to control anxiety-related
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behavior. Selective enhancement or suppression of the activity of
these neurons bidirectionally regulates the anxiety state (Jimenez
et al., 2018). Additional circuits linking the vHPC to non-limbic
structures that are also involved in anxiety regulation have been
described previously (Adhikari et al., 2010; Bazelot et al., 2015;
Ciocchi et al., 2015; Padilla-Coreano et al., 2016). Similar to LH-
projecting vCA1 cells, the inhibition of medial prefrontal cortex
(mPFC)-projecting vCAT1 cells decreases avoidance behavior (Pa-
dilla-Coreano et al., 2016). Consequently, selective information
routing along the vHPC circuits and the final balance between
anxiogenic- and anxiolytic-like actions is critical in modulating
the expression of emotional behaviors. Consistent with this
notion, our findings showed that activating MCs through the
enhancement of inhibitory mechanisms within the DG can sup-
press the DG-CA3-CA1 pathway, thereby contributing to an anxi-
olytic effect (Figure 6B). Notably, most vCA1 neurons project to
only one downstream target and emerge in a non-overlapping
pattern (Gergues et al., 2020; Jimenez et al., 2018; Jin and Maren,
2015; Kim and Cho, 2017; Parfitt et al., 2017). In addition, distinct
target-projecting vCA1 neuronal populations are topographically
distributed (Gergues et al., 2020). The exact population of vCA1
PCs that is inhibited by MC activation remains to be explored.

In addition to multiple inputs from the GCs (Amaral, 1978;
Williams et al., 2007), MCs receive information from several up-
stream areas, including the medial septum-diagonal band com-
plex, the lateral entorhinal cortex, and the CA3 region (Azevedo
et al., 2019; Sun et al., 2017). To reveal the circuit mechanism
underlying MC activation in anxiogenic environments, further
investigation of local and long-range circuit connections to
ventral MCs is needed. For example, the medial septum, which
is involved in anxiety, contains a population of MC-projecting
cholinergic neurons (Deller et al., 1999; Lubke et al., 1997;
Sun et al., 2017).

Within the hippocampal formation, the vHPC has been linked
to affective and motivated behaviors because of its connections
with several limbic structures (Bannerman et al., 2003; Barkus
etal., 2010; Ciocchi et al., 2015; Fanselow and Dong, 2010; Wee-
den et al., 2015), whereas the dorsal HPC (dHPC) is associated
with spatial learning and navigation due to its projections to the
subiculum and other cortical areas (Fanselow and Dong, 2010;
Moser et al., 1995; O’Keefe and Dostrovsky, 1971). MCs in the
dHPC are anatomically, immunochemically, transcriptomically,
and physiologically different from MCs in the vHPC (Cembrowski
et al., 2016; Fujise et al., 1998; Fujise and Kosaka, 1999; Houser
et al., 2021; Jinno et al., 2003). First, there are fewer MCs in the
dHPC (Fujise and Kosaka, 1999). Second, dorsal MCs exhibit
larger and more complex thorny excrescences than ventral
MCs (Houser et al., 2021). Third, only ventral MCs selectively ex-
press calretinin (Fujise et al., 1998). Fourth, dorsal MCs exhibit a
higher spontaneous excitatory postsynaptic potential (EPSP)
frequency and a larger EPSP amplitude (Jinno et al., 2003).
Lastly, ventral MCs show higher spontaneous spike activity
than dorsal MCs (Jinno et al., 2003). Our study further demon-
strates that ventral MCs, rather than dorsal MCs, play an active
role in regulating avoidance behavior.

Hippocampal oscillations can modulate anxiety (Caliskan and
Stork, 2018). Increasing the theta and gamma oscillations or the
theta/gamma coupling may generate anxiety-like behaviors (Al-
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brecht et al., 2013; Dunkley et al., 2015; Khemka et al., 2017).
Moreover, synchrony between CA1 neurons and the mPFC in-
creases during anxiety (Adhikari et al., 2010). Consistently, our
in vivo juxta-recording showed the suppression of CA1 PC activ-
ity after MC activation (Figure 3). Although accumulating evi-
dence supports that increased DG and CA1 excitability is asso-
ciated with negative emotions, a recent study by Kheirbek et al.
(2013) showed that optogenetic activation of GCs of the ventral
DG decreases anxiety-like behavior. This effect is unlikely to
occur under physiological conditions because in their study
~30%-50% of GCs were cFos* cells after optogenetic stimula-
tion of GCs in POMC-ChR2 mice. Interestingly, a recent study by
the same group (Anacker et al., 2018) showed the opposite result
with chemogenetic manipulation, in which inhibition of mature
GCs decreased stress-induced anxiety-like behavior.

The ability to recognize dangerous situations and environ-
ments is crucial for survival, but overestimating risk can lead
to pathological avoidance of normal activities and can lead to
anxiety disorders (Gagne et al., 2018; Jovanovic and Ressler,
2010). Increased adult neurogenesis inhibits the population of
mature developmentally born GCs and supports pattern sepa-
ration, reduces memory interference, and enables reversal
learning in both neutral and fearful situations (Anacker and
Hen, 2017; Anacker et al., 2018). Hilar MCs serve as the only
glutamatergic input to young adult-born GCs during adult
neurogenesis (Chancey et al., 2014). In addition to direct
recruitment of inhibitory INs by MCs, it is likely that MC
activation suppresses anxiety through young adult-born
GC-mediated inhibition. Whether they are mediated by
different populations of inhibitory INs remains unclear. Further
studies are also needed to investigate whether prolonged MC
stimulation can further reduce anxiety through enhanced hip-
pocampal neurogenesis.
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Vector Laboratories
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Experimental models: organisms/strains
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C57BL/6JNarl
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University of Alabama
at Birmingham

National Laboratory Animal
Center (Taiwan)
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Stock# RMRC11005

Software and algorithms
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GraphPad Prism 6
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Python
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HBP Neuron Morphology Viewer
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Jupyter notebook
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1-site Fiber Photometry System Doric Cat# FPS_1S_405/GFP_400-0.57
Metal Fiber Optic Cannula Inper Cat# FOC-M-400-1.25-0.50-5.0
Fiberoptic Rotary Joint Doric Cat# FRJ_1x1_FC-FC

Optical Fiber Thorlabs Cat# FT200UMT

Multimode Ceramic Zirconia Ferrules
589 nm DPSS Laser System

The microsyringe pump

NanoFil 10 pL syringe

34G beveled NanoFil needle
Microtome

Microslicers

ELC Amplifier

MultiClamp 700B Microelectrode Amplifier
Digitizer

Single-Barrel Borosilicate Capillary
Glass with Microfilament
Borosilicate Glass with Filament

Precision Fiber Products
OEM Laser

Kd Scientific

World Precision Instruments
World Precision Instruments
Leica

Dosaka

npi electronic

Molecular Devices
Molecular Devices

A-M system

Harvard Apparatus

Cat# 165254857

Cat# MLG-F-589-50mW
Cat# KDS310

Cat# NANOFIL

Cat# NF34BV-2

Cat# SM2010R

Cat# DTK-1000

Cat# ELC-01MX

Cat# MULTICLAMP 700B
Cat# Digidata 1440A
Cat# 602000

Cat# GC150F-7.5

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Cheng-

Chang Lien (cclien@nycu.edu.tw).

Materials availability

This study did not generate any unique reagents.

Data and code availability

o All data reported in this paper will be shared by the lead contact upon request.

e This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal model

Crir-Cre mice (also known as C57BL/6N-Tg(Calcrl,cre)4688Nkza/J) were obtained from Dr. Kazu Nakazawa (Jinde et al., 2012).
C57BL/6J mice were obtained from Taiwan National Laboratory Animal Center. Both male and female mice (3-8 months old)
were used in the behavioral and electrophysiological studies. All mice were bred on a C57BL/6J background. Mice were housed
in areverse 12-h light-dark cycle and were provided food and water ad libitum. Animals were handled in accordance with the national
and institutional guidelines. All experimental protocols were approved by the Animal Care and Use Committee of the National Yang
Ming Chiao Tung University.

Fibromyalgia model

To establish the FM model, we followed the induction protocol described previously (Sharma et al., 2009; Sluka et al., 2001).
Two injections of acidic saline (20 pL/injection) were administered to the left gastrocnemius muscle on day 0 (baseline, [BL]) and
on day 3. The acidic saline containing 0.01 M 2-(N-Morpholino) ethanesulfonic acid was adjusted to pH 4.0. The pH value of normal
saline for sham group is 7.2.
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METHOD DETAILS

Viruses

In the chemogenetic experiment, we virally expressed excitatory or inhibitory designer receptors exclusively activated by designer
drugs (eDREADDs or iDREADDSs) on MCs specifically by injecting the rAAV5-hSyn-DIO-hM3D(Gg)-mCherry (7.8 x 10'2 vector ge-
nomes/mL; Addgene, Watertown, MA, USA) or rAAV5-hSyn-DIO-hM4D(Gi)-mCherry (4.7 x 102 vector genomes/mL; Addgene) into
the DG of Crir-Cre™’~ mice. In the control experiment, AAV5-hSyn-DIO-mCherry (4 x 10'2 vector genomes/mL; Addgene) and AAV5-
EF1a-DIO-eYFP (4.0 x 10'2 vector genomes/mL, UNC) were used. In the fiber photometry experiment, the AAV1-Syn-Flex-
GCaMP6s-WPRE-SV40 (2.9 x 10"® vector genomes/mL, Addgene) or AAV5-Syn-Flex-GCaMP6s-WPRE-SV40 (1.1 x 10'® vector
genomes/mL, Addgene) was used. In the optogenetic experiment, the AAV5-EF1a-DIO-hChR2(H134R)-eYFP (ChR2, 4.3 x 102 vec-
tor genomes/mL, University of North Carolina, Chapel Hill, NC, USA) and AAV5-EF14-DIO-eNPHR3.0-eYFP (NpHR, 4.0 x 10'2 vector
genomes/mL, UNC) were used.

Stereotaxic injection

Mice (postnatal day > 56) were anesthetized with 4% isoflurane (vol/vol; Halocarbon Laboratories, North Augusta, SC, USA) in a 100%
oxygen-containing induction chamber, and their heads were shaved for further operation. Mice were placed in a stereotaxic frame (IVM-
3000, Scientifica, Uckfield, UK). The faces of the mice were covered by anesthetizing masks, supplied with approximately 1.5% isoflur-
ane (airflow, 4 mL/min). A homeothermic pad (Physitemp Instruments, Clifton, NJ, USA, or TMP-5b, Supertech Instruments, Budapest,
Hungary) was placed below the mice to maintain a constant body temperature (34-36°C). After securing the head with ear bars, 75%
ethanol was used to sterilize the surgical area, and the eyes were protected using ophthalmic gel. A midline scalp incision (1 cm) was
made with scissors and the skin was pulled aside to expose the skull. To target hilar MCs in either the dorsal or ventral HPC, a small
craniotomy was made directly above the dorsal (AP: —1.7 mm, ML: + 1.0 mm, DV: —2.0 and —1.8 mm) or ventral DG (AP: —3.5 mm,
ML: + 2.8 mm, DV: —3.0 and —2.8 mm). The viruses were delivered through the craniotomy to the locations within the dorsal or ventral
DG, using a 10 uL NanoFil syringe (World Precision Instruments, Sarasota, FL, USA) and a 34-G beveled metal needle. Injection volume
(0.15 pL at each location) and flow rate (0.1 uL/min) were controlled with a nanopump controller (KD Scientific, Holliston, MA, USA). After
viral injection, the needle was raised 0.1 mm above the injection sites for an additional 10 min and then slowly withdrawn to minimize the
upward flow of the viral solution. After withdrawing the needle, the incision was closed by suturing, and the mice were returned to their
home cage for recovery. To reduce postoperative pain, ketorolac (6 mg/kg, i.p.) or carprofen (5 mg/kg, s.c.) was administered. All
animals were allowed to rest for at least 3—4 weeks before the behavioral and electrophysiological experiments.

Fiber optic implantation

To allow the expression of viruses, optical fiber implantation was performed 3—4 weeks after viral injection. In fiber photometry ex-
periments, a fiber-optic cannula (fiber core, 400 um; 0.5 NA; 5 mm length; FOC-M-400-1.25-0.50-5.0; Inper, Hangzhou, Zhejiang,
China) was implanted approximately 0.1 mm above the injection site and fixed with dental cement and Super-Bond C&B (Sun Med-
ical, Shiga, Japan) to the skull. In optogenetic experiments, the fiber-optic cannula which consisted of a ferrule (1.25-mm diameter
and 6.4-mm length; Precision Fiber Products, Milpitas, CA, USA) and an optical fiber with a flat tip (230-um diameter) was implanted
in the bilateral ventral DG at the following coordinates: (AP: —3.5 mm, ML: + 2.8 mm, DV: —2.5 or —2.6 mm), and fixed with dental
cement and Super-Bond C&B.

In vivo fiber photometry

After recovery from optical fiber implantation for 5-7 days, the mice were handled by the experimenter for 3-5 days and were habit-
uated to the fiber optic connection for 3-5 days. After habituation, mice were placed in the behavioral apparatus and joined to a fiber
photometry cannula holder for the measurement of calcium signals. Calcium signals were detected using an optical fiber photometry
setup (Figure 1C left, Doric Lenses, Quebec City, Quebec, Canada). Two excitation wavelengths, 405 and 465 nm, were used in this
system. The 405-nm wavelength (isosbestic point), which excited the auto-fluorescence, was reflected by the first dichroic mirror
and passed through the second dichroic mirror in a mini-cube (FMC4, Doric Lenses). The 465-nm wavelength, which excited the cal-
cium-dependent GCaMP fluorescence, passed through both the first and second dichroic mirrors. The emission wavelengths (500—
550 nm) from the activated GCaMP fluorescence and autofluorescence, were reflected by the second dichroic mirror and sent to the
detector port based on the different detection frequencies of two excitation wavelengths. The fluorescence signals were then trans-
mitted to a fluorescence detector amplifier for signal amplification. The acquired data were further transformed into normalized AF
(AF/F%) using the Doric Neuroscience Studio software. The AF/F% represented the percentage of fluorescence change, calculated
as 100% X (Faes(t) — Faos(t)/F40s(t) (Sengupta et al., 2018), where F405 indicated the baseline fluorescence excited by 405-nm light;
Fae5 indicated the calcium-dependent GCaMP fluorescence excited by 465-nm light and the t represented the time. Experiments
with either AAV1 or AAV5 yielded similar results (Figures S2A and S2B) and were therefore pooled.

Behavioral tests

After a 3-week recovery from surgery, mice were housed singly for at least 1 week (except for the acid-induced chronic pain model).
All mice used in the chemogenetic behavioral experiments were handled by an experimenter for 5-7 days before the behavioral tests.
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In fiber photometry and optogenetic experiments, mice were handled for 3-5 days, followed by optical tether habituation in the home
cage for 3 days. All behavioral tests were conducted during the light period of each cycle. Mice were moved to the behavioral room
with dim light for at least 30 min before either drug delivery or fiber-optic patch cord connection for habituation. In chemogenetic
experiments, mice expressing DREADD receptors or mCherry fluorescent protein were intraperitoneally injected with clozapine
N-oxide (CNO, 5 mg/kg, Sigma-Aldrich, St Louis, MO, USA) 40-50 min before the test session. The procedures of each behavioral
test were as follows:

(1) Elevated plus maze (EPM) and elevated zero maze (EZM) tests: The apparatus was made of white acrylic plastic with a plus or
zero shape. The plus shape of EPM consisted of two open arms (30 x 5 cm) and two closed arms (30 x 5 x 25 cm) extending
from the intersection zone (5 x 5 cm). The EZM was composed of two open areas and two closed areas. The outer diameter of
the EZM was 50 cm. The track width was 5 cm, and the wall height of the closed arm was 25 cm. Both EPM and EZM were
elevated 50 cm above the floor. In the chemogenetic experiments, mice were allowed to freely explore in the EPM for 10 min. In
fiber photometry experiments, mice freely explored the EPM and EZM for 10-15 min. In some experiments, mice spent an
additional 10 min in a modified EPM with three open arms after exploring for 10-15 min in the normal EPM. In optogenetic
experiments, mice freely explored the EZM for 15 min, and received alternating optogenetic stimulation (constant 589 nm laser
light, 6-10 mW, OEM Laser System, Midvale, UT, USA) for 3 min. The 589 nm light was delivered in the second and fourth
epochs. For the closed-loop NpHR silencing experiment in EPM, mice received the laser once located in the center and
the open arms of the EPM. Real-time video tracking and laser triggering was achieved using a SMART video tracking system
(Panlab, Barcelona, Spain). The recorded videos were analyzed by video tracking system at a frame rate of 29 frames per sec-
ond (EthoVision, Noldus, Wageningen, Netherlands). The heatmaps shown in Figures 1D and 1K represented the relative time
spent by each mouse in the arena of the EPM and EZM and were plotted by EthoVision software. The apparatus was
wiped with 75% ethanol after each trial. The data were excluded if the optical tether was twisted or stuck to the walls of
the EZM and EPM. In closed-loop EPM tests, data were excluded if the real-time detection system did not detect the mouse’s
location precisely.

Open field test (OFT): The OFT was performed in a transparent and square open-field chamber (24 x 24 cm?, Coulbourn In-
struments, Holliston, MA, USA). The center zone was defined as 15 x 15 cm at the center of the arena, and the rest of the
region of the arena was defined as the margin zone. Mice were placed at the center of the arena at the beginning and were
then allowed to explore freely for 15 min. The exploratory activity of the mice was detected by infrared beams equipped in
the open field chamber. The hardware detected beams broken when the mice went through. Therefore, the traveling tracks
and locations of mice can be determined by connecting the broken-point of infrared beams. The total travel distance indicated
the locomotion activity of the mice. The percentage of time spent in the center zone represented the anxiety index of the
mouse model. The chamber was cleaned with 75% ethanol after each trial to avoid odor cues.

Marble-burying test: Mice were individually placed into cages (12.5 x 28 x 13 cm) filled with 6-cm-deep clean bedding.
Twenty-four glass marbles (1.5-cm diameter) were spaced 4 cm apart on the surface of the bedding. Mice were initially placed
at the corner of the marble-containing cage and then left for 30 min. Marbles, which were more than two-thirds of their volume
covered by the bedding, were defined as buried marbles. In optogenetic experiments, the test session was composed of four
alternating light ON and OFF epochs, with a constant 589 nm laser beam (6-10 mW) delivered in the first and third epochs (light
ON, OFF, ON, OFF) (Lee et al., 2019). Each epoch was 5 min long and the test session lasted for 20 min. To prevent the mice
from escaping from the experimental cage, 25-cm plastic walls were placed above the edge of cage to extend the height of the
walls.

Von Frey test: Von Frey filaments were used to test the mechanical hyperalgesia of mice before and after pain induction. Mice
were subjected to an elevated apparatus with fencing. Different filaments were applied through the floor mesh to the plantar
surface of both hind paws. The mechanical sensitivity of each foot was quantified by the diameter of the thickest filament that
triggered the withdrawal behavior more than three times in five stimulations (Blackburn-Munro and Jensen, 2003; Hao et al.,
1999).

©

@

E

In vivo juxtacellular recording

Mice were anesthetized with 4% isoflurane during the induction period. The mice were placed onto the stereotaxic frame and anes-
thetized with 1%-1.5% isoflurane in 100% oxygen-containing airflow. The body temperature was maintained using a heating pad
(TMP-5b, Supertech Instruments, Budapest, Hungary). To implant the recording electrode, craniotomies were performed above
the DG and CA1 (dorsal, AP, —1.5 to —2.0 mm; ML, + 0.8 to 1.3 mm; ventral, AP, —3.2 to —3.5 mm; ML, 2.4 to 2.8 mm for DG;
ML, 3.3 to 3.6 mm for CA1). An optical fiber (200-um diameter) with a ferrule (1.25-mm diameter and 6.4-mm length) was positioned
70° to the surface and placed at the following coordinates: AP, —1.7 mm; ML, 1.5 mm and DV, 1.7 mm for the dorsal DG and AP,
—3.5 mm; ML, 3.3 mm and DV, 2.0 mm for the ventral DG. Activation of ChR2-expressing MCs was achieved by delivering blue light
through a 473-nm laser (OEM Laser Systems, Midvale, UT, USA) with 35-mW light intensity (Zucca et al., 2017). For juxtacellular
recording of neuronal firing, a single-barrel borosilicate capillary glass electrode (outer diameter, 1.2 mm; inner diameter,
0.68 mm; A-M system, Carlsborg, WA, USA) was filled with 1.5%-2% Neurobiotin (SP-1120, Vector Laboratories, Burlin-game,
CA, USA) in 0.5 M NaCl. The pipette impedance was between 5 and 12 MQ. Juxtacellular labeling was performed by injecting an
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anodal current pulse (0.5-10.0 nA, 200 ms) as previously described (Pinault, 1996). To monitor the sleeping state of mice under anes-
thesia, a pipette for local field potential recording was placed onto the layer | of the cortex filled with 0.5 M NaCl. Signals from the
pre-amplification headstage were amplified 1000-fold, and high-pass filtered at 1 Hz (ELC01-MX, NPI Electronic, Tamm, Germany).
Signals were band-pass filtered at 1 Hz to 5 kHz and sampled at 40 kHz by a digitizer (Digidata 1440A, Molecular Devices, San Jose,
CA, USA). Spikes were band-pass filtered at 300 Hz-5 kHz during signals acquisition (DPA-2FS, NPI Electronic).

Slice preparation and patch-clamp recording
After at least 3 weeks of recovery from surgery or all behavioral tests, virus-injected mice were sacrificed by rapid decapitation. Acute
coronal or horizontal brain slices of 300-um thickness were cut using a vibratome (DTK-1000; Dosaka, Kyoto, Japan) using ice-cold
sucrose saline containing (in mM) 87 NaCl, 25 NaHCO3, 1.25 NaH,PQO,, 2.5 KCI, 10 glucose, 75 sucrose, 0.5 CaCl,, and 7 MgCl,.
Slices were recovered in oxygenated (95% O, and 5% CO,) sucrose saline containing chamber at 34°C for 30 min and were then
kept at room temperature until use. During the experiment, slices were transferred to a submerged chamber and perfused with
oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 25 NaHCO3, 1.25 NaH,PO,, 2.5 KCI, 25 glucose,
2 CaCl,, and 1 MgCl,, at room temperature. The mCherry or eYFP expression was confirmed by red or green fluorescence and neu-
rons in the DG were visually selected for recordings under an infrared differential interference contrast microscope (BX51WI,
Olympus, Tokyo, Japan). For optical stimulation, ChR2-expressing and NpHR-expressing neurons were respectively excited by
470-nm and 590-nm LED light (driven by DC4104, Thorlabs, Newton, NJ, USA), which were delivered directly through the objective.
Whole-cell patch-clamp recordings were made using an Axopatch 200B amplifier or Multiclamp 700B amplifier (Molecular De-
vices, San Jose, CA, USA). Recording electrodes (3-7 MQ) were pulled from borosilicate glasses (outer diameter, 1.5 mm;
0.32 mm wall thickness; Harvard Apparatus, Holliston, MA, USA) and filled with a low CI™ internal solution containing (in mM):
136.8 K-gluconate, 7.2 KCI, 0.2 EGTA, 4 MgATP, 10 HEPES, 7 Nay-phosphocreatine, 0.5 NagGTP (pH 7.3 with KOH), and 0.4% bio-
cytin (wt/vol, Thermo Fisher Scientific, Waltham, MA, USA). The pipette capacitance was compensated in the cell-attached mode.
For most of the recordings, the series resistance was compensated to 70%-80% in the voltage-clamp configuration and 100% in the
current-clamp configuration. Signals were low-pass filtered at 4 kHz (four-pole Bessel filter) and sampled at 10 kHz using a digitizer
(Digidata 1440A). Pulse sequences were generated using a digitizer (Digidata 1440A) and pCLAMP 10.3 software (Molecular
Devices).

Solutions and drugs

In the behavioral tests, CNO was dissolved in 0.9% NaCl with 10% dimethyl sulfoxide (DMSO). The Veh control also contained 10%
DMSO in 0.9% NaCl solution. In the ex vivo slice recording, the following antagonists were added to the ACSF: 2 mM kynurenic acid
(Sigma-Aldrich) to block AMPA and NMDA receptors and 1 uM gabazine (Abcam, Cambridge, UK) to block GABAA receptors. To
activate DREADD receptors, 5 uM CNO was superfused to the bath.

Immunohistochemistry and histology

To identify the biocytin-filled neurons, brain slices were fixed overnight with 4% paraformaldehyde (PFA; w/v) in phosphate-buffered
saline (PBS). After washing three times with PBS, slices were soaked in 0.3% Triton X-100 (vol/vol; USB Co., Cleveland, OH, USA) for
30 min. The slices were then incubated with streptavidin-conjugated Alexa Fluor 488 or 594 (1:400; Thermo Fisher Scientific) in PBS
containing 0.3% Triton X-100 and 2% normal goat serum (NGS, Vector Laboratories, Burlin-game, CA, USA) at 4°C overnight. After
washing six times with PBS, slices were mounted onto slides using Vectashield mounting medium containing 4’,6-diamidino-2-
phenylindole (DAPI, H-1200, Vector Laboratories, Burlin-game, CA, USA).

For samples collected from the cryosections, mice were perfused with ice-cold PBS, followed by 4% PFA using the transcardial
procedure. The fixed brains were removed and post-fixed in 4% PFA for an additional 6 h or overnight. After dehydration with 15%
sucrose for 4 h, followed by 30% sucrose in PBS for 24 h, the fixed brains were sliced into 50-um coronal slices using a microtome
(SM2010R, Leica Microsystems, Buffalo Grove, IL, USA). Collected brain slices were washed with PBS and blocked with 0.3% Triton
X-100 for 30 min and 10% NGS for 2 h in PBS. The slices were then incubated overnight with 0.3% Triton X-100 and 5% NGS with a
primary antibody: GluR2/3 (1:200, AB1506, Millipore, Burlington, MA, USA) or anti-red fluorescent protein (1:300, rabbit monoclonal,
600-401-379S, Rockland, Limerick, PA, USA) at 4°C. After washing three times with PBS, the slices were incubated with secondary
antibodies against rabbit immonoglobulins for 2 h at room temperature. After washing six times with PBS, the slices were mounted
onto slides with DAPI-containing mounting medium.

To label the Neurobiotin-filled cells after juxtacellular recordings, mice were transcardially perfused as described above, and
60-um slices were collected. After washing, slices were incubated in streptavidin-conjugated Alexa Fluor 594 (1:1000; Thermo Fisher
Scientific) with 2% NGS in TBS containing 0.1% Triton X-100 at 4°C overnight or at room temperature for 2 h. Then, the stained brain
slices were scanned using a confocal/two-photon laser excitation microscope (Leica SP5 module, Leica Microsystems). Confocal
image stacks of labeled cells were reconstructed using Neuromantic 1.6.3 software (developed by Darren Myatt, University of
Reading, Berkshire, UK).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Electrophysiological data were analyzed using Clampfit 10.3 (Molecular Devices), or a custom-made program written in Python. In
order to classify the juxtacellularly recorded neurons, the spike half-width, which was defined as the duration of the waveform above
50% of the peak spike amplitude relative to the baseline, was calculated for each spike. Neurons with averaged spike half-width <
0.4 ms were defined as putative INs; otherwise, they were putative GCs. For fiber photometry, we first matched the time points of
Ca?* signals with behavioral time points, then averaged the 200 sample points (100 sample points before and 100 sample points after
the corresponding time points) of Ca2* signals for matched time points. To show the dependency of the Ca®* signals on the mouse
locations in the EPM or EZM, the trajectory of mouse was spatially binned by 0.35 x 0.35 cm? pixel areas, and the Ca®* signals were
averaged within each pixel in the whole experimental session (Figures 1F and 1M). To correlate the variations of the Ca* signals with
different types of arm transitions, unidirectional segments of the trajectories crossing the maze center and longer than 30 cm were
identified as qualified transitions in the EPM. The transitions were further categorized based on their starts and ends, that is, transi-
tions from an open arm to a closed arm (O—C), C— 0O, C—C, and O— O (Figure 1G). For EZM, mouse locations were further con-
verted into degrees, and the transition points were set at 45°, 135°, 225° and 315°. The trajectories crossing the transition points, and
encompassing more than 90 degrees were selected and the Ca®* signals at corresponding degrees were shown as color-coded
stripes (Figure 1N). The extracted segments of the trajectories in Figure 1N are labeled in degrees relative to the transition points.
To compare the distributions of the MC activity between the open and closed areas, the normalized Ca®* signals (AF/F%) were first
normalized to z-scores for each mouse. Then, the minimum and maximum values of the z-scores for all mice were determined and
used as the full range for binning. The same 250 bins of an equal size [(max_z-score - min_z-score)/250] were used for the binning of
all the probability distributions. The probability distributions of the z-scores from the open and closed areas were constructed sepa-
rately. For each area and at each bin, the means and standard deviations of the corresponding z-score proportions were calculated
across all mice (Figures 1H and 10).

Statistical significance was tested using the Wilcoxon-signed rank test and Mann-Whitney test at the indicated significance level
(p), or the two-way ANOVA with the Bonferroni test at the indicated significance level (z), using Prism 6.0 (GraphPad Software, La
Jolla, CA, USA).
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