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Abstract

Background—Dentate gyrus (DG), a “gate” that controls information flow into the
hippocampus, plays important roles in regulating both cognitive (e.g., spatial learning and
memory) and mood behaviors. Deficits in DG neurons contribute to the pathogenesis of not only
neurological, but also psychiatric, disorders, such as anxiety disorder. Whereas DG’s function in
spatial learning and memory has been extensively investigated, its role in regulating anxiety
remains elusive.

Methods—Using c-fos to mark DG neuron activation, we identified a group of embryonic born
dorsal DG (dDG) neurons, which were activated by anxiogenic stimuli and specifically express
osteocalcin (Ocn)-Cre. We further investigated their functions in regulating anxiety and the
underlying mechanisms by using a combination of chemogenetic, electrophysiological, and RNA-
seq methods.

Results—The Ocn-Cre* dDG neurons were highly active in response to anxiogenic environment,
but had lower excitability and less presynaptic inputs than those of Ocn-Cre™ or adult born dDG
neurons. Activating Ocn-Cre* dDG neurons suppressed anxiety-like behaviors and increased adult
DG neurogenesis, whereas ablating or chronic inhibiting Ocn-Cre* dDG neurons exacerbated
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anxiety-like behaviors, impaired adult DG neurogenesis, and abolished activity (e.g., voluntary
wheel running) induced anxiolytic effect and adult DG neurogenesis. RNA-seq screening for
factors induced by activation of Ocn-Cre* dDG neurons identified brain derived neurotrophic
factor (BDNF), which was required for Ocn-Cre* dDG neurons mediated anti-anxiety-like
behaviors and adult DG neurogenesis.

Conclusions—These results demonstrate critical functions of Ocn-Cre* dDG neurons in
suppressing anxiety-like behaviors, but promoting adult DG neurogenesis, and both functions are
likely through activation of BDNF.

Embryonic born DG neurons; Adult born DG neurons; Osteocalcin-Cre; Anxiety-like behaviors;
Adult hippocampal neurogenesis; BDNF

Introduction

Anxiety disorder, the most common symptom associated with many mental illnesses,
interferes with people’s daily activities. Although many anti-anxiety drugs have been used
clinically, they often have side effects and safety concerns (1,2). Thus, it remains of
considerable interest to investigate how to alleviate anxiety and improve mental health.
Abnormalities of hippocampal functions are frequently observed in patients with anxiety
disorder (3,4). Several lines of animal studies have implicated hippocampus and its
associated circuits in modulating anxiety-like behaviors (5-10). Silencing adult born dentate
gyrus (DG) neurons or activating mature ventral DG (vDG) neurons exacerbates stress-
induced anxiety-like behaviors (11), suggesting both groups of DG neurons in regulating
anxiety. However, the function of embryonic born dorsal DG (dDG) neurons in this event
remains unclear.

In rodents, DG is a “gate” for controlling information flow into the hippocampus. It receives
the information from entorhinal cortex (EC) (synapse 1), passes it to CA3 (synapse 2), and
then to CAL (synapse 3), so called tri-synaptic hippocampal circuit (12). It thus is of interest
to investigate how DG and its circuits are developed and functioned. The neural stem cells
(NSCs) deriving from embryonic dentate neuro-epithelium gradually migrate to the initial
DG area to generate neurons that compose the granular cell layer (GCL), as well as
accumulate and form a proliferative zone, so called sub-granular zone (SGZ), where
continuously gives rise to newborn dentate granule cells (DGCs) throughout life (13-16).
DG thus has different layer structures, containing heterogeneous groups of neurons with
different birthdays. Multiple functions of DGCs have been identified, including spatial
learning and memory, epilepsy, depression and anxiety (17-22). However, how these
different functions are achieved by the heterogeneous DGCs remains elusive.

Methods and Materials

Animals

Ocn-Cre (osteocalcin-Cre) mice were kindly provided by T. Clemens (Johns Hopkins
Medical School, Baltimore, MD) and X. Shi (Augusta University, Augusta, GA). All the
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experiments with animals were approved by the Institutional Animal Care and Use
Committee of Case Western Reserve University.

Detailed Methods and Materials regarding additional animals, reagents, electrophysiological
recordings, virus injections, behavioral tests and biochemical experiments are provided in
Supplemental information.

Selective activation of Ocn-Cre* dDGCs by anxiogenic stimuli

To understand how hippocampal neurons are involved in regulating anxiety, we first asked
which group(s) of hippocampal neurons are activated in mice following anxiogenic
stimulation. Mice were exposed to three established anxiety-like behavioral tests-open field
test (OFT), elevated plus maze test (EPMT), or light/dark transition test (LDT) for 10
minutes (min), 1-hour (h) later, their brain samples were collected and subjected to
immunostaining analysis using antibody against c-fos, an immediate early gene and a
marker for neuron activation (23)(Figure S1A). As shown in Figures S1B-S1F, the c-fos*
signal was detected at multiple brain regions including hippocampus and amygdala in
response to the three anxiogenic environments, as compared with that of control mice in
home cage. Interestingly, in hippocampus, DG, but not CA1, showed the increase of c-fos*
neurons (Figures S1B-S1E); the increase of c-fos* neurons in dDG was more dramatic than
that of vDG (Figures S1D and S1E); and the c-fos* dorsal DGCs (dDGCs) were largely
distributed at the outer layer (Figures S1D). Notice that mice undergoing the three
behavioral tests involve both locomotive activity and anxiogenic response. Thus, above
results suggest that the outer layer of dDGCs appeared to be more sensitive to anxiogenic/
locomotive environments than other hippocampal neurons, implicating them in regulating
anxiogenic/locomotive behaviors.

To investigate functions of the outer layer of dDGCs in regulating anxiogenic/locomotive
behaviors, we screened multiple Cre mouse lines in the lab for its selective expression in
these neurons. The Cre-lines, including NeuroD6-Cre, CaMKII-Cre, Pomc-Cre, Nestin-
CreER HSA-Cre, and Ocn-Cre mice, were crossed with Ai9 mice, a Cre reporter mouse line
(24), respectively. As shown in Figures 1A and 1B, both NeuroD6-Cre;Ai9 and CaMKI|I-
Cre;Ai9 mice showed high levels of tdTomato* signals not only in DG, but also in cortex,
CAs, thalamus and amygdala, in line with previous reports (25,26). The Pomc-Cre driven
tdTomato* neurons were selectively distributed in DG, however, they were barely distributed
in the outer layer of dDG, but largely in the SGZ and inner layer of dDG (Figure 1C), in
agreement with a previous report (27). Also as literature reports (28,29), the Nestin-

CreER: A9 mice (exposed to tamoxifen at age of P60, sacrificed at age of P90) showed
tdTomato* signal in NSCs and newborn neurons in the SGZ and inner layer of DG (Figure
1D); and the HSA-Cre;Ai9 mice expressed Cre/tdTomato specifically in skeletal muscles
(data not shown), but not in DG/hippocampus (Figure 1E). Unexpectedly, the Ocn-Cre;Ai9
mice, a Cre mouse line largely expressed in osteoblast-lineage cells (30), showed tdTomato
*/Cre™ signal in the brain (Figure 1F). Interestingly, the Cre* /tdTomato™ neurons in Ocn-
Cre;Ai9 mice was selectively distributed in the outer layer of DG, but not other
hippocampal/cortical neurons (Figure 1F). Remarkably, majority of Ocn-Cre* DGCs (~94 %
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of total Ocn-Cre* DGCs) were detected in dDG, representing ~33% of NeuN* dDGCs
(Figures S2A-S2F). In addition to dDGCs, the tdTomato™ signals in Ocn-Cre;Ai9 mice were
detected in olfactory bulb (OB), cerebellum, sub-ventricular zone (SVZ), and striatum
(Figure S2G). In line with previous report (30), the Ocn-Cre;Ai9 mice expressed Cre largely
in the bone, but weakly in other organs, including heart, kidney, spleen, lung and liver
(Figure S3). Taken together, these results suggest that Ocn-Cre may be a useful tool to
investigate the functions of the outer layer of dDGCs (Figures 1G and 1H).

Next, we determined if the Ocn-Cre* dDGCs are the major group of neurons responsible to
the anxiogenic or locomotive stimuli. To this end, the Ocn-Cre;Ai9 mice were exposed not
only to the OFT, EPMT or LDT as described in Figure S1A, but also to the three modified
tests with reduced anxiogenic factors by using a low-light (8-10 lux) in the OFT and LDT
and an enclosed EPM (four closed arms) (Figure 11). The anxiety effects were verified by
the measurement of plasma levels of corticosterone (a marker of anxiogenic stress) (31) at
30 min after the behavioral tests. The plasma corticosterone levels in anxiogenic mice were
much higher than that of mice exposed to non/mild anxiogenic/locomotive environments
(low-light in the OFT and LDT, enclosed EPM) (Figure S4), demonstrating the anxiety
induced by the anxiogenic stimuli. Co-immunostaining analysis showed increased c-fos*
dDGCs in all these mice exposed to the anxiogenic or non/mild anxiogenic/locomotive
stimuli, as compared with that of controls (Figures 11-1K), indicating that dDGCs are
sensitive to both types of stimuli. However, further analyses of the c-fos* signals in
tdTomato* dDGCs showed that more tdTomato* neurons were activated by the anxiogenic
stimuli than that by the non/mild anxiogenic/locomotive stimuli; majority (~70%) of the c-
fos* neurons were tdTomato* DGCs in mice exposed to the three anxiogenic environments,
whereas most (~80%) of the c-fos* DGCs were tdTomato~ when mice exposed to the non/
mild anxiogenic/locomotive stimuli (Figures 11-1K). Together, these results suggest that the
Ocn-Cre* dDGCs appear to be a major group of neurons to be activated by the anxiogenic
stimulation.

Suppression of anxiety-like behaviors by activating Ocn-Cre* dDGCs, whereas
exacerbation of anxiety-like behaviors by ablating or chronic inhibiting Ocn-Cre* dDGCs

We next examined Ocn-Cre* dDGCs’ function in regulating anxiety-like behaviors. We took
advantage of DREADD (designer receptors exclusively activated by designer drugs)
chemogenetic method to activate Ocn-Cre* dDGCs. As shown in Figure 2A, AAV5-DIO-
hM3Dg-mCherry (hM3Dq) or control viruses (AAV5-DIO-mCherry) were bilaterally
injected into dDGs of Ocn-Cre mice at 6-week-old. 2 weeks later, mice were treated with
CNO (2mg/kg) for 1h and subjected to behavioral tests. As expected, c-fos level was
significantly increased in hM3Dq expressing Ocn-Cre* dDGCs after CNO treatment as
compared with that of controls (Figure S5). However, OFT showed that both total distance
and center duration time were comparable in Ocn-Cre+hM3Dg+CNO mice to those of
control mice (Figure 2B), suggesting that activating Ocn-Cre* dDGCs has little effect on
locomotor and exploratory activity. In contrast, EPMT showed increases in the open arm
duration time and entries in Ocn-Cre+hM3Dg+CNO mice compared to that of controls
(Figure 2C), suggesting that activating Ocn-Cre* dDGCs may suppress anxiety-like
behavior. This view was further confirmed by LDT, which showed increased time in light
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room and transition numbers after activating Ocn-Cre* dDGCs (Figure 2D). Notice that this
anti-anxiety effect was mediated by Ocn-Cre* dDGCs, but not by Ocn-Cre* OB or
cerebellum neurons, as activating Ocn-Cre* neurons in OB or cerebellum has little effect on
anxiety-like behaviors (Figure S6).

We then asked whether Ocn-Cre* dDGCs were required for regulating anxiety-like
behaviors. A Cre-dependent diphtheria toxin AAV (DTA) was bilaterally injected into dDGs
of Ocn-Cre mice at 6-week-old to deplete Ocn-Cre* dDGCs. 4 weeks later, behavioral tests
(e.g. OFT, EPMT and LDT) were performed (Figure 2E). As reported (32), DTA ablated
~80% of Ocn-Cre* dDGCs (Ocn-GFP™) in Ocn-Cre;Ai3 mice compared to those injected
with control viruses (Figure S7). Indeed, depletion of Ocn-Cre* dDGCs exacerbated
anxiety-like behaviors as compared with that of control mice (Figures 2F-2H). In addition,
ablating Ocn-Cre* dDGCs abolished activity (e.g., voluntary wheel running) induced anti-
anxiety-like behaviors (Figures 21-2K).

We further asked whether inhibiting Ocn-Cre* dDGCs affects anxiety-like behaviors by use
of AAV5-DIO-hM4Di-mCherry (hM4Di), which expresses a double floxed Gi-coupled
hM4D DREADD fused with mCherry (Figure S8A). Upon single CNO treatment, the
excitability of Ocn-Cre* dDGCs was reduced in Ocn-Cre+hM4Di mice as compared with
that in Ocn-Cre+mCherry mice (Figures SBA-S8C). However, little change in anxiety-like
behaviors was observed in Ocn-Cre+hM4Di mice (Figures S8D-S8G). But, inhibition of the
Ocn-Cre* dDGCs for 4 weeks by chronic CNO treatment (delivered in drinking water) did
exacerbate the anxiety-like behaviors as compared with that of controls, and abolished
activity (e.g., voluntary wheel running) induced anti-anxiety-like behaviors in EPMT
(Figures S8H-S81). Together, these results support the view for a crucial role of Ocn-Cre*
dDGCs in suppressing anxiety-like behaviors.

Distinct electrophysiological properties between Ocn-Cre* and Ocn-Cre” dDGCs

Given the different response in c-fos between Ocn-Cre* and Ocn-Cre~ dDGCs to the
anxiogenic stimuli (Figures 11-1K), we asked whether Ocn-Cre* dDGCs exhibit distinct
electrical characteristics. To this end, ePhys-recordings were used to examine their intrinsic
electrophysiological properties. As shown in Figures 3A and 3B, Ocn-Cre* dDGCs
displayed comparable resting membrane potential (RMP) with that of neighboring Ocn-Cre™
dDGCs. However, the frequency of action potential (AP) was lower in Ocn-Cre* dDGCs
than that of Ocn-Cre™ dDGCs (Figures 3C and 3D). With a 100-pA depolarizing current
ramp injection, decreased AP numbers and increased rheobase were observed in Ocn-Cre*
dDGCs compared to those of Ocn-Cre™ dDGCs (Figures 3E-3G), indicating a lower
excitability in Ocn-Cre* dDGCs than that of Ocn-Cre~ dDGCs.

Ocn-Cre* dDGCs largely born at embryonic age

Notice that Ocn-Cre™ dDGCs were not overlapped with retrovirus-GFP labeled newborn
dDGCs, and exhibited shorter dendritic length and more primary dendrites than those of
adult born dDGCs, suggesting that they may have different birthdays (Figure S9). To test
this view, we performed label-retaining birth-dating experiment to determine the timing of
Ocn-Cre* dDGCs’ generation. First, Ocn-Cre;Ai9 mice at ages of P14 to P21 were daily
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injected with 5-bromo-2’-deoxyuridine (BrdU), and sacrificed at three different ages (at P30,
P60, or P120) (Figure 4A). Co-immunostaining analysis showed that BrdU™ cells were
mostly found in the SGZ and inner layer of DG, with a few positive cells in the outer layer,
which were largely negative for tdTomato/Ocn-Cre (<2% of tdTomato* cells were BrdU™)
(Figures 4B—4D), suggesting that few of Ocn-Cre* dDGCs were born during juvenile age.
Second, to determine whether Ocn-Cre* dDGCs were generated at earlier ages, we
performed a double tracing experiment by daily injections of BrdU at E15.5 to E18.5, and
daily injections of 5-ethynyl-2’-deoxyuridine (EdU) at P7 to P10, into Ocn-Cre;Ai9 mice. At
P40, mice were sacrificed for analysis (Figure 4E). Interestingly, embryonically injected
BrdU marked ~65% of Ocn-Cre* dDGCs, whereas only 1.5% of Ocn-Cre* dDGCs were
EdU™* (Figures 4F—4H). Third, we performed a saturate EdU labeling (50mg/kg body
weight, 1time/12h) of proliferating cells from E14.5 to E18.5, which showed >80% of Ocn-
Cre* dDGCs are EdU*, accounting for ~40% of EdU* newly born dDGCs during this period
(Figure 41-4K). Together, these results suggest that Ocn-Cre* dDGCs are largely born at
embryonic stages (Figure 4L).

Less synaptic inputs in Ocn-Cre* dDGCs than that of adult born dDGCs

We next applied a pseudotyped rabies virus-based retrograde monosynaptic tracing method
to compare the presynaptic inputs between Ocn-Cre* dDGCs and adult newborn dDGCs. As
shown in Figure 5A, Ocn-Cre* dDGCs and adult newborn dDGCs were labeled by injection
of AAV1-EFla-FLEX-GTB and RV-Syn-GTRgp viruses to express avian tumor virus
receptor A (TVA) receptor and Rgp at the age of 9-week and 6-week old, respectively. At
11-week, EnvA-ARgp-mCherry rabies viruses were injected into the same position to infect
TVA* neurons. The brain sections were collected at the age of 12-week to analyze the
presynaptic inputs from different brain regions. Interestingly, whereas “starter cells” (GFP
*:mCherry™) in Ocn-Cre* dDGCs were more than that in newborn dDGCs, the number of
input cells (mCherry*) and input ratio (mCherry*/GFP*;mCherry*) in Ocn-Cre* dDGCs
were less than those of newborn dDGCs (Figure S10), suggesting a less presynaptic
connectivity in Ocn-Cre* dDGCs. Further analysis showed that Ocn-Cre* dDGCs received
less presynaptic inputs than that of newborn dDGCs from multiple brain regions, including
GCL, Hilus, molecular layer (ML), CAs, entorhinal cortex (EC) and medial septal (MS)
(Figures 5B and 5C). Intriguingly, the Ocn-Cre* dDGCs mainly received inputs from local
cells in GCL and projection neurons in EC, whereas newborn dDGCs received relatively
balanced inputs from ML, Hilus, GCL and EC (Figure 5D). Moreover, among the local
presynaptic inputs (mCherry*) in DG area, more CaMKII*;mCherry* excitatory neurons,
comparable PV*;mCherry™ interneurons, but less DCX*;mCherry* immature neurons were
observed in Ocn-Cre* dDGCs than those of newborn dDGCs (Figures 5E-5G). Together,
these results suggest that Ocn-Cre* dDGCs receive less presynaptic inputs than that of
newborn dDGCs, with a distinct ratio of presynaptic inputs from different cell types in DG
as compared with that of newborn dDGCs.

Increased adult DG neurogenesis by activating Ocn-Cre* dDGCs, whereas decreased adult
DG neurogenesis by ablating or inhibting Ocn-Cre™ dDGCs

Given the interaction between embryonic born and newborn dDGCs, we asked whether Ocn-
Cre* dDGCs regulate adult DG neurogenesis. To this end, the Ocn-Cre mice injected with
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mCherry or hM3Dq viruses in dDG at 6-week-old, and treated with CNO (2mg/kg) at 8-
week-old for 1 h, were injected with BrdU (1 time/4 h, 4x). Mice were sacrificed 12 h or 1-
week post the last BrdU injection (Figure 6A). Interestingly, increases in BrdU* cells,
Mcm2* transient amplifying NSCs/NPCs, and DCX* immature neurons were all detected in
dDG of Ocn-Cre+hM3Dg+CNO mice as compared with those of controls (Figures 6B and
6C), suggesting that activation of Ocn-Cre* dDGCs promotes adult DG neurogenesis.

Next, we determined whether Ocn-Cre* dDGCs are required for adult DG neurogenesis. To
this end, the Ocn-Cre mice injected with control or DTA viruses into dDG (at age of 6-
week-old) and BrdU (1 time/4 h, 4 x) (at age of 10-week-old) were sacrificed 12 h post last
BrdU injection (Figure 6D). The density of BrdU™* cells, Mcm2* transient amplifying NSCs/
NPCs, and DCX* immature neurons were all lower in dDG of Ocn-Cre+DTA mice than
those of controls (Figures 6E and 6F), demonstrating a necessity of Ocn-Cre™ dDGCs for
adult DG neurogenesis. In further supporting this view was the observation that the acute
inhibition of Ocn-Cre* dDGCs in Ocn-Cre+hM4Di+CNO mice reduced adult DG
neurogenesis as compared with that in Ocn-Cre+mCherry+CNO mice (Figures S11A-
S11C).

Given that activity (e.g., voluntary wheel running) promotes adult DG neurogenesis (33,34),
and voluntary wheel running mainly activates excitatory neurons rather than GABAergic
interneurons in DG (35), we asked whether Ocn-Cre* dDGCs are required for this event.
The Ocn-Cre mice injected with control or DTA viruses were given the access to voluntary
wheel running for 1 week (Figure 6G). Whereas control mice after voluntary wheel running
showed elevated DG neurogenesis, mice with depletion of Ocn-Cre* dDGCs (by DTA)
exhibited little to no change in BrdU™ cell density and DCX* neuron density with or without
voluntary wheel running (Figures 6H and 61). Furthermore, inhibiting Ocn-Cre* dDGCs (by
hM4Di+CNO) abolished activity induced adult DG neurogenesis (Figures S11D-S11F).
These results thus demonstrate a critical role of Ocn-Cre* dDGCs in activity induced adult
DG neurogenesis.

Ocn-Cre* dDGCs, a key cellular source for activity induced hippocampal BDNF

To investigate mechanisms by which Ocn-Cre* dDGCs suppress anxiety-like behaviors and
promote adult DG neurogenesis, we performed RNA-seq analysis to identify differentially
expressed genes in hippocampus of Ocn-Cre+mCherry+CNO and Ocn-Cre+hM3Dg+CNO
mice (Figure 7A). As shown in Table S1, the acute activation of Ocn-Cre* dDGCs led to 366
upregulated and 344 downregulated genes as compared with controls. Further analysis of
these genes showed that in addition to immediate early genes (e.g., fos, Arc), one of the
most upregulated genes is brain derived neurotrophic factor (BDNF) (Figures 7B and 7C), a
factor known to be critical for anti-anxiety-like behaviors and promoting adult DG
neurogenesis (36—-38). The BDNF-increase in hippocampus of Ocn-Cre+hM3Dg+CNO mice
was further confirmed by RNA scope, RT-PCR, and Western blot analyses (Figures 7D and
7E, S12A and S12B). Additionally, the level of phosphorylated TrkB (p-TrkB), a down-
stream signaling induced by BDNF, was significantly increased in the SGZ region of dDG
upon activation of Ocn-Cre* dDGCs (Figures S12C and S12D). Moreover, the downstream
signaling pathway of BDNF-TrkB, phospho-Akt2/3/3 (p-Akt2/3/3), but not phospho-Erk2/3
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(p-Erk2/3), was increased after activating Ocn-Cre™ dDGCs (Figures S12E and S12F). Thus,
these results lead to the hypothesis that Ocn-Cre* dDGCs regulate anxiety-like behaviors
and adult DG neurogenesis likely by BDNF pathway.

We next asked whether Ocn-Cre* dDGCs are required for activity (e.g., voluntary wheel
running) induced BDNF-increase in hippocampus. The hippocampal sections from Ocn-Cre
mice injected with control or DTA viruses were subjected to RNA-scope analysis of BDNF.
BDNF mRNAs in hippocampus, including DG, CA1 and CA3, were elevated in control
mice after voluntary wheel running (Figures 7F-7H), in line with previous reports (39,40).
However, the BDNF-increase was abolished in DTA expressing/Ocn-Cret dDGCs depleted
mice (Figures 7F—7H). Furthermore, the activity-induced BDNF-increase was impaired after
inhibiting Ocn-Cre* dDGCs (by hM4Di+CNO) (Figure S13). These results thus demonstrate
the necessity of activation of Ocn-Cre™ dDGCs for activity-induced BDNF expression.

Requirement of BDNF in hippocampus for Ocn-Cre* dDGC induced anti-anxiety and adult
DG neurogenesis

To determine if BDNF is required for activating Ocn-Cre* dDGCs induced anti-anxiety and
adult DG neurogenesis, BDNF expression in hippocampus was knocked down by injecting
lentiviral particles encoding BDNF-shRNA for 2 weeks (Figure 8A). As expected, the
hippocampal BDNF expression was increased in Ocn-Cre+hM3Dg+scramble-shRNA+CNO
mice, but not in Ocn-Cre+hM3Dg+BDNF-shRNA+CNO mice (Figure 8B). EPMT and LDT
showed that decreases of anxiety-like behaviors in both Ocn-Cre+hM3Dq and Ocn-Cre
+hM3Dg+scramble-shRNA mice after CNO treatment (Figures 8C-8E). However,
suppressing BDNF expression abolished these anti-anxiety-like responses (Figures 8C-8E),
suggesting that the BDNF-increase in hippocampus mediates the activation of Ocn-Cre*
dDGCs induced anxiolytic effect.

Next, we examined adult DG neurogenesis by immunostaining analyses of BrdU* and DCX
* cell densities (Figures 8F and 8G). In comparison with the control mice, both BrdU™ cells
and DCX* immature neurons were increased in Ocn-Cre+hM3Dg+CNO and Ocn-Cre
+hM3Dg+scramble-shRNA+CNO mice, but not in Ocn-Cre+hM3Dg+BDNF-shRNA+CNO
mice (Figure 8H), suggesting a necessity of BDNF for activating Ocn-Cre* dDGCs induced
adult DG neurogenesis. Furthermore, knocking down BDNF in hippocampus abolished the
increase of p-TrkB and p-Akt2/3/3 induced by activation of Ocn-Cre* dDGCs (Figure S14),
suggesting that TrkB-Akt signaling may be a critical pathway to underlie BDNF-induced
adult DG neurogenesis in Ocn-Cre+hM3Dg+CNO mice.

Taken together, these results demonstrate that both the anti-anxiety like behaviors and adult
DG neurogenesis induced by activation of Ocn-Cre* dDGCs are likely mediated by the
increase of hippocampal BDNF expression (Figure 81).

Discussion

Here, we identified the Ocn-Cre mouse line, not only marks osteoblast-lineage cells, but also
selectively labels the embryonic born dDGCs. Using this mouse line, we have found that the
embryonic born Ocn-Cre*™ dDGCs play critical roles in preventing anxiety-like behaviors
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and in increasing adult DG neurogenesis. Both functions appear to be mediated by the
activity-induced BDNF expression in these neurons.

To study DG’s function, multiple Cre lines have been used, including NeuroD6-Cre,
CaMKII-Cre, Pomc-Cre, and Nestin-CreER (41-44). Among these Cre lines, Pomc-Cre is
known to selectively express Cre in DG, however, it mainly labels postnatal newborn DGCs
(27). Our studies identify Ocn-Cre to be selectively expressed in the outer layer of DG,
suggesting that Ocn-Cre could be a new tool in investigating dDGCs’ function (Figures 1F
and S2). However, it needs to be cautious to make any conclusion regarding Ocn-Cre*
dDGCs’ function, because Ocn-Cre is also highly expressed in osteoblast lineage cells
(30,45,46), as well as non-osteoblastic cells, such as CAR cells (47).

Our results that the embryonic born Ocn-Cre* dDGCs exhibit distinct features from those of
adult born dDGCs (Figures 1D and 1F, 3, 5 and S9D-S9G) support the “outside-in” DG
layering pattern (48), and in line with the view for neuron birthdate could determine the
intrinsic properties of DGCs, including neuronal morphology, excitability and connectivity
(49-51). Interestingly, while Ocn-Cre* dDGCs have lower excitability and receive less
presynaptic inputs than those of Ocn-Cre™ or adult newborn dDGCs, they are more sensitive
than adult born or Ocn-Cre™ dDGCs in respond to the anxiogenic stimuli (Figures 11-1K),
implicating that their circuitry might be more sensitive to the anxiogenic stimuli. Notice the
report that the adult born DGCs are activated during learning a novel task; the
developmental born DGCs are activated for discriminating dissimilar contexts (52). Our
results that dDGCs in the suprapyramidal blade are activated by the anxiogenic stimuli
(Figure S1B) are also in line with the report that DGCs in the suprapyramidal blade often
show a higher neuronal activity than that in the infrapyramidal blade (53). These
observations support the view that DG neurons with different birthdays could have distinct
functions.

Several lines of evidence suggest that the Ocn-Cre* dDGCs play important roles in
suppressing anxiety-like behaviors. First, Ocn-Cre* dDGCs were selectively activated by
anxiogenic stimuli, but not non/mild anxiogenic environments (Figures 11-1K). Second,
activating Ocn-Cre* dDGCs suppressed anxiety-like behaviors, whereas ablating or chronic
inhibiting Ocn-Cre* dDGCs exacerbated anxiety-like behaviors (Figures 2A-2H, S8H-S8J).
Third, ablating or chronic inhibiting Ocn-Cre* dDGCs abolished activity (e.g., voluntary
wheel running) induced anti-anxiety-like behaviors (Figures 21-2K, S8H-S8J). Additionally,
Ocn-Cre* dDGCs play a critical role in adult DG neurogenesis (Figures 6 and S11), an event
associated with mood regulation, including anxiety (54,55). Because there are controversial
reports regarding new born neurons’ function in regulating anxiety (55-58), and the anti-
anxiety-like behavior by activating Ocn-Cre* dDGCs appears to be a quick response
(Figures 2A-2D), we speculate that this Ocn-Cre* dDGCs’ function may be not due to the
increase of adult newborn neurons, and both functions (anti-anxiety and increase of adult
DG neurogenesis) by Ocn-Cre* dDGCs may be through two parallel pathways. Notice the
reports that optogenetic activation of Pomc-Cre™ DGCs in dDG or vDG suppresses anxiety-
like behaviors, but Pomc-Cret dDGCs are more likely to drive exploratory behavior (59);
activating newborn neurons suppresses depression and anxiety-like behaviors in baseline
conditions (60) and inhibiting adult-born neurons in the vDG promotes susceptibility to
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social defeat stress (11). Our results are in line with these observations, suggesting that
different groups of DGCs could be activated by different conditions and thus contribute to
the distinct anti-anxiety functions.

How does activation of Ocn-Cre* dDGCs mediate anti-anxiety like behaviors and promote
adult DG neurogenesis? Our results suggest that BDNF is a critical mediator for both events.
BDNF mRNA and protein levels in hippocampus are rapidly increased following the
activation of Ocn-Cre* dDGCs (Figures 7A-7E, S12A-S12B). BDNF induced signaling
(e.g., p-TrkB and p-Akt) is elevated in the DG after activation of Ocn-Cre* dDGCs (Figures
S12C-12F). Knocking down BDNF expression in hippocampus abolished activation of Ocn-
Cre* dDGCs induced both functions of anti-anxiety and promotion of adult DG
neurogenesis, and BDNF signaling (increases in p-TrkB and p-Akt) (Figures 8 and S14).
These observations are in line with the literature reports that BDNF, a neuronal activity
induced immediate early gene (61), plays a crucial role in promoting adult DG neurogenesis
and preventing anxiety disorders (36,37,62).

In summary, our results provide evidence for Ocn-Cre as a new tool to investigate the
functions of embryonic born dDGCs. These Ocn-Cre* dDGCs exhibit distinct
morphological and electrophysiological features, and play essential roles in neuronal activity
induced BDNF expression, anti-anxiety-like behaviors, and adult DG neurogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Screening for Cre lines that are positive in DGCs and responsive to anxiogenic
environment

(A-F) Co-immunostaining analysis of NeuN (green) and Td (red) in brain sections from
indicated mouse lines. A, Neurod6-Cre;Ai9 mouse; B, CamKII-Cre;Ai9 mouse; C, Pomc-
Cre;Ai9 mouse; D, Nestin-CreER: Ai9 mouse. Arrows indicate GFAP* (white) radial glia-like
stem cells; E, HSA-Cre;Ai9 mouse; F, Ocn-Cre;Ai9 mouse. Higher magnification of the
selected region in DG was shown beside each image. DAPI (blue) indicates cell nucleus.
Scale bar = 100 pm.

(G) Schematic drawing shows the structure of adult mouse hippocampus, and the selected
regions of CA1 and dDG were amplified.

(H) Summary of Cre expression in CA neurons of indicated mouse lines, and quantification
of the percentage of Td* neurons in different layers of dDG.

(1) Schematic diagram of behavioral tests in Ocn-Cre;Ai9 mice.
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(J) Co-immunostaining analysis of c-fos (green) and Td (red) in dDG. DAPI (blue) indicates
cell nucleus. Scale bar = 50 um.

(K) Quantifications of the data in (J), the c-fos™ cell density (left), the percentage of c-fos
+Td*/Td* cells (middle) and the percentage of c-fos*;Td*/c-fos™ cells (right). n=4 for each
group of mice. *p < 0.05; **p < 0.01; ***p < 0.001. One-way ANOVA followed by Tukey’s
post hoc test.

Data in (H and K) are presented as the mean £ SEM.
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Figure 2. Suppression of anxiety-like behaviors by activating Ocn-Cre* dDGCs, whereas
exacerbation of anxiety-like behaviors by ablating Ocn-Cre™ dDGCs

(A) Schematic diagram of experimental design for behavioral tests in Ocn-Cre mice injected
with AAV5-DIO-hM3Dg-mCherry or AAV5-DIO-mCherry. AAV5-DIO-hM3Dg-mCherry
(hM3Dq) is a double floxed Gg-coupled hM3D DREADD AAV-virus, which expresses
human synapsin promoter driven, Cre-dependent, hM3D(Gq) receptor with mCherry
reporter. AAV5-DIO-mCherry (mCherry) is control.

(B) Representative tracing images and quantifications of total distance and center duration
time in the OFT of Ocn-Cre+mCherry (n=13) and Ocn-Cre+hM3Dq (n=13) mice after CNO
treatment.

(C) Representative tracing images and quantifications of open arm duration time and entries
in the EMPT of Ocn-Cre+mCherry (n=15) and Ocn-Cre+hM3Dq (n=15) mice after CNO
treatment. ***p < 0.001. Student’s #test.

(D) Quantifications of the time in the light room and the number of transitions into the light
room of Ocn-Cre+mCherry (n=13) and Ocn-Cre+hM3Dq (n=13) mice after CNO treatment.
*p < 0.05; **p < 0.01. Student’s £test.

(E) Schematic diagram of experimental design for behavioral tests in Ocn-Cre mice injected
with Con or DTA viruses.

(F) Representative tracing images and quantifications of total distance and center duration
time in the OFT of Ocn-Cre+Con (n=10) and Ocn-Cre+DTA (n=12) mice. ***p < 0.001.
Student’s #test.
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(G) Representative tracing images and quantifications of open arm duration time and entries
in the EMPT of Ocn-Cre+Con (n=10) and Ocn-Cre+DTA (n=12) mice. ***p < 0.001.
Student’s #test.

(H) Quantifications of the time in the light room and the number of transitions into the light
room of Ocn-Cre+Con (n=10) and Ocn-Cre+DTA (n=12) mice. ***p < 0.001. Student’s #
test.

(1) Schematic diagram of virus injections (control viruses or DTA) in Ocn-Cre mice and
voluntary wheel running for behavioral test.

(J-K) Representative tracing images and quantifications of open arm duration time and
entries in the EMPT of Ocn-Cre+Con and Ocn-Cre+DTA mice with or without running.
Ocn-Cre+Con (n=10); Ocn-Cre+DTA (n=9); Ocn-Cre+Con+running (n=8); Ocn-Cre+DTA
+running (n=10). *p < 0.05; **p < 0.01. Two-way ANOVA test for open arm time,
interaction: F(y, 33)=4.413, p=0.0434; running factor: Fy, 33)=4.145, p=0.0499; virus factor:
F(1, 33)=40.88, p<0.0001. Two-way ANOVA test for open arm entries, interaction:
F(1,33)=6.598, p=0.0149; running factor: F(y, 33)=7.376, p=0.0104; virus factor:

F(]_’ 33):43.9, p<0.0001.

Data in (B-D, F-H and K) are presented as the mean £ SEM.
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Figure 3. Lower excitability in Ocn-Cre* dDGCs than that of neighboring Ocn-Cre™ dDGCs
(A) Schematic diagram of electrophysiological recordings in Ocn-Cre* and neighbor Ocn-

Cre™ dDGCs.

(B) Recordings of resting membrane potential (RMP) in Ocn-Cre* (n=12) and neighbor

Ocn-Cre™ (n=11) dDGCs.

S ——
Ocn-Td" Ocn-Td*

(C) Representative action potential firing in DGCs evoked by a 100-pA depolarizing current

pulse injection. Scale bar: 300 ms, 30 mV.

(D) Quantification of the mean frequency of action potential (AP) in response to different
injected currents; n = 11 neurons in each group. *p < 0.05, **p < 0.01. Two-way ANOVA,
interaction: Fg, 200)=1.946, p=0.0475; injected currents factor: F(g 200)=89.75, p<0.0001;
genotype factor: F(1, 200)=40.52, p<0.0001.
(E) Representative action potential firing in DGCs evoked by a 100-pA depolarizing current

ramp injection. Scale bar: 300 ms, 40 mV.

(F and G) Quantifications of AP numbers (F) and rheobase (G) in Ocn-Cre* (n=11) and
Ocn-Cre™ (n=11) dDGCs following a 100-pA depolarizing current ramp injection. *p < 0.05.

Student’s #test.

Data in (B, D, F and G) are represented as the mean + SEM.
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Figure 4. Ocn-Cre* DGCs largely born in embryonic stages
(A) Schematic diagram of daily BrdU injections (P14-P21) and brains collection at indicated

time.

(B) Co-immunostaining of BrdU (green) and Td (red) at indicated time in dDG. DAPI (blue)
was stained for cell nucleus. Scale bar = 50um.

(C) Quantification of the data in (B), the percentage of BrdU™* cells in different layers of
dDG over total BrdU* cells. n=>5 in each group.

(D) Quantification of the data in (B), the percentage of BrdU*;Td* cells over total Td* cells.
n=5 in each group.

(E) Schematic diagram of daily BrdU injections (E15.5 to E18.5) and daily EdU injections
(P7 to P10) and brains collection at P40.

(F) Co-staining analysis of BrdU (green), Td (red), EAU (white) and DAPI (blue) in DG.
Scale bar = 50um. BrdU was detected immunochemically by using anti-BrdU antibody; EdU
was detected by chemical staining with fluorescent dye.

(G) Quantification of the data in (F), the percentage of BrdU* cells and EdU™ cells in
different layers of dDG over total BrdU* cells and EAU™* cells, respectively. n=5 in each
group.

(H) Quantification of the percentage of BrdU*(EdU*); Td* cells over total Td* cells in F.
n=5 in each group. ***p < 0.001. Student’s £test.

(I) Schematic diagram of EdU injections (E14.5 to E18.5, 1 time/12h) and brains collection
at P30.

(J) Co-staining analysis of EdU (green), Td (red) and DAPI (blue) in DG. Scale bar = 50um.
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(K) Quantification of the data in (J), the percentage of EAU*;Td* cells over total Td* cells
(top) and the percentage of EdU*;Td* cells over total EAU* cells (bottom). n=4 mice.

(L) A summary of the Ocn-Cre* dDGCs generation throughout life.

Data in (C, D, G, H and L) are presented as the mean = SEM.
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Figure 5. Less presynaptic inputs to Ocn-Cre* dDGCs than that of newborn dDGCs
(A) Schematic illustration of pseudotyped rabies virus-mediated monosynaptic retrograde

tracing method. GFP*;mCherry™ (yellow) cells indicate “Starter” cells and mCherry* (red)
cells indicate input cells.

(B) Representative image of input cells and starter cells in different brain regions. Granule
cell layer (GCL); Molecular layer (ML); Entorhinal cortex (EC); Medial septal (MS). Scale
bar =50 um.

(C) Quantification of the data in (B), the connectivity ratio (input cells over starter cells). *P
<0.05; **P <0.01. Student’s #test. n=4 in each group.

(D) Quantification of the data in (B), the percentage of connectivity ratio from different
brain regions.

(E) Co-immunostaining analyses of input cells (mCherry) with CaMKI|I, PV or DCX in DG.
DAPI (blue) marks cell nucleus. White arrows indicate marker*;mCherry* cells. Scale bar =
30 pum.
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(F) Quantification of the data in (E), the percentage of CaMKII*;mCherry*, PV*;mCherry*
or DCX*;mCherry™* cells over mCherry* cells. *P < 0.05; **P < 0.01. Student’s t-test. n=3 in
each group.

(G) Nlustration of the model of the presynaptic connectivity of Ocn-Cre* dDGCs and
newborn dDGCs.

Data in (C and F) are presented as the mean + SEM.
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Figure 6. Increased adult DG neurogenesis by activating Ocn-Cre* dDGCs, whereas decreased
adult DG neurogenesis by ablating Ocn-Cre* dDGCs

(A) Schematic diagram of experimental design for analysis of adult DG neurogenesis
following activating Ocn-Cre* dDGCs.

(B) Representative images of BrdU (green), Mcm2 (red) and DCX (white) in Ocn-Cre
+mCherry+CNO and Ocn-Cre+hM3Dg+CNO mice. DAPI (blue) indicate cell nucleus.
Scale bar = 100 pm.

(C) Quantitative analyses of the data in (B), the density of BrdU* (top), Mcm2* (middle)
and DCX™* (bottom) cells. **p < 0.01. ***p < 0.001. Student’s £test. n=5 in each group.
(D) Schematic diagram of experimental design for analysis of adult DG neurogenesis
following deleting Ocn-Cre* dDGCs.

(E) Representative images of BrdU (green), Mcm2 (red) and DCX (white) in Ocn-Cre+Con
and Ocn-Cre+DTA mice. DAPI (blue) indicates cell nucleus. Scale bar = 100 um.

(F) Quantitative analyses of the data in (E), the density of BrdU™ (top), Mcm2* (middle) and
DCX™ (bottom). **p < 0.01. ***p < 0.001. Student’s £test. n=4 in each group.

(G) Schematic diagram of virus injections (control viruses or DTA) in dDG and voluntary
wheel running for analyzing adult DG neurogenesis.

(H) Co-immunostaining analysis of BrdU (green) and DCX (red) in DG of Ocn-Cre+Con
and Ocn-Cre+DTA mice with or without running. DAPI (blue) indicates cell nucleus. Scale
bar =100 pm.

(1) Quantifications of the data in (H), the density of Brdu* (left) cells and DCX™ (right)
cells. n=4 mice in each group. *p < 0.05; **p < 0.01; ***p < 0.001. Two-way ANOVA test
for BrdU* cell density, interaction: F(, 12)=58.8, p<0.0001; running factor: F(y 12)=59.77,
p<0.0001; virus factor: F(y, 12)=206.1, p<0.0001. Two-way ANOVA test for DCX* cell
density, interaction: Fy, 12)=25.06, p=0.0003; running factor: F(; 12)=50.54, p<0.0001; virus
factor: F(y, 12)=151, p<0.0001.
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Data in (C, F and I) are presented as the mean + SEM.
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Figure 7. Ocn-Cre* DGCs, a key cellular source for neuronal activity induced BDNF expression
(A) Schematic diagram of experimental design in Ocn-Cre mice expressing mCherry or

hM3Dg. The Ocn-Cre mice injected with mCherry or hM3Dq viruses into their dDGs (at 6-
weeks old) were treated with CNO (2mg/kg) (at 8-week old) for 1 h, and their hippocampi
were then subjected to RNA-seq analyses, RT-PCR, RNA scope and Western blot.

(B and C) Heat map (B) and Volcano plots (C) of differentially expressed genes identified
by RNA-seq in Ocn-Cre+hM3Dg+CNO mice over Ocn-Cre+mCherry+CNO mice.
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(D) Detection of BDNF mRNA by RNA scope in DG, CAl and CA3 of Ocn-Cre+hM3Dq
+CNO and Ocn-Cre+mCherry+CNO mice. Scale bar = 100 um.

(E) Quantification of the data in (D), the relative BDNF mRNA level. **p < 0.01. ***p <
0.001. Student’s £test. n=3 mice in each group.

(F) Schematic diagram of virus injections (control viruses or DTA) in Ocn-Cre mice and
voluntary wheel running.

(G) Detection of BDNF mRNA by RNA scope in DG, CA1 and CA3 of Ocn-Cre+Con and
Ocn-Cre+DTA mice with or without voluntary wheel running. Scale bar = 100 pum.

(H) Quantifications of the data in (G), the relative BDNF mRNA level. *p < 0.05; ***p <
0.001. n=3 mice in each group. Two-way ANOVA test. For DG region, interaction:
F(1,8=76.96, p<0.0001; running factor: F(y, §=99.37, p<0.0001; virus factor: F(; g=223,
p<0.0001. For CAL region, interaction: F(;, gy=37.64, p=0.0003; running factor:
F(1,8)=45.87, p=0.0001; virus factor: F(; g=128.1, p<0.0001. For CA3 region, interaction:
F(1, 8y=45.65, p=0.0001; running factor: F(y, g)=45.47, p=0.0001; virus factor: F(; g=134.4,
p<0.0001.

Data in (E and H) are presented as the mean + SEM.
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Figure 8. Requirement of BDNF in hippocampus for activation of Ocn-Cret dDGCs to suppress
anxiety-like behaviors and promote adult DG neurogenesis

(A) Schematic diagram of virus injections (mCherry, hM3Dq, hM3Dg+scramble-shRNA or
hM3Dg+BDNF-shRNA) in Ocn-Cre mice for behavioral tests.

(B) RT-PCR analysis of relative BDNF mRNA level in hippocampus of Ocn-Cre mice
injected with indicated viruses. ***p < 0.001. ns = no significant difference. One-way
ANOVA followed by Tukey’s post hoc test. n=5 in each group.

(C-D) Representative tracing images and quantifications of open arm duration time and
entries in the EMPT of each group of mice after CNO treatment. *p < 0.05; **p < 0.01;
***p < 0.001. ns = no significant difference. One-way ANOVA followed by Tukey’s post
hoc test. Ocn-Cre+mCherry+CNO (n=10); Ocn-Cre+hM3Dg+CNO (n=12); Ocn-Cre
+hM3Dg+scramble-shRNA+CNO (n=11); Ocn-Cre+hM3Dg+BDNF-shRNA+CNO (n=10).
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(E) Quantifications of the time in the light room and the number of transitions into the light
room of each group of mice. *p < 0.05; **p < 0.01. ns = no significant difference. One-way
ANOVA followed by Tukey’s post hoc test. Ocn-Cre+mCherry (n=10); Ocn-Cre+hM3Dq
(n=12); Ocn-Cre+hM3Dg+scramble shRNA (n=11); Ocn-Cre+hM3Dg+BDNF shRNA
(n=10).

(F) Schematic diagram of virus injections (mCherry, hM3Dg, hM3Dg+scramble-shRNA or
hM3Dg+BDNF-shRNA) in Ocn-Cre mice for analyzing adult DG neurogenesis.

(G) Immunostaining of BrdU (green) and DCX (red) in DG of Ocn-Cre mice injected with
indicated viruses after CNO treatment. Scale bar = 100 ym.

(H) Quantifications of the data in (G), the density of Brdu* (left) and DCX* (right) cells. *p
< 0.05; **p < 0.01; ***p < 0.001. ns = no significant difference. One-way ANOVA followed
by Tukey’s post hoc test. n = 4 mice in each group.

(1) Summary of results and a working model for Ocn-Cre™ dDGCs to regulate anxiety-like
behaviors and adult DG neurogenesis.

Data in (B, D, E and H) are presented as the mean = SEM.
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