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SUMMARY

Neural stem cells (NSCs) in the dentate gyrus (DG) reside in a specialized local niche that supports their
neurogenic proliferation to produce adult-born neurons throughout life. How local niche cells interact at
the circuit level to ensure continuous neurogenesis from NSCs remains unknown. Here we report the role
of endogenous neuropeptide cholecystokinin (CCK), released from dentate CCK interneurons, in regulating
neurogenic niche cells and NSCs. Specifically, stimulating CCK release supports neurogenic proliferation of
NSCs through a dominant astrocyte-mediated glutamatergic signaling cascade. In contrast, reducing den-
tate CCK induces reactive astrocytes, which correlates with decreased neurogenic proliferation of NSCs
and upregulation of genes involved in immune processes. Our findings provide novel circuit-based informa-

tion on how CCK acts on local astrocytes to regulate the key behavior of adult NSCs.

INTRODUCTION

Radial glia-like neural stem cells (rNSCs) reside in a specialized
niche within the adult dentate gyrus (DG) that consists of highly
diverse cells, including excitatory granule cells (GCs) and mossy
cells (MCs), distinct inhibitory interneurons, and astrocytes (Bao
and Song, 2018; Song et al., 2016). Diverse signaling from these
niche cells act on rNSCs to regulate hippocampal neurogenesis.
Our previous studies have identified local parvalbumin (PV) inter-
neurons as a critical niche component regulating rNSCs through
tonic GABAergic signaling (Song et al., 2012). Furthermore, our
recent studies showed that long-distance projection neurons
send axonal collaterals to rNSCs or DG interneurons to directly
or indirectly regulate rNSCs, respectively (Bao et al., 2017; Yeh
et al., 2018). For instance, commissural projections from hilar
MCs send glutamatergic axons to rNSCs and dentate PV inter-
neurons to dynamically regulate direct and indirect pathways
influencing rNSCs (Yeh et al.,, 2018). In addition, projections
from medial septal GABA neurons innervate dentate PV inter-
neurons to regulate INSCs (Bao et al., 2017). These studies re-
vealed two fundamental modes of rNSC regulation: a direct
mode in which local or long-distance circuits directly act on
and regulate rNSCs and an indirect mode in which long-distance

projections act on local niche cells to indirectly regulate rNSCs.
Whether and how local niche cells interact within the DG to regu-
late rNSCs remains undefined.

To address this, we focused on DG cholecystokinin (CCK) in-
terneurons, which co-release GABA and the neuropeptide CCK.
For nearly 40 years, it has been known that CCK is highly abun-
dant in adult hippocampus (Beinfeld et al., 1981). Within the
hippocampus, the DG is highly enriched with CCK2 receptors
(CCK2Rs) (Kohler and Chan-Palay, 1988; Kritzer et al., 1988).
However, the role of CCK signaling in regulating rNSCs and hip-
pocampal neurogenesis remains unknown, largely due to acom-
bination of technical and conceptual challenges, including (1)
lack of selective tools to target dentate CCK cells; (2) complica-
tions of multiple releasing components from CCK interneurons
(GABA, CCK, and possibly glutamate) (Somogyi et al., 2004);
and (3) broad actions of CCK on the neurogenic niche cell types
expressing CCK2Rs (Deng and Lei, 2006; Deng et al., 2010;
Mdller et al., 1997).

In this study, we have addressed each of these challenges and
reported that dentate CCK interneurons, upon activation, utilize
endogenous CCK to regulate multiple cell types in the neuro-
genic niche, including MCs, GCs, PV interneurons, and
astrocytes. Though all of these niche cells can potentially
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regulate rNSCs, we found that CCK release induces depolariza-
tion of rNSCs and promotes neurogenic proliferation of rINSCs
through a dominant astrocyte-mediated glutamatergic signaling
cascade. In contrast, reducing dentate CCK induces reactive as-
trocytes, which correlates with reduced neurogenic proliferation
of rNSCs and upregulation of genes involved in immune
processes, thus highlighting an anti-inflammatory role of CCK
in adult DG.

RESULTS

Activation of Dentate CCK Interneurons Induces Robust
Depolarization of rNSCs through CCK2R Signaling
Historically, selective expression of transgenes in CCK cells has
been difficult due to off-target labeling of other cell types,
including DG GCs and CA3/CA1pyramidal cells (Taniguchi
et al., 2011). Previously, intersectional genetics in triple trans-
genic mice has been employed (Whissell et al., 2019). However,
this approach labels all CCK neurons in the brain, prohibiting re-
gion-specific manipulation. In our approach, we tested several
serotypes of Cre-dependent AAVs in CCK-Cre mice to selec-
tively target dentate CCK interneurons. We found that properly
titered AAV2 (300 nL at 1.08 x 10'" viral genomes/mL) labeled
hilar CCK interneurons without off-target effects (Figure 1A).
Moreover, labeling of dentate CCK interneurons by mCherry re-
mained restricted to the hilus throughout the dorsal-ventral axis
(Figure S1A). Next, we validated the specificity and efficiency of
targeting dentate CCK interneurons with an established pro-
CCK antibody (Beinfeld, 1985). We found that AAV2 labeled
~70% of pro-CCK" cells, and nearly 100% of labeled cells
were pro-CCK™ (Figures 1B and 1C). Importantly, almost all cells
were GABA*, indicating that CCK interneurons are GABAergic
(Figures 1D and 1E). Activity-dependent neuropeptide release
requires a “priming” step in which release of Ca®* from intracel-
lular stores prepares large dense core vesicle fusion with the
cellular membrane (Ludwig et al., 2002). Therefore, we adopted
a chemogenetic approach using CNO-activated designer recep-
tors exclusively activated by designer drugs (Gg-DREADDs) to
induce Ca®* mobilization from intracellular stores (Armbruster
et al., 2007). We evaluated chemogenetic activation of CCK in-
terneurons by slice electrophysiology. Firing rates of CCK cells
labeled with hM3Dq were robustly increased upon bath applica-
tion of CNO in acute brain slices. (Figures 1F-1H). Interestingly,
dentate CCK interneurons exhibited distinct responses: some
were quiet at baseline, and CNO application depolarized them
and increased their firing rate (Figure 1F); while others were rela-
tively active at the baseline, and CNO application increased their
firing rate without significant baseline shift (Figure 1G). These re-
sults highlight the heterogeneity of dentate CCK interneurons
and confirmed the efficacy of chemogenetic activation of den-
tate CCK interneurons.

To examine the net functional effect of endogenous CCK
release on rNSCs at the circuit level, we generated double-trans-
genic CCK-Cre::Nestin-GFP mice and used Ggq DREADDs
(Figure 11) to chemogenetically activate CCK interneurons and
record the membrane potential (Vm) of GFP* rNSCs in acute
brain slices. At baseline, NSCs maintain an average Vm of
—78.8 £ 3.2 mV (Figure 1L). Interestingly, chemogenetic activa-
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tion of CCK interneurons depolarized rNSCs to —23.1 £ 7.2 mV
(Figures 1J and 1L-1N), which was prevented by CCK2R antag-
onist YM022 (Figures 1K and 1L-1N). To confirm that YM022 did
not affect dentate CCK interneurons during chemogenetic acti-
vation, we performed Ca2?* imaging to record spontaneous
Ca?* events as an activity readout for dentate CCK cells (Fig-
ure S1B). During the time window in which we observed
CCK2R-dependent depolarization of rNSCs, CNO increased
the mean frequency (not area) of Ca®* events in DG hM3Dg*
CCK cells and was not affected by YM022 (Figures S1C and
S1D). This confirmed that CNO-induced activation of DG CCK
cells was not affected by CCK2R antagonism. Together, these
results suggest that activation of CCK interneurons induces
rNSC depolarization via neuropeptide signaling instead of
GABA or glutamate transmission.

CCK-Interneuron-Activity-Induced rNSC Depolarization
Is Mediated by a CCK2R-Dependent

Glutamatergic Relay

We sought to address whether CCK-activity-induced depolari-
zation of INSCs represents a direct or indirect effect on rNSCs
through other niche components. First, we recorded the Vm of
Nestin-GFP* rNSCs upon bath application of non-sulfated
CCK8 peptide, the most abundant form of CCK in the brain
and selective agonist for CCK2Rs (Huang et al., 1989). Bath
application of CCK8 in the presence of TTX, ionotropic GIuR
(iGIuR) and group | metabotropic GIuR (mGIuR) antagonists
(APV+NBQX+AIDA), and GABAAR antagonist (bicuculline) did
not alter the Vm of rNSCs (Figures 2A, 2D, and 2E). In contrast,
CCKS8 application without these antagonists induced prominent
rNSC depolarization (Figures 2B, 2D, and 2E), which was absent
in YM022 (Figures 2C-2E). These data suggest the involvement
of intermediates that relay CCK signaling onto rNSCs.

To dissect potential intermediates, we recorded rNSCs upon
CNO application in the presence of various combinations of GA-
BAR or GluR antagonists. In the presence of bicuculline, rNSCs
exhibited a robust depolarization that was not significantly
different from ACSF (Figures 2F, 21, and 2J), suggesting that
interneuron-mediated GABAergic components do not contribute
to the rNSC depolarization. Next, we added NBQX, APV, and
AIDA to block both iGluRs and group | mGluRs. As a result, the
rNSC depolarization was completely abolished upon adding
CNO (Figures 2G, 2I, and 2J), suggesting that glutamatergic
components are necessary for CCK interneuron-mediated
rNSC depolarization. Furthermore, we separately examined the
contribution of iGIuRs or group | mGluRs in mediating CCK inter-
neuron-induced rNSC depolarization. We recorded rNSCs in the
presence of NBQX + APV or AIDA to isolate the contribution from
iGluRs or group | mGIuRs, respectively. As a result, we observed
significant reductions in the resultant depolarization magnitude
in rNSCs (Figures 2H and 2l). In addition, the percent of respond-
ing rNSCs (Figure 2J) upon chemogenetic activation of dentate
CCK interneurons was greatly reduced as compared to ACSF
or bicuculline. Delay times to depolarization in rNSCs after
CNO application varied, with an average of 13.4 + 3.7 min and
were not significantly different among various treatment condi-
tions (Figure 2K). Furthermore, we directly confirmed the
presence of functional iGluRs and group | mGluRs in rNSCs.
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Figure 1. Local CCK Interneurons Depolarize rNSCs through CCK2R-Mediated Signaling

(A) AAV2, AAVS5, or AAV8 expression of DIO-hM3Dg-mCherry in CCK-Cre mice using equivalent titers. Scale bar 200 pm.

(B) Colocalization of mCherry with ProCCK in hilar CCK interneurons after AAV2 injection in CCK-Cre mice. Scale bars 100 um, 50 pm.

(C) Specificity (left) and efficiency (right) of DREADD expression in hilar CCK interneurons. Bars indicate mean + SD for 4 animals.

(D) Colocalization of GABA in hM3D" CCK interneurons. Arrows highlight colocalized cells. Scale bar 25 um.

(E) Quantification of GABA colocalization. Bar indicates mean + SD for 3 animals.

(F and G) Whole-cell recordings in acute slice of an initially silent (F) or initially active (G) hM3Dg* CCK interneuron upon application of 10 uM CNO. Arrows indicate
start of drug application.

(H) Quantification of fold increase in spiking at peak chemogenetic activation. Bars indicate means + SEM for 4 animals.

(I) hM3Dg-mCherry expression in hilar CCK interneurons near GFP* rNSCs. Scale bar 100 um.

(J and K) Sample whole-cell recordings of GFP* rNSCs showing (J) large depolarization due to chemogenetic activation of CCK interneurons or (K) maintained
hyperpolarization in 2 uM YM022.

(L) Quantification of INSC Vm before and during CNO application in ACSF or YM022. Bars indicate mean Vm + SEM. p = 0.02(ACSF), 0.09(YM022) by paired t test
for (9,7) cells.

(M) Magnitude of depolarization due to CCK activation. p = 0.02 by Wilcoxon-Mann-Whitney test for (9,7) cells from (6,6) animals. Bars indicate mean + SEM for
responding rNSCs (>10 mV; circles). Triangles = non-responding rNSCs.

(N) Percent of cells that depolarized by at least 10 mV. See also Figure S1.
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Figure 2. CCK-Induced rNSC Depolarization Is Mediated by a Glutamatergic Relay

(A-C) Sample changes in INSCs Vm to 300 nM CCKS8 peptide in the presence of (A) 100 uM APV, 10 uM NBQX, 100 uM AIDA, 50 uM bicuculline, and 1 uyM TTX; (B)
in ACSF; or (C) in 1 uM YMO022.

(D) Comparison of peptide-induced depolarization of rNSCs. p = (0.003,0.003) for (7,7,7) cells in (6,4,5) animals by Wilcoxon-Mann-Whitney test. Bars indicate
mean + SEM for rNSCs that depolarized >10 mV from baseline (circles). ANBAT = APV, NBQX, bicuculline, AIDA, TTX.

(E) Percent of INSCs in (D) that responded >10 mV to CCK8 application.

(F-H) Sample recordings of INSC Vm to chemogenetic activation of CCK interneurons during (F) GABAAR blockade; (G) combined blockade of GABAARS, iGluRs
and mGluRs; and (H) when only GABARs and iGluRs were blocked or when only GABAAR and mGluRs were blocked. Curve fits to data in red, yellow diamonds
indicate delay time to Vm deflection.

(I) Comparison of depolarization magnitude during CNO application under indicated conditions. One-way ANOVA showed an effect by condition F(4,41) = 10.18,
p =8.1*1075, and a post hoc Dunnett analysis gave individual p values versus ACSF of (0.95,0.018,0.002,0.0008) for (9,11,9,10,7) cells from (6,10,8,7,5) animals.
Bars indicate mean + SEM for rNSCs that depolarized >10 mV (circles).

(J) Percent of rINSCs in (I) that depolarized >10 mV.

(K) Times from CNO application to initiation of depolarizing event. Bars indicate mean + SEM. One-way ANOVA showed no effect of condition; F(3,23) = 1.66,
p = 0.2 for (6,10,5,5) responding cells from (5,9,4,4) animals. See also Figure S2.
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Specifically, bath application of AMPA, NMDA, or DHPG in the
presence of TTX depolarized rNSCs (Figure S2). Together,
these data suggest that CCK interneuron activity-induced
rNSC depolarization requires activation of both iGluRs and group
I mGluRs.

Activation of Dentate CCK Interneurons Increases
GABAergic Inputs onto Dentate Glutamatergic Neurons
We sought to identify sources of CCK-induced glutamatergic
signaling onto rNSCs. Our recent electron microscopy and immu-
nohistology established that bushy processes of rNSCs wrap
around glutamatergic synapses formed between MCs and GCs
(Yeh et al., 2018). Therefore, we performed Ca?* imaging in
MCs and GCs to examine the functional impact of CCK inter-
neuron activity on these cells (Figure 3A). Interestingly, we
observed a significant decrease in both frequency and area of
Ca?* events in MCs upon CNO-induced chemogenetic activation
of CCK interneurons, which was abolished in the presence of
CCK2R blocker YM022 (Figures 3B, 3C, and 3E). These results
suggest that CCK interneuron activation leads to decreased MC
activity through a CCK2R-mediated mechanism. In contrast,
there was no significant change in frequency or area of Ca?*
events in GCs upon CNO in ACSF or YMO022 (Figures 3G, 3H,
and 3J). We further quantified the percent of MCs and GCs that
increased or decreased Ca?* activity based on individual brain sli-
ces under various pharmacological conditions. Slice-wise ana-
lyses showed that 78% of MCs exhibit decreased frequency
and 67% of MCs exhibit decreased area of Ca®* events upon
CNO activation of CCK interneurons (Figures 3D and 3F), and
58% of GCs exhibit decreased Ca®* frequency (not area) upon
the same manipulation (Figures 31 and 3K). Importantly, the
percent of MCs and GCs with decreased Ca®* signals was signif-
icantly reduced in the presence of YM022 (Figures 3D, 3F, 3l, and

Neuron

3K). These data suggest that CCK interneuron activation recruits
CCK2R-dependent inhibitory inputs to both MCs and GCs.

Next, we sought to examine the inhibitory inputs to both MCs
and GCs upon CCK interneuron activation. First, we repeated
the previous Ca?* experiments in MCs and GCs in the presence
of bicuculline to block the GABAsR-mediated component. We
found the CCK-induced inhibitory effects onto MCs were
completely abolished in the presence of bicuculline (Figures 3C
and 3E), similar to that observed in YM022, suggesting that
all GABAergic inputs on MCs induced by CCK interneuron acti-
vation are CCK2R dependent. In contrast, blocking the
GABAAR-mediated component induced a significant increase
in the frequency (not area) of Ca®* events in GCs (Figures 3H
and 3J), as well as a further reduction of the percent of GCs
with reduced Ca?* frequency on top of that observed in YM022
(Figure 3l). This suggests that the GABAergic inputs on GCs
induced by CCK interneuron activation contain both CCK2R-
dependent and -independent components. It is interesting to
note that CCK interneuron activation recruited GABAergic
inputs to both MCs and GCs, but only MCs exhibited decreased
Ca?* activity, suggesting that MCs and GCs use differential
mechanisms to maintain their activity.

As GCs and MCs are well known to be inhibited by local PV
interneurons (Acsady et al., 2000; Espinoza et al., 2018), we
sought to determine whether dentate PV interneurons respond
to CCK activity by recording PV interneuron excitability upon
CCK interneuron activation in CCK-Cre::PV-FLP mice (Fig-
ure 3L). We found significantly increased spiking rates in dentate
PV interneurons upon CNO application as measured by cell-
attached recordings. Importantly, this increase was abolished
by YMO022 (Figures 3M and 3N), suggesting that dentate PV inter-
neurons represent CCK2R-dependent inhibitory inputs onto
both MCs and GCs. To confirm this, we recorded spontaneous

Figure 3. CCK Interneurons Increase GABAergic Inputs onto Dentate Glutamatergic Neurons in a CCK2R Manner
(A) Expression of hM3Dg-mCherry in CCK cells and GCaMP6 in MCs and GCs. Yellow arrows indicate GCaMP6* GCs, white arrows indicate GCaMP6* MCs.

Scale bars 200 um, 50 pm.

(B) Ca?* transients in MCs before and during chemogenetic activation of CCK interneurons in ACSF, 1 uM YM022, or 50 uM bicuculline. Gap indicates a 10 min

pause of image acquisition for CNO application.

(C) Frequency of MC Ca®* events due to chemogenetic activation of CCK cells in ACSF, YM022, or bicuculline. Lines and markers indicate paired measurements
in individual MCs. Bars indicate mean + SEM. Ca?* frequency. p = (1*107°,0.27,0.30) by paired t test for (56,52,87) MCs in (5,3,5) animals.

(D) Slice-wise analysis of the percent increasing (green), decreasing (purple), or unchanging (gray) MC Ca?* frequencies per slice due to CNO application. Stacked
bars indicate means + SEM. p = 0.003(ACSF:YM022), 0.60(YMO022:bic), 0.0001(ACSF:bic) increasing and 0.02(ACSF:YM022), 0.86(YM022:bic), 0.004(ACSF:bic)

decreasing for (10,7,13) slices in (5,3,5) animals by unpaired t test.

(E) Area under MC Ca®* traces during baseline and chemogenetic activation of CCK cells as in (C). p = (0.032,0.039,0.70).
(F) Slice-wise analysis of MC Ca2* area as in (D). p = 0.047(ACSF:YM022), 0.81(YMO022:bic), 0.047(ACSF:bic).

(G) Sample Ca>* transients in GCs as in (B).

(H) Frequency data of GC Ca®* as in (C) for (130,68,58) GCs in (5,3,3) animals. p = (0.71,0.39,0.003).
(I) Slice-wise analysis of GC frequencies (H) as in (D). p = 0.52(ACSF:YM022), 0.018(YM022:bic), 0.0013(ACSF:bic) increasing and 0.032(ACSF:YM022),

0.31(YM022:bic), 0.003(ACSF:bic) decreasing for (9,6,6) slices in (5,3,3) animals.

(J) Area data of GC Ca>* (H) as described in (E). p = (0.52,0.52,0.07).

(K) Slice-wise analysis of GC Ca>* area (J) as described in (F). p = 0.96(ACSF:YM022), 0.39(YMO022:bic), 0.43(ACSF:bic).

(L) YFP expression in PV interneurons and mCherry expression in hM3Dq hilar CCK cells. Arrows indicate YFP* PV* cells. Scale bars 200 pm, 100 pm.

(M) Cell-attached recordings of PV spiking in ACSF or 1 uM YMO022. The gap in the traces indicates a pause of recording during CNO addition.

(N) Quantification of mean + SEM fold-changes in spike rates for (7,7) cells from (5,5) animals. p = 0.003 by Wilcoxon-Mann-Whitney test.

(O) Hilar CCK-cell targeted expression of hM3Dg-mCherry and patch pipette for recordings of GCs. Scale bar 50 um.

(P) Sample inward IPSCs in GCs in ACSF, CNO, CNO + 200 nM w-agotoxin TK, or CNO + 50 uM bicuculine, using high-chloride internal solution.

(Q) Quantification of mean + SEM IPSC frequencies for (12,7) GCs at baseline, during CNO, and then in CNO + ago. p = (0.007,0.048) by paired t test in (10,6)

animals.

(R) Mean + SEM fold change in GC IPSC frequency for cells in (Q). p = 3*10~° by unpaired t test. See also Figure S3.
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Figure 4. Dentate Astrocytes Respond to CCK Activity and Are Capable of Inducing rNSC Depolarization

(A) Expression of hM3Dg-mCherry in CCK cells and GCaMP6-LCK in astrocytes. Arrows highlight hM3Dq* processes adjacent to GFAP* astrocyte. Scale bars
100 um, 20 pm.

(B) Sample astrocyte Ca®* transients evoked by CCK interneuron activation. The gap in traces indicates a 10 min pause of image acquisition for CNO addition.
(C) Astrocyte Ca2* frequencies due to activation of CCK cells in ACSF, 1 M YM022, or 50 uM bicuculline + 1 uM CPG. Lines and markers indicate paired
measurements of individual ROIs. Bars indicate mean + SEM. Ca®* frequency for (282,278,219) ROIs in (3,3,3) animals. p = (1.3*107'2,0.49,1.8*10~°) by paired
t test.

(D) Area under Ca®* traces in (C). p = (0.083,0.47,0.50) by paired t test. Bars indicate mean + SEM.

(legend continued on next page)
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inhibitory postsynaptic currents (sIPSCs) in GCs upon CCKinter-
neuron activation in w-agotoxin TK, a selective blocker for P/Q
type Ca®* channels unique to PV cells (Hefft and Jonas, 2005;
Wilson et al., 2001) (Figures 30 and 3P). As a result, we observed
a 3-fold increase in sIPSCs upon CNO-induced activation of
CCK cells (Figures 3Q and 3R), which was reversed to 36% of
the initial CNO-level frequency in w-agotoxin TK. All inward cur-
rents were confirmed GABAergic by addition of bicuculline (Fig-
ure 3P). Furthermore, by considering the fractional proportion of
sIPSC frequencies that were w-agotoxin TK sensitive and insen-
sitive upon CNO and at baseline (Figure S3A), we estimated the
PV contribution to the CCK-dependent increase in GC sIPSCs to
be ~77% (Figure S3B, also see STAR Methods). Together, these
data confirmed that dentate CCK interneuron activation re-
cruited both CCK2R-dependent PV inputs and other CCK2R-in-
dependent GABAergic inputs onto GCs.

Dentate Astrocytes Respond to CCK Activity and
Astrocyte Activation Is Sufficient to Induce rNSC
Depolarization

Since the activities of local glutamatergic neurons are either in-
hibited or unchanged during CCK interneuron activation, we
sought to identify an alternative source of glutamate-mediated
rNSC depolarization. Ca®* elevation in astrocytes has been
widely shown to promote release of gliotransmitters, including
glutamate and D-serine (Fiacco and McCarthy, 2018; Hamilton
and Attwell, 2010; Savtchouk and Volterra, 2018), which could
act on GluRs to depolarize rNSCs. However, it is yet unclear if
DG astrocytes respond to CCK and whether astrocytes act as
mediators of the CCK induced changes in rNSCs. To address
this, we performed Ca2* imaging in astrocytes during chemoge-
netic activation of dentate CCK cells. Confocal imaging
confirmed that DG CCK processes reside adjacent to astro-
cytes (Figure 4A), thus providing morphological support for
the interaction between these cells. Functionally, we observed
a significant increase in the frequency (not area) of astrocytic
Ca?* events upon chemogenetic activation of CCK cells (Fig-
ures 4B-4D), which was abolished in YM022 (Figures 4C and
4D). Since GABA signaling can activate astrocytes (Mederos
and Perea, 2019) and our study found that CCK interneurons re-
cruit GABAergic inputs, we recorded astrocyte Ca?* in the pres-
ence of GABA, and GABAg receptor antagonists. As a result,
we still observed significant CNO-induced increases in the fre-
quency of Ca®* events (Figures 4C and 4D), suggesting that

Neuron

GABA components do not play a major role in CCK-dependent
astrocyte activation. Furthermore, bath application of CCK8
peptide in the presence of TTX increased frequency and area
of Ca®* events in astrocytes (Figures 4E and 4F), suggesting
that CCK directly acts on astrocytes without other neuronal
intermediates.

We next sought to determine whether direct activation of
astrocytes could depolarize rNSCs. We infected DG astro-
cytes with Gg-DREADDs (Figure 4G) and found that CNO
application significantly increased the frequency (not area) of
intracellular astrocyte Ca2* (Figures 4H-4J). We then recorded
the Vm of rNSCs from Nestin-GFP mice upon astrocyte activa-
tion (Figure 4K). We found that chemogenetic activation of
dentate astrocytes was sufficient to induce depolarization of
rNSCs (Figures 4L-40). Furthermore, this depolarization was
significantly reduced by iGIuR and group | mGIuR antagonists
and resulted in fewer responding rNSCs. Together, these re-
sults indicate that dentate astrocytes are responsive to CCK
interneuron activation in a CCK2R-dependent manner, and
this activation is sufficient to cause rNSC depolarization pre-
sumably via release of gliotransmitters (such as glutamate
and D-serine) that act on iGluRs and group | mGiluRs
on rNSCs.

CCK-Activity-Induced rNSC Depolarization Requires
Dentate Astrocyte Intermediates

To determine if dentate astrocytes serve as an intermediate in
CCK-induced depolarization of rNSCs, we interfered with astro-
cyte signaling by application of a glial-specific Krebs cycle inhib-
itor Fluorocitric acid (FC) (Pabst et al., 2016; Swanson and Gra-
ham, 1994). Strikingly, chemogenetic activation of dentate CCK
cells failed to induce rNSC depolarization when astrocyte
signaling was disrupted by FC (Figures 5A and 5B). Importantly,
rNSCs retained their ability to depolarize in response to gluta-
mate (Figure S4A), suggesting that FC does not disrupt the ma-
chinery for glutamatergic receptor signaling.

As chemogenetic activation of dentate CCK cells increased
the Ca?* transients in astrocytes, we attempted to quench astro-
cytic Ca®* signaling through infusion of the Ca®* chelator BAPTA
in astrocytes using a patch pipette (Pabst et al., 2016). Because
astrocytes are coupled by gap junctions, BAPTA infusion of a
single astrocyte has the ability to buffer Ca®* in large astrocyte
networks (Araque et al., 1998; Pabst et al., 2016). We first
confirmed that infusing BAPTA into a single astrocyte was

(E) Astrocyte Ca®* events frequencies to 300 nM CCK8 peptide while in 1 uM TTX for 142 ROIs from 3 animals. p = 0.014 by paired t test. Bars indicate

mean + SEM.

(F) Area under Ca®* traces in (E). p = 0.03 by paired t test. Bars indicate mean + SEM.

(G) Astrocytic targeting of hM3Dq for chemogenetic stimulation. Arrows highlight colocalized expression in GFAP* cells. Scale bars 100 um, 20 pm.

(H) Sample astrocyte Ca?* transients in hM3D* astrocytes due to CNO application. The gap in traces indicates a 10 min pause of image acquisition for CNO addition.
() Frequencies of astrocyte Ca®* due to chemogenetic activation of astrocytes for 166 regions from 3 animals. p = 0.0006 by paired t test. Bars indicate

mean + SEM.

(J) Area under Ca®* traces in (l). p = 0.31 by paired t test. Bars indicate mean + SEM.

(K) Expression of hM3Dq in astrocytes in Nestin-GFP mouse. Scale bar 100 pm.

(L) Recording of a GFP* mCherry~ rNSC during chemogenetic stimulation of astrocytes.

(M) Vm of rNSCs before and during CNO application. Bars indicate mean + SEM. p = 0.006 by paired t test for 7 cells.

(N) Magnitude of CNO-induced depolarization in either ACSF or 100 uM APV + 10 uM NBQX + 100 uM AIDA. p = 0.038, by unpaired t test for all (7,7) cells from (4,3)
animals. Bars indicate mean + SEM for rNSCs responding >10 mV (circles). Triangles = non-responders.

(O) Percent of cells that depolarized >10 mV.
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Figure 5. CCK-Induced rNSC Depolarization Requires Astrocyte Intermediates

(A) Reduced rNSC depolarization when slices are preincubated in 100 uM FC.

(B) Vm of rNSCs due to chemogenetic activation of CCK cells in FC treated slices. Bars indicate mean Vm + SEM. p = 0.02 by paired t test for 7 cells from 4
animals. Darker blue lines, INSCs responding >10 mV.

(C) Expression of mCherry and GCaMP6-LCK in GFAP™* astrocytes for pipette targeting and BAPTA filling. Scale bars 100 um, 20 pm.

(D) Ca2* traces in hilar astrocytes at baseline and then after BAPTA infusion into a single mCherry* astrocyte.

(E) Frequencies of nearby astrocyte Ca®* events due to intracellular BAPTA infusion. Lines and markers indicate paired measurements in individual ROls. Bars
indicate mean + SEM frequencies for 107 astrocytic ROIs in 3 animals. p = 2.3*10'® by paired t test.

(legend continued on next page)
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sufficient to interfere with the DG astrocyte network as reflected
by significant reductions in both frequency and area of astrocyte
Ca®* events (Figures 5C-5F). We then recorded the Vm of rNSCs
upon chemogenetic activation of CCK cells after astrocytic Ca®*
depletion (Figures 5G and S4B) and found that CCK-activity-
induced rNSC depolarizations were largely abolished (Figures
5H and 5I). Importantly, rNSCs remained responsive to bath
application of glutamate after astrocyte BAPTA infusion
(Figure S4C).

CCK-evoked Ca®* increases in astrocytes are independent
of extracellular Ca®* concentrations (Miiller et al., 1997) and
likely involve PLC induced release of Ca®* from intracellular
stores via [|Pz-mediated intracellular cascades (Dufresne
et al., 2006; Lee et al., 2011). We therefore disrupted dentate
astrocyte function by buffering mobile cytosolic IP3 through
expression of the pleckstrin homology domain of PLC-like-pro-
tein p130 (p130PH) (Xie et al., 2010). We injected AAVs con-
taining p130PH construct along with GCaMP6-LCK and
confirmed co-expression in GFAP™ astrocytes (Figure 5J). We
first validated the efficacy of p130PH in disrupting Ca®* activity
of DG astrocytes by bilaterally injecting mice with p130PH +
GCaMP6 on one side and mRFP + GCaMP6 on the other
side. As a result, we found a significant reduction in the area
of Ca®* events in dentate astrocytes (not frequency) at the
p130PH side as compared to the control side at baseline (Fig-
ures 5K and 5L). Furthermore, CCK8 induced a significant in-
crease in the frequency (not area) of astrocytic Ca®* events
on the control side, with no significant change in either fre-
quency or area of astrocytic Ca®* events on the p130PH side
(Figures 5M and 5N). Using the ability of p130PH to suppress
the activity of astrocytes, we then determined whether dentate
astrocytes served as the relay that couples CCK activity to
rNSC depolarization. Whole-cell electrophysiological record-
ings from GFP* rNSCs displayed a significant reduction in
the depolarization magnitude of Vm with fewer responding
rNSCs upon chemogenetic activation of CCK neurons when
astrocyte |IP3 mobilization was disrupted (Figures 50 and 5P).
Quantification of the depolarization magnitude and percent of
responding rNSCs was consistently reduced in FC, BAPTA,

Neuron

or p130PH conditions, significantly different from controls (Fig-
ures 5Q and 5R). Together, these data confirmed that dentate
astrocytes are the major glutamatergic intermediaries for CCK-
activity-induced rNSC depolarization.

CCK Interneuron Stimulation Promotes Neurogenic
Proliferation of rNSCs via MAPK/ERK Signaling and
Increases Neurogenesis

Vm has been implicated as a functional determinant of prolifera-
tion and differentiation in non-neuronal cells, such as embryonic
stem cells (Levin, 2014). Quiescent cells remain hyperpolarized,
whereas proliferation events are often accompanied by mem-
brane depolarization (Aprea and Calegari, 2012). Transduction
of extracellular niche signals activates cell surface receptors
that in turn trigger intracellular signaling cascades that control
activation and quiescence in adult rNSCs. It has been shown
that both NMDARs and group | mGluRs activate MAPK/ERK1/
2 pathways via upstream effectors in vitro (Wang et al., 2007).
We sought to determine whether pERK signaling facilitates
rNSC activation upon CCK interneuron stimulation in vivo. We
first examined expression of immediate early gene c-Fos in den-
tate CCK interneurons 1.5 h after CNO intraperitoneal injection
(Figure 6A). The density of c-Fos™ mCherry* CCK interneurons
in the hM3Dq group was significantly higher compared to con-
trols (Figures 6B and 6C), thus confirming in vivo activation of
CCK interneurons.

Next, we examined expression of pERK in rNSCs 80 min af-
ter CNO intraperitoneal injection (Figures 6D, 6E, and S5A) and
observed a significant increase in the density of pERK* rNSCs
in hM3Dg mice compared to control mice (Figure 6F). As a
mitogen-activated protein kinase (MAPK), ERK regulates cell
proliferation through promotion of G1/S cell cycle progression
(Chambard et al., 2007; Zhang and Liu, 2002). Specifically,
activation of ERK signaling drives hyper-phosphorylation of
retinoblastoma protein (RB), releasing RB’s inhibition of E2F
transcription factors, which in turn activates genes required
for the G1/S transition (Duronio and Xiong, 2013). To address
whether hyper-phosphorylated RB (pRB) mediates CCK inter-
neuron activity-dependent rNSC activation, we examined pRB

(F) Area under Ca?* traces in (E). p = 1.9*107° by paired t test. Bars indicate mean + SEM.
(G) CCK-Cre::Nestin-GFP animal with (top) BAPTA filling pipette on a mCherry* astrocyte in the hilus and (bottom) recording configuration from GFP* rNSC. Scale

bar 50 pm.

(H) Vm recording from a GFP* rNSCs during CCK chemogenetic activation after high BAPTA.
() Mean + SEM Vm of rNSCs due to CCK activation after astrocytic BAPTA. p = 0.16 by paired t test for 7 cells in 6 animals. Darker purple lines, rINSCs re-

sponding >10 mV.

(J) mRFP-p130PH and GCaMP6-LCK expression in DG astrocytes. Arrows indicate colocalization in GFAP* astrocytes. Scale bars 100 um, 20 pum.
(K) Basal astrocyte Ca®* frequencies in control or p130PH injected hemispheres. Bars indicate mean + SEM frequency. p = 0.11 for (275,236) astrocyte ROIs in

3 animals by unpaired t test.
(L) Area under Ca®* traces in (K). p = 0.009. Bars indicate mean + SEM.

(M) Frequencies of DG astrocyte Ca?* events due to 300 nM CCK8 peptide in p130PH or control hemisphere. Baseline data are identical to (K). p = (0.005,0.11) for
(275,236) astrocyte ROIs in 3 animals by paired t test. Bars indicate mean + SEM.

(N) Area under Ca?* traces in (M). p = (0.3,0.16). Bars indicate mean + SEM.

(O) Vm from a GFP* rNSC from p130PH-injected DG upon chemogenetic activation of CCK cells.
(P) Vm of rINSCs due to CCK activation in p130PH-injected DGs. p = 0.13 by paired t test for 10 cells in 5 animals. Bars indicate mean Vm + SEM. Darker red lines,

rNSCs responding >10 mV.

(Q) Magnitude of depolarization due to chemogenetic CCK activation in indicted conditions. One-way ANOVA showed a significant effect of condition
F(3,29) = 9.01, p = 0.002, and Dunnett post hoc analysis showed each are significantly reduced from ACSF. p = (0.009,0.009,0.004) for (9,7,7,10) cells from
(6,4,6,5) animals. Bars indicate mean + SEM for NSCs responding >10 mV (circles). Triangles, non-responding rNSCs.

(R) Percent of cells that depolarized >10 mV. See also Figure S4.
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Figure 6. CCK Interneuron Stimulation Promotes Proliferation of rNSCs via MAPK/ERK Signaling and Increases Neurogenesis

(A) Experimental paradigm for in vivo stimulation of CCK interneurons and c-Fos analysis.

(B) DG c-Fos expression after CCK chemogenetic activation. Arrows indicate hilar mCherry* c-Fos™ cells. Scale bars 100 pm, 20 um.

(C) Density of c-Fos labeled hilar mCherry* cells. p = 0.034 for (3,4) animals by Student’s t test. Bars indicate means + SD.

(D) Experimental paradigm for quantification of phospho-ERK, phospho-RB, or EdU uptake in response to chemogenetic stimulation of CCK interneurons.

(E) Phospho-ERK* rNSCs in the DG 80 min after IP CNO. Scale bar 10 um. Arrows highlight pERK* Nestin* adult rNSCs.

(F) Density of pERK* rNSCs for (4,5) animals. Bars indicate means + SD. p = 0.013 by Student’s t test.

(G) Phospho-RB* rNSCs in the DG 5 h after IP CNO. Scale bar 10 um. Arrow highlights a pRB* Nestin™ rNSC.

(H) Density of pRB* rNSCs for (5,4) animals. Bars indicate means + SD. p = 0.008 by Student’s t test.

(I) EAU uptake in rNSCs after 4 days of CNO drinking water. Scale bars 100 um, 20 um. Arrow highlights an EdU* Nestin* adult rNSC.

(J-M) Proportion (J) and density (K) of proliferating adult neural stem cells in the DG, density of all proliferating cells (L), and total rNSC pool (M). Bars indicate
means + SD. p = (0.03,0.05,0.80,0.005) for (6,5) animals by Student’s t test.

(N) Experimental paradigm for quantification of neurogenic proliferation in response to in vivo chemogenetic activation of CCK interneurons.

(O) DCX* adult-born immature neurons after 3 weeks of CNO drinking water. Scale bars 100 um, 20 pm. Arrows indicate DCX* EdU* cells.

(P-Q) Density (P) of DCX* EdU* immature neurons and rNSC pool (Q) after in vivo chemogenic stimulation of CCK interneurons. Bars indicate means + SD.
p = (0.047,0.29) for (4,6) animals by Student’s t test. See also Figure S5.
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Figure 7. Reduced Dentate CCK Induces Reactive Astrocytes and Decreases rNSCs Proliferation Potentially via Neuroinflammatory-Related
Gene Profiles
(A and B) Western blot and densitometry of hippocampal lysates 1 month after injection of shCCK or shScr AAVs. p = 0.02 from (3,3) animals by Student’s t test.
Bars indicate means + SD.
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expression in rNSCs 5 h after CNO injection (Figures 6D, 6G,
and S5B). As a result, we observed a significant increase in
the density of pRB* rNSCs (Figure 6H), suggesting that CCK
interneuron activity promotes G1/S cell cycle progression in
rNSCs. Then, we examined the incorporation of EdU in rNSCs
and newborn progeny (Figure 6D). We assessed EdU incorpo-
ration by counting EAU* Nestin* rNSCs with radial processes
(Figure 6l) after 4 days of CNO drinking water. Stereological
analysis showed that chemogenetic activation of local CCK in-
terneurons led to a significant increase in the percent and den-
sity of Nestin® EdU* rNSCs (Figures 6J and 6K). As activated
rNSCs give rise to proliferating progeny, we examined the
density of EAU* cells and observed a significant increase of
EdU incorporation upon chemogenetic activation of CCK in-
terneurons (Figure 6L) without altering the Nestin® rNSC pool
(Figure 6M). These results suggest that dentate CCK inter-
neuron activation promotes neurogenic proliferation of rNSCs
and increases production of proliferating progeny. We also
examined the integrity of activated astrocytes and found that
chemogenetic activation of CCK interneurons did not induce
changes in astrocyte morphology or GFAP expression in
hM3Dg-injected animals (Figures S5C and S5D).

To determine the long-term effects of dentate CCK inter-
neuron activity in regulating neurogenesis and the rNSC pool,
we labeled a starting proliferating population with 5 EdU injec-
tions followed by 3-week chronic stimulation of dentate CCK
interneurons through CNO drinking water (Figure 6N). Stereo-
logical analysis revealed a significant increased density of
DCX* EdU* immature neurons without exhaustion of the
rNSC pool (Figures 60-6Q). Together, these results suggest
that CCK interneuron stimulation promotes stable neurogenic
proliferation via MAPK/ERK signaling and activation of G1/S
cell cycle regulators, resulting in increased production of prolif-
erating progeny and immature neurons without depleting the
rNSC pool.

Reduced Dentate CCK Induces Reactive Astrocytes,
Decreased Neurogenic Proliferation of rNSCs, and
Upregulation of Genes Involved in Neuroinflammation

To complement the gain-of-function approach for increased
CCK, we took a loss-of-function approach to reduce dentate
CCK by AAV delivery of shRNA against CCK (shCCK) (Arey
et al., 2014). We confirmed efficiency of shCCK by western
blot (Figures 7A and 7B) and immunostaining (Figure 7C)
1 month after viral injection. Based on our finding that
increased CCK induces astrocyte gliotransmission, we

¢ CellP’ress

wondered whether reduced CCK contributes to an adverse
state of astrocytes. To address this, we examined GFAP
expression, an established marker for astrocyte reactivity (Lid-
delow and Barres, 2017), in the dentate astrocytes by quanti-
fying the volume of GFAP immunofluorescence in mice in-
jected with shCCK or scrambled control (shScr). Strikingly,
GFAP expression in shCCK injected mice was significantly
increased as compared to shScr controls (Figures 7D and
7E), suggesting that reduced CCK induces reactive astro-
cytes. To examine the functional effects of reduced CCK on
rNSCs, we labeled dividing cells through 4 EdU injections
1 month after AAV injection and examined EdU incorporation
in Nestin® rNSCs and EdU" proliferating progeny. Stereologi-
cal quantification showed a significant decrease in the percent
and density of EJU* Nestin* rNSCs (Figures 7F and 7G) and
total EAU* proliferating progeny (Figure 7H) without altering
the Nestin* rNSC pool (Figure 7I).

To explore mechanisms linking reactive astrocytes and
deceased rNSC proliferation upon CCK knockdown, we per-
formed RNA-seq of DGs microdissected from shCCK or shScr
mice (Tables S1 and S2). Our RNA-seq analysis identified 496
differentially expressed genes (DEGs), including 144 downre-
gulated and 352 upregulated transcripts (Figure 7J; Table
S3). We compared the RNA-seq data with a recently published
transcriptional profile of reactive astrocytes induced by neuro-
inflammation or ischemia (Clarke et al., 2018) and found that
17 reactive-astrocyte associated genes were differentially ex-
pressed in the DGs of shCCK mice (Figure 7K; Table S4).
These DEGs included standard reactive astrocyte genes
(PAN: 8/17), such as GFAP and Vimentin; A1-reactive genes
associated with neuroinflammation (A1: 7/17), such as C3
and Cxcl10; and A2-reactive genes associated with ischemia,
such as S100a10 and Ptx3 (A2: 2/17). These data suggest that
reducing CCK mainly induces A1 reactive astrocytes associ-
ated with neuroinflammation. Additionally, gene ontology and
biological pathway analysis revealed many DEGs enriched in
biological pathways involved in immune processes and innate
inflammatory responses (Figure 7L; Table S5), supporting the
involvement of innate immune cells, including astrocytes.
Furthermore, of 21 DEGs relating to negative regulation of
cell proliferation (Table S6), 19 were also expressed in neural
precursor cells based on a published single-cell RNA-seq pro-
file of Nestin® cells in adult DG (Shin et al., 2015) (Figure 7M).
These data support our observed correlation between
reduced CCK and decreased proliferation of rNSCs (Figures
7F-71). Interestingly, several of these highly expressed DEGs

C

©)
(D) GFAP reactivity after knockdown of DG CCK. Scale bar 100 pm.
(
(

p =(0.011,0.009,0.002,0.81) for (8,12) animals by Student’s t test.

Reduced CCK immunofluorescence in the hilus of shCCK treated animals. Arrows indicate targeted GFP™* hilar cells. Scale bars 100 um, 20 um.

E) Quantification of %GFAP immunofluorescence per volume for (4,4) animals. p = 0.03 by unpaired t test. Bars indicate means + SD.
F-I) Proportion (F) and density (G) of proliferating rNSCs, density (H) of total proliferating cells, and total (I) INSC pool after shCCK. Bars indicate means + SD.

(J) Volcano plot of fold changes in gene expression due to shCCK, highlighting upregulated and downregulated DEGs.
(K) Heatmap of 17 DEGs related to reactive astrocyte states from 3 animals in each treatment group. Pan-reactive, type A1, and type A2 reactive astrocyte genes

are indicated. Color indicates direction and relative magnitude of FPKMs.

(L) Gene Ontology terms identified from analysis of all 496 DEGs identifying immune processes and negative regulation of proliferation.
(M) Transcript expression in rINSCs (based on Shin et al., 2015) and heatmap of 21 DEGs related to negative control of proliferation. Color indicates direction and
relative magnitude of FPKMs. Green highlighted genes are additionally implicated in immune processes. See also Figure S6.
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Figure 8. Model of Dentate CCK Interneuron Regulation of rNSCs through Differential Astrocyte States

(A) Dentate CCK terminals, via CCK2Rs, induce glutamate release from astrocytes, which activate iGluRs and mGIuRs on rNSCs and induce intracellular signaling
cascades including phosphorylation of ERK1/2, translocation to the nucleus, hyperphosphorylation of RB, and unbinding of transcription factor E2F. Unbound
E2F can drive transcription of genes that promote cell cycle progression. PV interneurons, meanwhile, are excited by CCK, and contribute to GABAergic inhibition

of local glutamatergic circuitry.

(B) Conversely, reduced CCK levels reflect pathogenic states and result in immune activation, neuroinflammation, and reactive astrocyte states, leading to
inactivation of rNSCs, likely through cytokine signaling and gene expression changes that negatively regulate proliferation.

in rNSCs, including Eif2ak2, Ifitm3, Lyn, Irf1, and Ifit3, were
jointly implicated in both negative proliferation pathways and
immune system processes (Figures 7M and S6). Together,
these results suggest that reduced CCK induces astrocyte
reactivity and increases innate immune responses, which in
turn leads to decreased proliferation of rNSCs and newborn

progeny.
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DISCUSSION

We demonstrated that stimulating CCK release supports neuro-
genic proliferation of rNSCs through the trophic effects of CCK
on dentate astrocytes to promote gliotransmission onto rNSCs
(Figure 8A). In contrast, reducing dentate CCK induced reactive
astrocyte states, which correlated with decreased neurogenic
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proliferation of rNSCs and upregulation of genes involved in in-
flammatory responses (Figure 8B).

NSCs Are Capable of Incorporating Dominant Niche
Signals to Determine Their Actions

Many diverse cell types and signaling pathways within the
specialized local niche of the DG can simultaneously act on
rNSCs and influence their behavior. This raises a key question:
how do rNSCs integrate such diverse signals to ultimately
remain quiescent or become activated? We found that activa-
tion of dentate CCK interneurons increased the activity of both
dentate astrocytes and PV interneurons through CCK2R-
mediated mechanisms. Our previous studies implicated inhib-
itory transmission with rNSC quiescence, since bath applica-
tion of a GABAAR agonist hyperpolarized rNSCs (Yeh et al.,
2018) and optogenetic activation of dentate PV interneurons
reduced activation of rNSCs through GABAAR signaling
(Song et al., 2012). In contrast, our current study found that
CCK interneurons promote rNSC depolarization through an
astrocytic intermediary and increased rNSC proliferation via
GIuR signaling. Simultaneous activation of dentate astrocytes
and PV interneurons should therefore exert opposing effects
on the Vm and proliferation status of rNSCs. Despite such
opposing niche signals, the dominant effects on rNSCs ap-
peared to be rNSC depolarization and increased neurogenic
proliferation of rNSCs through GluR-mediated ERK/MAPK
signaling cascades. However, in the case of reduced CCK in
the DG, we found decreased rNSC proliferation, suggesting
that glutamatergic niche signaling was no longer dominant in
this context. Indeed, besides increased gliotransmission of
glutamate (Madeira et al., 2015; Pirttimaki et al., 2013), reac-
tive astrocytes release cytokines, which appear to be the
dominant niche signals that contribute to reduced proliferation
of rNSCs (Wu et al., 2012).

Potential Role of Other Niche Cells Recruited by Dentate
CCK Interneuron Stimulation

Besides activating dentate PV interneurons and astrocytes,
stimulating CCK interneurons led to increased GABAergic inhibi-
tion of both MCs and GCs. Interestingly, the GABAergic inputs to
MCs were CCK2R dependent, while GABAergic inputs to GCs
were both CCK2R dependent and independent. Importantly,
blocking the GABA component upon CCK interneuron stimula-
tion abolished the inhibition of MCs and induced significant
increases in GC activity, suggesting that CCK interneuron stim-
ulation exerts an inhibitory tone on dentate excitatory neurons in
order to prevent hyperexcitability of the DG. The inhibitory tone in
the neurogenic niche is critical for maintaining the NSC pool by
preventing DG hyperexcitability (Bao et al., 2017; Sierra et al.,
2015). In addition, activation of dentate PV interneurons pro-
moted survival of neuroblasts and increased adult-born GCs
(Song et al., 2013). Consistent with this, we found that chronic
activation of local CCK interneurons promoted survival of
newborn neurons and preserved the rNSC pool. This suggests
that the combination of astrocyte-mediated glutamatergic
signaling and inhibitory tone in the DG induced by CCK inter-
neuron activation collectively supports sustainable hippocampal
neurogenesis.

¢ CellP’ress

Signaling Mechanisms Underlying CCK-Activity-
Dependent Regulation of Local Astrocytes

Our study identifies dentate CCK interneurons as a critical niche
component that utilizes an endogenous neuropeptide to regulate
rNSCs via local astrocytes. Specifically, local astrocyte states are
regulated by endogenous levels of dentate CCK: high dentate
CCK promotes neurogenic proliferation of rINSCs and production
of newborn progeny through an astrocyte-mediated glutamater-
gic signaling cascade; while low dentate CCK reduces neuro-
genic proliferation of rINSCs and production of newborn progeny
potentially through neuroinflammatory signaling cascades
associated with reactive astrocytes. The signaling mechanisms
underlying CCK modulation of dentate astrocytes remain to be
determined. We show that dentate astrocytes respond to CCK
signals with increased Ca®* events via CCK2Rs, suggesting a
direct mechanism mediated by astrocyte CCK2Rs. It remains to
be determined whether reduced CCK leads to aberrant Ca* sig-
nals in reactive astrocytes, which could contribute to proinflam-
matory cytokine release. Accumulating evidence has suggested
that reactive astrocytes exhibit aberrant Ca®* signals, and the
patterns of aberrant Ca?* depend upon distinct pathological
conditions (Shigetomi et al., 2019; Vincent et al., 2010). Future
studies will be required to characterize the Ca®* signals of reactive
astrocytes associated with reduced dentate CCK.

Reduced CCK, Reactive Astrocytes, and NSC Regulation
One striking finding from our study is that reduced dentate CCK
appears to exert a detrimental effect on local astrocytes by
switching them to an A1 reactive state associated with neuroin-
flammation, suggesting that CCK normally acts as an anti-in-
flammatory molecule in adult DG. The anti-inflammatory role of
CCK has been implicated in the peripheral system (Meng et al.,
2002; Miyamoto et al., 2012; Oehlers et al., 2017), but not in
the central nervous system nor in the context of adult rNSC regu-
lation. Since CCK knockdown in the DG induced reactive
astrocytes and neuroinflammation, this raised a question on
the potential mechanism linking reactive astrocytes and
deceased rNSC proliferation. Interestingly, our RNA-seq anal-
ysis found that the majority of DEGs involved in both negative
proliferation and immune processes were associated with inter-
feron-y (IFNY) signaling, including Eif2ak2, Ifitm3, Irf1, and Ifit3
(based on GeneCards), posing the possibility that upregulated
IFNYy signaling upon reduced CCK may contribute to decreased
rNSC proliferation. Supporting this, recent studies showed
increased proliferation of adult precursor cells in the adult olfac-
tory bulbs and DGs of IFN-y knockout mice (Monteiro et al., 2016;
Pereira et al., 2015). The classical sources of IFNy are T cells and
natural killer cells in the peripheral system (Monteiro et al., 2017);
however, our RNA-seq data provided strong support for the
involvement of resident immune cells, including astrocytes and
microglia. Based on our findings that astrocytes are extremely
responsive to dentate CCK, we speculate that reactive astro-
cytes may be the source of IFNy upon reduced CCK. Future ex-
periments with specific manipulation of IFNy in astrocytes upon
reduced CCK could identify the role of IFNy in regulating rNSC
behavior.

Recent human studies have provided tremendous support for
reduced CCK in Alzheimer’s disease (AD) patients. For instance,
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a recent microarray analysis of human hippocampal tissues
showed that physical exercise significantly increased hippocam-
pal CCK transcription, while AD significantly reduced it
(Berchtold et al., 2019). Another study showed that higher levels
of CCK in cerebrospinal fluid is negatively correlated with AD
susceptibility (Plagman et al., 2019). Moreover, emerging evi-
dence has revealed impaired rNSC behavior and hippocampal
neurogenesis in AD mouse models (Fu et al., 2019; Mu and
Gage, 2011) and human patients (Crews et al., 2010; Gomez-
Nicola et al., 2014; Jin et al., 2004; Li et al., 2008; Lovell et al.,
2006; Moreno-Jiménez et al., 2019; Perry et al., 2012). Further-
more, human AD patients display aberrant astrocytes with rami-
fied processes and altered GFAP isoforms (Kamphuis et al.,
2012, 2014), and AD mice exhibit significant astrogliosis (Oakley
et al., 2006). Therefore, AD pathological hallmarks, including pla-
ques and tangles, may induce reduced endogenous CCK and
reactive astrocytes as a potential mechanism for impaired
rNSCs and hippocampal neurogenesis. Given the critical role
of adult-born neurons in regulating cognitive functions,
increasing CCK release to promote neurogenic potential of
NSCs and reduce inflammatory responses may represent a
novel strategy to treat neuropathological conditions associated
with aberrant hippocampal neurogenesis and neuroinflamma-
tion, such as aging, AD, and epilepsy.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

rat anti-mCherry

rabbit anti-GABA
rabbit anti-cFos
chicken anti-nestin
rabbit anti-phospho RB
rabbit anti-proCCK

Thermo Fisher Scientific
Sigma

SySy

Aves

Cell Signaling

Dr. Margery Beinfeld

Cat# M11217; RRID: AB_2536611
Cat# A2052; RRID: AB_477652
Cat# 226003; RRID: AB_2231974
Cat# NES; RRID: AB_2314882
Cat# 8516; RRID: AB_11178658
RRID: AB_2313591

mouse anti-CCK8 CURE Cat# 9303; RRID: AB_10013360
rabbit anti-phospho-ERK Cell Signaling Cat# 4370; RRID: AB_2315112

rabbit anti-GAPDH Abcam Cat# ab9485; RRID: AB_307275
mouse anti-GFAP Millipore Cat# MAB360; RRID: AB_11212597
goat anti-DCX SCBT Cat# sc-8066; RRID: AB_2088494
goat anti-GFP Rockland Cat# 600-101-215; RRID: AB_218182
rabbit anti-PV27 Swant Cat# Swant PV27; RRID: AB_2631173
Bacterial and Virus Strains

AAV2-hSyn-DIO-mCherry Addgene RRID: AddGene_50459
AAV2-hSyn-DIO-hM3Dg-mCherry Addgene RRID: AddGene_44361

AAVDJ-CaMKII-GCaMP6s

AAV5-CMV-shCCK-eGFP

AAV5-CMV-shScrambled-eGFP

AAV5-EF1a-fDIO-EYFP-WPRE
AAV8-GFAP104-mCherry
AAV2/5-GFAP-GCaMP6-LCK
AAV9-Syn-DIO-jGCaMP7{-WPRE

Garret Stuber (U. Washington)

(Otis et al., 2017); Also available

from Stanford Vector Core:
GVVC-AAV-88

Backbone plasmid from Ralph DiLeone
(Yale)/ shCCK (Arey et al., 2014)
Packaged by Duke Vector Core
Backbone plasmid from Ralph DiLeone
(Yale)/ shScrambled (Arey et al., 2014)
Packaged by Duke Vector Core

UNC Vector Core

UNC Vector Core

Addgene

Addgene

NA

NA

NA

NA

NA

RRID: AddGene_52924
RRID: AddGene_104488

AAV8-GFAP-hM3Dg-mCherry Ken McCarthy (UNC) and UNC NA
Vector Core

AAV2/5-gfaABC1D-mRFP-p130PH Shinghua Ding (University of NA
Missouri-Columbia, MO) (Xie et al., 2010)

AAV2/5-gfaABC1D-mRFP Shinghua Ding (University of NA
Missouri-Columbia, MO) (Xie et al., 2010)

Chemicals, Peptides, and Recombinant Proteins

bicuculline Tocris 0131

NBQX Tocris 0373

APV Tocris 0105

TTX Tocris 1078

AIDA Tocris 0904

AMPA Tocris 0254

NMDA Tocris 0114

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
DHPG Tocris 0805

CCK8ns Tocris 1150

YMO022 Tocris 1408

EdU Carbosynth NEO08701
DL-Fluorocitric Acid barium salt Sigma F9634

BAPTA tetrapotassium salt Invitrogen B1204

CNO NIH C-929

w-agotoxin TK Alamone Labs STA-530

CPG 52432 Tocris 1246

L-glutamic acid Tocris 0218

Deposited Data

Raw and analyzed RNA-seq data This paper GEO: GSE137052

Experimental Models: Organisms/Strains

Mouse: C57BL/6
Mouse: CCK-IRES-Cre
Mouse: Nestin-GFP

Mouse: Pvalb-T2A-FIpO-D

Jackson Laboratory
Jackson Laboratory

Dr. Grigori Enikolopov at Stony
Brook University

Jackson Laboratory

RRID: IMSR_JAX:000664
RRID: IMSR_JAX:012706
RRID: IMSR_JAX:033927

RRID: IMSR_JAX:022730

Software and Algorithms

Imaris

FIJI

pClamp
Micro-Manager

Igor Pro

Neuromatic

Olympus FluoView
Zeiss ZEN

Tophat v2.1.1
Discovery (DAVID) v6.8
GEne SeT Analysis Toolkit
STRING v11.0
Cufflinks v2.2.1

Prism

Bitplane

ImageJ

Molecular Devices
Micro-manager.org
Wavemetrics
Thinkrandom.com
Olympus

Zeiss

Kim et al., 2013
Huang et al., 2009a, 2009b
Liao et al., 2019
Szklarczyk et al., 2019
Trapnell et al., 2013
Graphpad

RRID: SCR_007370
RRID: SCR_002285
RRID: SCR_011323
RRID: SCR_000415
RRID: SCR_000325
RRID: SCR_004186
RRID: SCR_014215
RRID: SCR_013672
RRID: SCR_013035
RRID: SCR_001881
RRID: SCR_006786
RRID: SCR_005223
RRID: SCR_014597
RRID:SCR_002798

RESOURCE AVAILABILITY

Lead Contact
Information and requests should be directed to and will be fulfilled by the lead contact, Juan Song, Ph.D. (juansong@email.unc.edu).

Materials Availability
Viral reagents generated in this study (AAV5-CMV-shCCK-eGFP and AAV5-CMV-shScrambled-eGFP) will be made available without
restriction by request to the lead contact.

Data and Code Availability

RNA-seq data reported in this paper has been submitted to Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) with
accession number GEO: GSE137052.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Single or double transgenic young adult mice (6-12 weeks, males and females) were used and randomly assigned to experimental
groups. C57BL/6J, CCK-IRES-Cre (B6N.Cg-Cck'™!-1€r®)Z) "and PV-FIp (B6.Cg-Pvalp'™*1{PoHze/y '\yere obtained from Jackson
laboratory; Nestin-GFP mice (Mignone et al., 2004) were obtained from Dr. Grigori Enikolopov at Stony Brook University. Animals
were group housed and bred in a dedicated husbandry facility with 12/12 light-dark cycles with food and water ad libitum and
received veterinary supervision. Animals subjected to surgical procedures were moved to a satellite housing facility for recovery
with the same light-dark cycle. No immune deficiencies or other health problems were observed in these lines, and all animals
were experimentally and drug naive before use. Electrophysiology or Ca* imaging experiments were typically performed on animals
at 2-4 months of age. All animal procedures followed NIH Guide for the Care and Use of Laboratory Animals and were approved by
Institutional Animal Care and Use Committee at the University of North Carolina at Chapel Hill.

METHOD DETAILS

Stereotaxic Injections

In brief, mice were anesthetized under 1%-2% isoflurane in oxygen at 0.6-0.8 LPM flow rate. AAV vectors were injected under ste-
reotaxic control to the DG using the following coordinate: AP —2.0 mm, ML + 1.5 mm, DV —2.1 mm from Bregma, with microsyringe
(Hamilton, 33GA) and microinjection pump (Hamilton) at a speed of 75 nL/min. The needle then remained in place for 5 min before
being withdrawn. Mice were allowed to recover for 2 weeks from the surgery before in vivo or in vitro experiments. For in vivo DREADD
experiments, CCK-IRES-Cre mice were injected with 300 nL AAV2-hSyn-DIO-hM3Dg-mCherry or AAV2-hSyn-DIO-mCherry (Addg-
ene/UNC Vector Core) bilaterally into the DG. Several measures were taken to increase the specificity of viral labeling by restricting
the spread of the virus to the hilus by: (1) reducing flow rate to 75 nL/min (2) packaging the DREADD in AAV2, which doesn’t spread as
far from the injection site as other serotypes do, and (3) diluting the virus to a titer of 1.08 x 10'" viral genomes/mL. For EdU/prolif-
eration quantifications, CNO was dissolved in drinking water at a concentration of 5 mg/200 mL for 4 days. CNO was from NIH as part
of the Rapid Access to investigative Drug Program funded by National Institute of Neurological Disorders and Stroke (NINDS). On the
last day, animals were given IP injections of EAU (40 mg/kg, Carbosynth) for 4 times at 2-hour intervals. Animals were perfused 2
hours after the last injections of EdU. For quantifications of phospho-ERK and phospho-RB in rNSCs, CNO was administered via
a single IP injection (5 mg/kg) and animals were then perfused either 80 min (phospho-ERK) or 5 hours (phospho-RB) later. For in vivo
shRNA experiments, mice were injected with 1 uL of either AAV5-CMV-shCCK-eGFP or AAV5-CMV-shScrambled-eGFP (AAV vec-
tors from Ralph DiLeone, Yale Univ.; short-hairpin sequences were adapted from published work (Arey et al., 2014) and packaged by
the Duke Vector Core). After 4 weeks, animals were given IP injections of EAU and perfused as previously described. For slice
recording, viral injections were conducted similarly. Additional AAV vectors including AAVDJ-EF1a-DIO-GCaMP6s (Dr. Stuber, U.
Washington), AAV5-EF1a-fDIO-EYFP-WPRE (UNC Vector Core), AAV8-GFAP104-mCherry (UNC Vector Core), AAV2/5-GFAP-
GCaMP6-LCK (Addgene), AAV9-Syn-DIO-jGCaMP7f (Addgene), AAV8-GFAP-hM3Dg-mCherry (Dr. McCarthy, Univ of North
Carolina at Chapel Hill), and AAV2/5-gfaABC1D-mRFP-p130PH and AAV2/5-gfaABC1D-mRFP (Dr Ding, Univ. Missouri-Columbia)
were injected into the DG of adult mice for various experiments. Mice with viral expression outside the region of interest (DG)
were excluded from tissue processing and further analysis. Please note, AAVDJ is a hybrid serotype vector created by shuffling
8 different AAV serotypes (Grimm et al., 2008) and is commonly used to achieve good efficiency of expression in vitro and in vivo
(used by Stanford Vector Core, for example).

Electrophysiological recordings

Adult mice were used for slice preparation and electrophysiological recording 2-4 weeks after viral injection. No specific replication
designs were used, but multiple animals were used as indicated in the figure legends. Sample size estimation was based on previous
publications and power analysis. Mice with viral expression outside the region of interest (DG) were excluded from further analysis.

Animals were anesthetized under isoflurane and briefly perfused intracardially with 10 mL of ice-cold NMDG solution (Ting et al.,
2014) containing (in mM): 92 NMDG, 30 NaHCOg3, 25 glucose, 20 HEPES, 10 MgSO,, 5 sodium ascorbate, 3 sodium pyruvate, 2.5
KCl, 2 thiourea, 1.25 NaH,PQO,4, 0.5 CaCl, (pH 7.24, 300 mOsm, bubbled with 95% O, and 5% CO.,). The brains were then quickly
removed into additional ice-cold NMDG solution for slicing. Transverse slices were cut using a Leica VT1200S vibratome at
280 um thickness, and warmed to 36°C for 10 min. Slices were transferred to room temperature (22-24°C) HEPES holding
solution(Ting et al., 2014) containing (in mM): 92 NaCl, 30 NaHCOs, 25 glucose, 20 HEPES, 5 sodium ascorbate, 3 sodium pyruvate,
2.5KCl, 2 thiourea, 2 MgSOy,, 2 CaCls, 1.25 NaH,POy4, (pH 7.24, 300 mOsm, bubbled with 95% O, and 5% CO,) for 1 - 2 hr. Solutions
intended for use with CCK recordings, PV recordings, GC recordings, or for Ca®* imaging also contained 12 mM N-acetyl-L-cysteine
in the NMDG and HEPES solutions to improve glutathione synthesis (Ting et al., 2014).

Whole-cell electrophysiological recordings were obtained at 22-24°C in artificial CSF (ACSF) containing (in mM): 125 NaCl, 26
NaHCOg3, 20 glucose, 2.5 KCI, 2 CaCl,, 1.3 MgCl,, 1.25 NaH,POy4, (pH 7.24, 300 mOsm, bubbled with 95% O, and 5% CO,) on a
Scientifica SliceScope. GFP* neural stem cells within the sub-granule zone, or hilar mCherry* CCK interneurons were
visualized by DIC and fluorescence microscopy with a 40X water-dipping objective (LUMPlanFL NA, 0.8; Olympus). rNSC identity
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of Nestin-GFP* cells were confirmed by stereotypical type-1 responses to current pulses (non-rectifying, high-resistance). Micro-
electrodes (3-6 MQ) were pulled from 1.5 mm diameter borosilicate glass capillaries (WPI) and filled with potassium based internal
solution containing (in mM): 130 K-gluconate, 20 HEPES, 4 MgCl,, 4 Na,-ATP, 2 NaCl, 0.5 EGTA, 0.4 Na-GTP (pH 7.24, 310 mOsm).

Cell-attached recordings from YFP* parvalbumin neurons or visually identified non-fluorescent mature GCs were made by forming
> 200 MOhm resistance seals using similar microelectrodes filled with filtered ACSF and no applied holding voltage. Because of the
sparsity of GC spiking, CaCl, and MgCl, in the ACSF were adjusted to 2.2 and 1.1 mM for those experiments.

Spontaneous IPSCs from GCs were made by whole-cell recordings of non-fluorescent mature granule cells identified by DIC
microscopy in the mid to outer GCL using a high-Cl internal solution containing (in mM): 140 KCI, 10 EGTA, 8 HEPES, 5 QX-314,
2 Mg,-ATP (pH 7.3, 310 mOsm).

BAPTA-filling of astrocytes was made in mCherry* hilar astrocytes using a K-BAPTA internal solution containing (in mM): 70 su-
crose, 50 K-gluconate, 20 K4-BAPTA, 10 HEPES, 4 MgCl,, 4 Na,-ATP, 2 NaCl, 0.5 EGTA, 0.4 Na-GTP (pH 7.24, 310 mOsm). Internal
solution was permitted to intracellularly perfuse the astrocyte for 20 min through a patch pipette in whole-cell configuration.

Slices treated with FC (100 uM) were preincubated for 1 hour in bubbled ACSF containing the drug before recording, and remained
in FC-ACSF during patch-recording.

Data were collected using a Multiclamp 700B amplifier and digitized with a DigiData 1440A (Axon Instruments) at 10 kHz using
pClamp10 software. The whole-cell patch-clamp configuration was employed in current-clamp mode (with | = 0) to freely monitor
membrane potential changes for rNSC recordings and for monitoring CCK neuron action potential firing. Unstable whole-cell
recordings (monitored by membrane test pulse) were excluded from analysis.

Pharmacological agents (Tocris) were used at the following final concentrations in the bath as indicated: bicuculline (50 uM), CPG
(1 uM), NBQX (10 pM), APV (100 uM), TTX (1 uM), AIDA (100 pM), AMPA (1 mM), NMDA (1 mM), DHPG (200 uM), CCK8 (300 nM),
YMO022, (1 uM), L-glutamic acid (1 mM). CNO (obtained from NIH) was bath applied at 10 uM. The w-agotoxin TK (200 nM) was pur-
chased from Alamone Labs. All other chemicals, including DL-Fluorocitric acid (100 pM), were purchased from Sigma.

Ca?* Imaging

GCaMP was selectively expressed by AAV-mediated expression of GFAP-GCaMP6-LCK, CaMKII-GCaMP6s, or DIO-jGCaMP7{.
Acute brain slices were prepared and observed as for electrophysiology. A CoolLED pE-100 at 470 nm was used for excitation,
and GCaMP fluorescence was acquired through a standard GFP filter cube and captured with an Optimos sCMOS camera
(Q-lmaging), using Micro Manager acquisition software. Image sequences were acquired at 100 ms frame rates with 5 focal-plane
sections in 10 min episodes. Actual imaging rate after microscope movements and z stack completion effectively reduced the time
resolution to ~2.8 s. Imaging sessions of mossy cells, granule cells, CCK interneurons, or astrocytes were paused for 10 min during
pharmacological exchange to allow adequate perfusion of drugs before resuming image acquisition. In experiments with astrocyte
BAPTA loading, imaging was paused during the 20 min infusion, and was resumed after the pipette was withdrawn.

Tissue process and Immunohistochemistry

Mice were anesthetized with a mixture of ketamine and xylazine (100 mg/kg and 10 mg/kg respectively) until no longer responsive to
toe pinch, or subjected to isofluorane inhalation at 5% until nonresponsive to toe pinch. Brains were fixed via transcardial perfusion of
ice-cold 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS) at pH 7.4. Brains were collected and post-fixed in 4% PFA
overnight, followed by 30% sucrose in PBS for 2-3 days. Brains were sectioned into 40 um coronal sections with a microtome and
stored in cryoprotectant solution containing 30% sucrose, 30% ethylene glycol in 0.1M phosphate buffer.

To label proliferating cells, sections from mice injected with EJU were first rinsed in Tris-buffered saline (TBS) and then 0.05%
Triton X-100 in TBS, followed by permeabilization in 0.5% Triton X-100 in TBS for 30 min. Sections were then incubated in click re-
action buffer (0.1 M Tris, 0.5-1mM CuSO4, 30 uM 488 Alexa azide (A10266, Invitrogen), and 50-100 mM ascorbic acid) for 1 hour for
EdU labeling. Tissue was then rinsed 4-6X in 0.05% Triton X-100 in TBS.

For immunostaining, sections were first rinsed in TBS and then 0.05% Triton X-100 in TBS, followed by incubation in 0.5% Triton
X-100in TBS for 30 min (this step was omitted if tissue had already undergone the click reaction and so was already permeabilized).
Sections were then incubated in blocking buffer (5% donkey serum in 0.05% Triton X-100 in TBS) for 30-60 min followed by incu-
bation in primary antibody (primary antibody + 5% donkey serum diluted in 0.05% Triton X-100 in TBS). The following primary
antibodies were incubated with tissue at 4C overnight: rat anti-mCherry (1:1000, Invitrogen), rabbit anti-GABA (1:500, Sigma),
chicken anti-Nestin (1:250, Aves), rabbit anti-phospho RB (1:500, Cell Signaling), mouse anti-GFAP (1:500, Millipore), goat
anti-DCX (1:500, SCBT), rabbit anti-PV (1:500 Swant), and goat anti-GFP (1:500, Rockland). Rabbit anti-proCCK (1:500, a gift
from Margery Beinfeld) was incubated for 48 hours at room temperature. Mouse anti-CCK8 (1:500, no. 9303 CURE) and anti phos-
pho-ERK (1:100, Cell Signaling) were incubated for 72 hours at 4C. c-Fos immunostaining was the same as others with the exception
that there was 20 min incubation in 1 mg/mL solution of sodium borahydride in PBS prior to any incubations, and the rabbit anti c-Fos
primary (1:1000, Sysy) was incubated for 72 hours at 4C. The sections were then rinsed with 0.05% Triton X-100 in TBS and incu-
bated in secondary antibody (secondary antibody + 5% donkey serum diluted in 0.05% Triton X-100 in TBS) at room temperature
(RT) for 2 hours followed by additional rinsing in 0.05% Triton X-100 in TBS. All the brain sections were mounted in an aqueous
medium.
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Antigen retrieval is required for immunostaining with Nestin, phospho-ERK, phospho-RB, and CCK8. Sections requiring antigen
retrieval were first mounted onto charged slides and incubated in a beaker containing 0.1M citrate buffer and kept at between
92 - 95°C for a period of 7 min under constant stirring. Slides then remained in citrate buffer after being removed from heat source
and put on ice to cool down to room temperature. Sections then underwent permeabilization and blocking as previously described.

QUANTIFICATION AND STATISTICAL ANALYSIS

Electrophysiological quantification

Electrophysiology traces were analyzed using a combination of the NeuroMatic package (Rothman and Silver, 2018) and custom built
analysis routines, written for Igor Pro (Wavemetrics). Resting Vm was reported for sample traces throughout the figures. Depolariza-
tion magnitudes were computed by averaging several minutes of baseline activity, subtracted from the smoothed peak membrane
potential during drug application. Responding cells were considered as those that depolarized by > 10 mV, and were color-coded in
the figures. Cells that depolarized too suddenly (within less than 2 min) were not included for analysis, as it may reflect unexpected
loss of whole-cell configuration.

Calculations of delay time were accomplished by fitting the membrane potential data from responding rNSCs to a Sigmoid function
and drawing a tangent line at the midpoint of inflection. The intersection of the tangent line with the baseline level marked the initiation
time of depolarization. The difference in time between CNO application and the intersection point determined the reported delay time.
Cells that were poorly fit by the Sigmoid or had computed delay times beyond 40 min were excluded.

Spike counting and detection of sIPSCs were performed by semi-automated threshold detection and additional timing/level pa-
rameters in NeuroMatic analysis package (Rothman and Silver, 2018) in Igor Pro, and manually reviewed for accuracy. Non-typical
events and any recording artifacts were excluded from analysis. Fold change in spiking occasionally was determined as infinite (inf)
when zero spikes were detected at baseline. Some recording artifacts were digitally removed for presentation purposes.

Estimation of the fractional contribution of PV interneurons to the increase in sIPSCs seen in GCs under CNO conditions was calcu-
lated by the following equation:

CNOfreq X F, senCNO — ACSF; freq X F, senACSF

%PV =
? CNOfreq X F, senCNO — ACSF; freq X F, senACSF + CNOfreq X F, resCNO — ACSF; freq X F, resACSF

x 100

where total IPSC frequency in ACSF (ACSFq) was found in bar 1 of Figure 3Q, total IPSC frequency in CNO (CNOf,q) was found in
bar 2 of Figure 3Q. The fraction of ago-sensitive (Fsenacsr) and ago-resistant (Fresacsr) IPSCs in ACSF was determined experimentally
from the average IPSC frequencies given in Figure S3A. The fraction of ago-sensitive (Fsencno) @and ago-resistant (Frescno) IPSCs in
CNO was determined experimentally from the average IPSC frequencies given in Figure 3Q. See Figure S3B for additional derivation.

Calcium analysis

Ca?* fluorescent signals were analyzed using hand-drawn ROls in NIH ImagedJ software and computed using custom procedures
written in Igor Pro (Wavemetrics). Sample Ca2* traces presented in the figures originate from the same cell in both the baseline
and experimental conditions. Displayed Ca®* signals were determined from surround subtracted regions of interest (ROIs) at the
best focal plane, and converted into AF/Fq values using a running Fq (Jia et al., 2011). Quantification of event frequency was deter-
mined using peak detection algorithms in Igor Pro (using a smooth value of 200, and a box detection width of 5 points) and manual
thresholding (using the larger of either 0.2 AF/F units or 1 SD above the non-signaling portion (defined as the 5 through 95" percen-
tile of the AF/F). Area measurements were simply the integrated sum under the AF/F trace and were limited to be > 0. Excessive data
points near zero were occasionally slightly adjusted in the figures to fit all the data into the plotting area for display purposes only. Fold
changes were calculated per cell as Frequency,/Frequency,, or Areay/Areas. As frequencies can often be zero during Frequency,
infinite fold changes were recalculated as 2 * Frequency, / minimum_Frequency; [i.e., 1 event / imaging time period]. Fold changes
became zero if there were no events in Frequency,. To eliminate bias from brain sections that might have higher numbers of labeled
cells to analyze, stacked bar plots depicting the mean percent of increasing and decreasing responses were made by counting the
total number of cells having > 1, 1, or < 1 fold change in each slice.

Stereological quantification

Coronal sections through the entire hippocampus were collected in a serial order. Tiled images were acquired with an Olympus
FLUOVIEW1000/Zeiss, or LSM780/Zeiss, or LSM710 confocal microscopes, using either 40x Oil (Olympus and Zeiss LSM780) or
20X (Zeiss LSM710) objectives, XY-resolution 0.4975 um/pixel, and Z-resolution 1.0 um/slice. Images were stitched using either
Olympus FluoView or Zeiss ZEN imaging software. All positive cell type marker quantifications were done manually throughout z
stacks using ImagedJ with the exception of GFAP* cells. Due to high density, it is difficult to accurately identify individual GFAP* cells.
Volume of GFAP™ labeling was quantified using Imaris volumetric analysis and normalized to the volume of the hilus. Slide identities
were blinded during quantification to avoid bias.
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Microdissection of the dentate gyrus

Two months after unilateral injection of 8 week-old, wild-type, C57BL/6J mice with either AAV5-CMV-shScrambled-eGFP or AAV5-
CMV-shCCK-eGFP, mice were anesthetized using 5% isoflurane and sacrificed by decapitation. The whole brain was then removed
from the skull and immediately placed in cold PBS. Still in cold PBS, the brain was then bisected, and the dentate gyrus (DG) was then
dissected out from the injected hemisphere. DGs from each hemisphere were then placed in RNAlater Stabilization Solution (Thermo
Fisher).

RNA-Seq library prep and analysis

Total RNA was extracted from fresh DG using TRIzol Reagent (Invitrogen) and Direct-zol RNA Mini Prep kit (Zymo Research) accord-
ing to the manufacturer’s instructions. Bulk mRNA-seq libraries were generated from triplicated samples per condition by Novogene.
An Agilent 2100 BioAnalyzer and a DNA1000 kit (Agilent) were used to quantify amplified cDNA and to control the quality of the li-
braries. lllumina HiSeq4000 was used to perform 150-cycle pair-end sequencing. Image processing and sequence extraction
were performed using the standard lllumina pipeline. Paired-end reads were first aligned to mouse genome assembly and transcrip-
tome annotations (mm9) by Tophat v2.1.1 with default settings. The numbers of mapped reads for each sample can be found in Table
S2. FPKM (fragments per kilobase of transcript per million mapped reads) values were calculated by Cufflinks v2.2.1. Pairwise com-
parison between shCCK and shScrambled conditions were performed to detect differentially expressed genes (DEGs) using Cuffdiff
v2.2.1. DEGs are defined as those with g-value less than 0.05. Gene ontology (GO) analyses on biological processes were performed
by the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8. To identify significantly enriched DIRECT GO
terms, a Benjamini-Hochberg procedure was used to control the false discovery rate (FDR) at 0.05. KEGG pathway enrichment an-
alyses were performed by the WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) update 2019 with adjusted p value no greater
than 0.05. Heatmaps and volcano plots were made in R v3.5.1 by pheatmap and ggplot2 packages.

Statistics

Mice from both sexes were used for all experiments, and no other covariates were identified. For stereological analysis, two-tailed
unpaired Student’s t test was used to examine the difference by using Graphpad Prism (Graphpad Software). Test for normality were
not performed. For all experimental results, the number of animals used was reported in figure legends. All measurements are from
distinct samples and were not repeated-measurements. Data throughout are presented as mean + SD or mean + SEM as reported in
the figure legends.

Statistics for electrophysiology were calculated using two-sample tests in Igor Pro (Wavemetrics), and were checked for random-
ness and equal variances. Data were presented as means + SEM. All data points (responding and nonresponding cells) were included
for statistical analysis. The p values from t tests are reported in the figure legends, or by Wilcoxon-Mann-Whitney test if the variance
was determined as unequal. In each figure, animals and number of cells recorded are reported. In cases comparing changes in spike
rates or IPSC rates, paired t tests were used. Changes of Vm from baseline levels to depolarization levels also used paired t tests. All
others were unpaired. Slices were changed after each cell recording to eliminate residual effects of prior pharmacology. One-way
ANOVA was occasionally employed with Dunnett post hoc analysis when comparing multiple groups to control.

Statistics for Ca®* imaging were calculated using two-sample tests in Igor Pro, and were checked for randomness and equal
variances. Data were presented as means + SEM. For frequency and area comparisons, p values were generated by paired t test
and are reported in the figure legends. Unpaired t tests were used to determine % increasing or decreasing cells across different
conditions. The number of ROlIs (cells or astrocyte domains) that were defined manually in the image stacks and number of animals
used were reported in figure legends.

Statistical outcomes were based on p < 0.05 and displayed throughout figures as: ‘ns’ not significant, *’ p < 0.05, “**’ p < 0.01,
' p < 0.001.
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Supplemental Figure 1. AAV2 viral expression of excitatory Gqg DREADD in CCK cells of the
dentate gyrus. Related to Figure 1.

(A) AAV2-hSyn-DIO-hM3Dg-mCherry expression is restricted to the hilus of the DG from dorsal

to ventral hippocampal sections. Scale bar 500 ym.

(B) Sample Ca*" AF/F intensity from CCK cells co-injected with AAV2-hSyn-DIO-hM3Dg-
mCherry and AAV9-Syn-DIO-jGCaMP7f virus for both chemogenetic activation and imaging,
before and after bath application of 10 yM CNO in acute slice preparation. The gap in the traces

indicates a 10 min pause of image acquisition during CNO addition.

(C) Frequency of CCK-cell Ca®* events during baseline, chemogenetic activation, and then with
the addition of 1 yM CCK2R antagonist YM022. Lines and markers indicate paired

measurements in individual MCs. Bars indicate mean + SEM Ca?* frequency for all cells.



p=0.005(ACSF:CNO), 0.62(CNO:YM022), 0.013(ACSF:YM022) by paired t-test for 60 CCK

interneurons in 3 animals.

(D) Area measurements of CCK Ca®" traces for the same cells displayed in (C). p=0.96
(ACSF:CNO), 0.12(CNO:YM022), 0.34(ACSF:YMO022).
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Supplemental Figure 2. lonotropic and metabotropic glutamate agonists induce depolarization of
rNSC membrane potentials. Related to Figure 2.

(A-C) Bath application of 1 mM AMPA (A), 1 mM NMDA (B) or 200 uM DHPG (C) onto acute slice
induced transient (A, B) or sustained (C) depolarization of rINSCs in the presence of 1 yM TTX.

(D) Quantification of the depolarization magnitude of rNSCs upon bath application of AMPA,
NMDA, or DHPG. Symbols indicate responding (= 10 mV depolarization) INSCs. n= (7,7, 7) cells

from (5, 4, 6) animals. Bars indicate mean + SEM in the responding population.

(E) Percent of recorded rNSCs that responded to glutamatergic stimulation.
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Supplemental Figure 3. Maintenance of GC firing rate under CCK activation is predominantly due

to increased IPSCs from PV interneurons. Related to Figure 3.

(A) IPSC frequency reduction in GCs as recorded by whole-cell configuration with high-Cl internal
solution in slices preincubated in ACSF or 200 nM PV-selective toxin w-agotoxin TK (ago) for 1

to 2 hours. p=0.35 for (6,7) cells in (4,3) animals. Two outliers were not plotted in the figure.

(B) Estimation of the fractional contribution of PV interneurons to the increase in sIPSCs seen in

GCs under CNO conditions was calculated in the following manner.

1) The fraction of ago-sensitive (Fsenacsr) and ago-resistant (Fresacsr) IPSCs in ACSF was

determined experimentally from the average IPSC frequencies given in Figure S3A.

2) The fraction of ago-sensitive (Fsencno) and ago-resistant (Frescno) IPSCs in CNO was

determined experimentally from the average IPSC frequencies given in Figure 3Q.

3) Basal partial frequencies in ACSF can be calculated from the total sIPSC frequency in
ACSF (ACSFirq) found in bar 1 of Figure 3Q, such that:

ACSFfreq = ACSFago_sensitive + ACSFago_resistant, and that:
ACSFago_sensitive = ACSFfreq * FsenACSF
ACSFago_resistant = ACSFfreq * FresACSF

4) Similarly, partial frequencies in CNO can be calculated from the total sIPSC frequency
in CNO (CNOsweq) found in bar 2 of Figure 3Q, such that:



CNOfreq = CNOago_sensitive + CNoago_resistant, and that:
CNOago_sensitive = CNOfreq * I:senCNO
CNOago_resistant = CNOfreq * FresCNO

5) Assuming that the total number of IPSCs in the CNO condition is a linear sum of basal

events + newly induced events, then:
CNO¥req = ACSFieq + NewEvokedsreq

6) Substituting the sensitive and resistant components gives:
CNOago_sensitive = ACSFago_sensitive ¥ NE€Wago_sensitive
CNOago_resistant = ACSFago _resistant + N€Wago_resistant

7) The final PV contribution to the increase in IPSCs is therefore:

% PV = NeWago—sensitive / (NeWago—sensitive + NeWago_resistant) *100
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Supplemental Figure 4. Labeling of hippocampal astrocytes and persistence of rNSC function

after astrocyte disruption. Related to Figure 5.
(A) Fluorocitric acid treatment does not alter the ability of rNSCs to respond to glutamate.

(B) Confocal confirmation of simultaneous viral trans-gene expression in astrocytes and CCK
neurons for chemogenetic activation of CCK neurons by AAV2-DIO-hM3Dg-mCherry and
astrocyte targeting for patch pipette perfusion by AAV8-GFAP-mCherry. Red fluorescence in
astrocytes was intense and colocalized with GFAP antibody (yellow arrowheads, expanded in (b)
panels), while expression of hM3Dg-mCherry was weaker and colocalized with CCK antibody
(blue arrowheads, expanded in (c) panels). High and low 568 nm laser intensity was used to

gather representative images. Scale bars 100 pm, 20 um.

(C) rNSC:s still depolarize to glutamate application after astrocytes have been subjected to BAPTA

filling.
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Supplemental Figure 5. Representative confocal scan of entire DGs used in the quantifications of

MAPK/ERK signaling and absence of reactive astrocytes. Related to Figure 6.

(A-B) Representative confocal overviews of the DGs used for sample images depicted in Figure
6 for pERK (A), and pRB (B). Scale bar 100 pm.

(C) Similar GFAP expression in DGs from CCK-Cre animals injected with DIO-hM3Dq or control
4 days after CNO drinking water. Scale bar 100 pm.

(D) Quantification of %GFAP immunoreactivity per volume for (2,3) animals; p=0.88 by unpaired
t-test.
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Supplemental Figure 6. DEGs identified by Gene Ontology analysis that are involved in immune
system processes. Related to figure 7. Heatmap of DEGs curated for immune system processes
for three animals in each treatment group, and cross referenced with DEGs identified as also
involved in negative regulation of proliferation. Color indicates direction and relative magnitude of
FPKMs.



Table S2. Summary of RNASeq Analysis. Related to Figure 7

Collaborators

Josh Wooten in Juan Song Lab at UNC

Treatment sh-control sh-control sh-control sh-CCK sh-CCK sh-CCK
Replicate 1 2 4 1 2 4

Label shCON1 shCON2 shCNO4 shCCK1 shCCK2 shCCK4
Library insert size (bp) 309-321

Sequencing Novogene, lllumina, PE150

Total read pairs (PE150) 21,758,170 | 22,633,118 | 25,028,708 24,830,828 | 26,459,882 | 19,011,627
Tophat v2.1.1, reference genome mm9

Aligned read pairs 17,425,944 | 17,860,291 | 19,806,537 19,551,353 | 20,940,541 | 15,274,623
Overall mapping rate (%) 87.3 86.7 87.0 86.8 86.9 87.6
Concordant pair alignment rate (%) 79.4 78.2 78.5 78.1 78.5 79.8
Cuffdiff v2.1.1, gtf mm9

Differentially expressed genes (DEGSs) 496

Significantly upregulated genes (g-value <0.05) 352

Significantly downregulated genes (g-value <0.05) 144




Table S4. Reactive Astrocyte DEGs. Related to Figure 7

gene locus status shScrambled FPKM  shCCK_FPKM log2(fold_change) p_value q_value significant

PAN reactive

chr13:51503986- 5.00E-

S1pr3 51518166 OK 2.34366 3.9946 0.769291 05 0.0027 | yes
chr5:92760866- 5.00E-

Cxcl10 92843653 OK 0.373397 11.8056 4.98262 05 0.0027 | yes
chr2:102651299- 5.00E-

Cd44 102741822 OK 1.84914 3.46093 0.9043 05 0.0027 | yes
chr15:6763576-

Osmr 6824313 OK 2.08554 3.11661 0.579559 | 0.0001 | 0.005026 | yes
chr12:105644917- 5.00E-

Serpina3n | 105652539 OK 36.4881 54.5983 0.581431 05 0.0027 | yes
chr12:113344893- 5.00E-

Aspg 113365784 OK 1.31188 2.31136 0.817102 05 0.0027 | yes
chr11:102748649- 5.00E-

Gfap 102758514 OK 207.623 457.224 1.13893 05 0.0027 | yes
chr2:13495937- 5.00E-

Vim 13504453 OK 27.9102 62.7853 1.16964 05 0.0027 | yes

A1-specific

chr17:57343395- 5.00E-

C3 57367559 OK 0.219086 3.58967 4.03428 05 0.0027 | yes
chr17:36131448- 5.00E-

H2-T23 36175119 OK 6.0047 22.0675 1.87776 05 0.0027 | yes




chr17:35400038- 5.00E-

H2-D1 35462354 OK 25.6709 91.2499 1.82969 05 0.0027 | yes
chr2:35255698- 5.00E-

Ggta1 35316945 OK 1.57135 2.69307 0.777249 05 0.0027 | yes
chr18:60535682- 5.00E-

ligp1 60552283 OK 1.18891 5.36266 2.17331 05 0.0027 | yes
chr3:142283626- 5.00E-

Gbp2 142300972 OK 1.62003 10.9551 2.75752 05 0.0027 | yes
chr17:34335139- 5.00E-

Psmb8 34338399 OK 3.44531 10.6432 1.62723 05 0.0027 | yes

A2-specific

chr3:65857479-

Ptx3 66100759 OK 0.299288 1.06309 1.82865 | 0.0002 0.00912 | yes
chr3:93359038-

S100a10 93368567 OK 21.7831 30.5188 0.48649 | 0.0015 | 0.043857 | yes




Table S6. Negative Regulators of Cell Proliferation. Related to Figure 7

gene locus status shScrambled FPKM shCCK_FPKM log2(fold_change) p _value q_value significant
chr1:135971441- 5.00E-

Btg2 135975732 OK 11.9573 17.3083 0.533569 05 | 0.0027002 | yes
chr7:52489001- 5.00E-

Cd37 52494485 OK 2.90672 5.409 0.895971 05 | 0.0027002 | yes
chr6:125410283- 5.00E-

Cd9 125444773 OK 39.7483 61.632 0.632788 05 | 0.0027002 | yes
chr17:53706295-

Kat2b 53812046 OK 3.54081 4.94879 0.482996 | 0.00015 | 0.0071724 | yes
chr4:3605267- 5.00E-

Lyn 3718759 OK 3.54153 5.62739 0.668093 05 | 0.0027002 | yes
chr15:66760879- 5.00E-

Ndrg1 66801203 OK 16.6475 22.5899 0.440379 05 | 0.0027002 | yes
chr8:81862297- 5.00E-

Smad1 | 81923367 OK 9.58469 6.83465 -0.487864 05 | 0.0027002 | yes
chr18:61265225-

Csf1r 61290793 OK 33.2378 42.0041 0.337705 | 0.00085 | 0.0289021 | yes
chr8:125149035- 5.00E-

Cbfa2t3 | 125223009 OK 7.98652 5.45916 -0.54889 05 | 0.0027002 | yes
chr17:29227930- 5.00E-

Cdkn1a | 29237667 OK 5.37178 8.16964 0.604872 05 | 0.0027002 | yes
chr17:79251889- 5.00E-

Eif2ak2 | 79281912 OK 1.63083 3.35376 1.04017 05 | 0.0027002 | yes
chr1:89516886- 5.00E-

Inpp5d | 89617083 OK 2.90726 4.45541 0.615895 05 | 0.0027002 | yes




chr7:148195488- 5.00E-

Ifitm3 148196643 OK 17.4443 60.1321 1.78538 05 | 0.0027002 | yes
chr11:53583515- 5.00E-

Irf1 53591876 OK 5.71556 8.51168 0.57455 05 | 0.0027002 | yes
chr19:34658018- 5.00E-

Ifit3 34663472 OK 3.43844 21.2825 2.62984 05 | 0.0027002 | yes
chr1:182865169-

Lefty1 182868532 OK 0.459194 1.1279 1.29647 0.0018 | 0.0499754 | yes
chr9:110624588-

Pth1r 110649649 OK 1.38083 2.45097 0.827813 | 0.00035 | 0.0145615 | yes
chr11:82878613- 5.00E-

SIfn2 82884180 OK 0.812992 2.98921 1.87845 05 | 0.0027002 | yes
chr3:83640193- 5.00E-

TIr2 83645530 OK 0.552152 2.07782 1.91194 05 | 0.0027002 | yes
chr15:81678699-

Tob2 81688756 OK 9.00533 6.8636 -0.391814 0.0012 | 0.0374721 | yes
chr9:115996812-

Tgfbr2 116084481 OK 4.85859 6.35977 0.388436 | 0.00155 | 0.0448425 | yes
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