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Inflammation is known to adversely affect adult neurogenesis, wherein the source of inflammation is largely thought
to be extraneous to the neurogenic niche. Here, we demonstrate that the adult hippocampal neural progenitors
harbor an inflammatory potential that is proactively suppressed by transcription factor 4 (Tcf4). Deletion of Tcf4in
hippocampal nestin-expressing progenitors causes loss of proliferative capacity and acquisition of myeloid inflam-
matory properties. This transformation abolishes their differentiation potential and causes production of detri-
mental factors that adversely affect niche cells, causing inflammation in the dentate gyrus. Thus, on one hand, Tcf4
deletion causes abrogation of proliferative progenitors leading to reduction of adult neurogenesis, while on the
other, their accompanying inflammatory transformation inflicts inflammation in the niche. Taken together, we provide
the first evidence for a latent inflammatory potential of adult hippocampal neural progenitors and identify Tcf4 as
a critical regulator that facilitates adult neurogenesis via proactive suppression of this detrimental potential.

INTRODUCTION
Adult neurogenesis, the process by which new neurons in the adult
brain are continually generated in specific locations, is known to be
environmentally responsive. While enriched environment enhances
adult neurogenesis (1-3), stress (4-6), aging, and inflammation (7-9)
adversely affect adult neurogenesis. Studies have established that in
the mammalian brain, inflammation such as that caused by bacterial
mimetics or accumulated during aging reduces adult neurogenesis, in
turn affecting cognition. Parabiosis experiments have further shown
that inflammatory factors from aging circulation can affect adult
neurogenesis (10, 11), thereby suggesting a central nervous system
(CNS) extraneous inflammation influence on this process. In a sim-
ilar vein, neural precursor cell proliferation in the neurogenic niche
has been shown to be regulated by the peripheral immune system,
without requiring the direct presence of immune cells in the brain
parenchyma (12-15). While these studies establish a cross-talk be-
tween immune signaling and the adult neurogenic niche, a potential
cell-intrinsic role of the adult neural progenitors in inflammatory
response and/or related processes in the CNS remain unexplored.
A recent transcriptomic study of ex vivo adult neural precursor
culture revealed an enriched immune gene signature specific to the
proliferative subset of these precursor cells (16); however, the potential
physiological relevance of this gene ontology remains unclear. In the
context of immune gene signature, another study in the subventric-
ular zone (SVZ) neurogenic niche has revealed that a subset of adult
neural stem cells (aNSCs) in the aged brain up-regulates interferon
(IFN) signaling in response to T cell infiltration (17). This suggested
that under certain circumstances, the aNSC could up-regulate an in-
flammatory response. However, whether the adult NSC indeed har-
bors an innate inflammatory potential under homeostatic conditions
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and, if so, what are the regulators that manage this detrimental poten-
tial remain unexplored.

The basic helix-loop-helix transcription factor 4 (Tcf4), a gene
implicated in schizophrenia (SCZ) (18) and Pitt-Hopkins syndrome
(PTHS) (19-21), is widely and continually expressed in the adult
brain parenchyma (22-24). Tcf4 belongs to the E-protein transcription
factor family, which has been broadly implicated in cell fate decisions
in the immune system (25). Specifically, Tcf4 has been shown to be
critically required for both differentiation and cell fate maintenance
of a lympho-myeloid immune cell type, the plasmacytoid dendritic
cells (26, 27). In the context of neural stem cells, overexpression of
E-protein constructs was used to show its role in NSC differentiation
in the SVZ (28). Other studies have implicated Tcf4 in differentiation,
maturation, and migration of neurons during brain development
(29-32). While the above studies demonstrate the importance of Tcf4
during embryonic brain development, its role in adult neural stem
cells remains to be elucidated.

It is important to note that the context and process of adult neuro-
genesis are different from embryonic neurogenesis in many ways; for
instance, adult neurogenesis is specifically responsive to environ-
mental and systemic cues. Therefore, it is conceivable that the full
spectrum of fate potential of the adult NSC would be more diverse
than the embryonic NSC that reside in a rather contained environment.
Here, we reveal a previously unknown aspect of the adult hippocampal
neural progenitors: that they harbor a latent myeloid inflammatory
potential, which needs to be proactively suppressed for maintaining
their proliferative and differentiation capacity. Furthermore, we iden-
tify Tcf4 as a critical regulator that keeps the inflammatory potential
of aNSCs suppressed to facilitate normal adult neurogenesis.

RESULTS

Tcf4 is expressed in cells of the hippocampal adult
neurogenic program

We observed that Tcf4 is highly expressed in the adult brain neuro-
genic niches, both in the subgranular zone (SGZ) of the hippocampus
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(Fig. 1A) and the SVZ of the lateral ventricles (fig. S1A), as marked
by nestin-GFP colocalization. Because Tcf4 is known to be expressed
in mature granule neurons of the dentate gyrus (DG) (22), we used
the nestinCreERt2-Stop-EGFP genetic reporter to identify the sparse
population of hippocampal neural stem cells and their progeny in
the DG and investigated Tcf4 protein expression at different stages
of the entire hippocampal adult neurogenic program. For this, we
initiated Cre-induced enhanced green fluorescent protein (EGFP)
expression in the nestin-expressing aNSC and identified GFP-expressing
neural stem cells and their immediate progeny 3 weeks after GFP
induction. The different cell stages during the hippocampal adult
neurogenic program were identified on the basis of the well-established
cell markers and cell morphology as described in Fig. 1B and shown
in Fig. 1C. We then quantified Tcf4 protein expression in these
different cell stages, starting from the radial glia-like (RGL) cells
to intermediate proliferating cells (IPCs), neuroblast, and immature
neurons, relative to the Tcf4 expression in mature granule cell (GC)
in the DG. This showed that Tcf4 is expressed throughout the hippo-
campal neurogenic program, with peak expression at the immature
neuron stage (Fig. 1D).

Tcf4 expression in NSC is required for hippocampal

adult neurogenesis

Given the high expression of Tcf4 in the adult neurogenic niche, we
investigated the role of Tcf4 in the aNSC through inducible deletion
of Tcf4 in nestin-expressing stem/progenitor cells in the adult brain
using the nestinCreERt2; Tcf4-flox [knockout (KO)] transgenic line.
First, we confirmed deletion in our KO animals by detecting LoxP
recombination by genotyping polymerase chain reaction of micro-
dissected DG in the wild-type (WT; nestinCreERt2; Tcf4-wt) and
KO animals, as shown in fig. S2A. Next, we examined the effect of
Tcf4 deletion in aNSC on adult neurogenesis by investigating the
newborn neurons in the DG. We observed that Tcf4 deletion in

aNSC resulted in a significant reduction in the number of double-
cortin® (DCX) newborn neurons in KO DG when compared to the
WT (Fig. 2, A and B, and fig. S2B), indicating impaired adult hippo-
campal neurogenesis.

To examine whether Tcf4 deletion affects the proliferation and
differentiation of aNSC, we performed a 5-bromo-2’-deoxyuridine
(BrdU) pulse-chase experiment (Fig. 2C). For this, BrdU pulse was
given for 7 days to WT and KO animals, followed by 14 days of
chase to assess whether proliferating cells become newborn neuron
after Tcf4 deletion. Assessment of BrdU™ cells at the end of the chase
period showed a significant reduction in proliferation in the KO
DG as shown by fewer BrdU" cells (Fig. 2, D and E, and fig. S2C).
Furthermore, the number of BrdU" cells adopting a neuronal fate,
as marked by coexpression of DCX and BrdU, were also reduced
(Fig. 1, D and F, and fig. S2D). Consistently, the number of Tbr2
expressing IPC in the SGZ was significantly reduced in the KO DG
(Fig. 2, G and H, and fig. S2E). Also, when progenitors from the
adult WT and KO animals were cultured in vitro, we observed a
marked reduction in the neurosphere counts from KO brains (fig. S2,
Fand G), indicating a deficit in the proliferating progenitor population.

Tcf4 expression in hippocampal adult NSC is required

for neuronal fate acquisition

To track the fate of the nestin-expressing progenitors after Tcf4 de-
letion in vivo, we performed genetic reporter—based lineage tracing
(Fig. 3A) using the nestinCreERt2; Tcfdwt or flox; Rosa-flox-Stop-
flox-EGFP mice. In this, tamoxifen-induced Cre activation results in
indelible marking of the nestinCreER-expressing cells, along with
Tcf4 deletion in the Tcf4-flox mice (KO), while in Tcf4-wt mice
(WT) that do not have loxP-flanking locus, the GFP-expressing cells
remain Tc¢f4-undeleted. Colocalization of nestin-GFP with DCX, to
identify immature neurons at day 30 (Fig. 3B), and with Calbindin or
PROXI1 (Prospero Homeobox 1) for mature granule neurons at day 60
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Fig. 1. Tcf4 is expressed in hippocampal adult neurogenic cells. (A) Tcf4 protein expression in the SGZ in adult brain DG. DAPI, 4',6-diamidino-2-phenylindole.
(B) Description for cell type identification used in (C) based on stage-specific marker colocalization and morphology [colored asterisks depict distinct cell types shown on the
TCF4image in (C)]. GCL, Granule Cell Layer. (C) Representative immunofluorescence images showing Tcf4 expression in cells at various stages of adult hippocampal neurogenesis,
showing RGL in the top and the other cell types in the bottom; dotted curved lines mark the SGZ area. (D) Tcf4 protein quantitation in different cell stages from (B) and (C)
normalized to mature granule cells. Quantitation from three brains; error bar represents SD (unpaired t test; *P < 0.03). Scale bars, 25 um. MFI, mean fluorescence intensity.
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Fig. 2. Tcf4 is required for hippocampal adult neurogenesis. (A) Representative image of DCX* immature neuron in the WT or KO adult brain DG. (B) Quantitation
from (A). (C) Schematic for BrdU pulse-chase experiment. (D) Representative image from BrdU pulse-chase experiment. Scale bars, 25 um. (E and F) Quantitation of cells
after 14 days of chase from (D). (G and H) Representative images (G) and quantification (H) of Tbr2+ve IPCin DG 30 days after deletion. Scale bars, 50 um. Counts are from
three to five brains, each dot represents a section from a brain, and error bar represents SD (unpaired t test; **P < 0.003, ***P < 0.0003, and ****P < 0.0001).
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Fig. 3. Genetic lineage tracing shows fewer adult born neurons from Tcf4-
deleted nestin-expressing progenitors. (A) Schematic for genetic lineage tracing
experimental regime. (B and C) Representative images (B) quantitation (C) of genetic
reporter-based tracing of progenitors 30 days after deletion for DCX expression.
(D) Genetic reporter-based tracing of progenitors 60 days after deletion for Calbindin
expression. (E and F) Quantitation of genetically traced Calbindin+ve and Prox1+ve
mature neurons. (G and H) Representative images (G) quantitation (H) of genetic
lineage tracing for Ki67+ve progeny at day 7 after deletion. n =3 animals per genotype,
each dot represents a section from a brain, and error bar represents SD. (unpaired
ttest, *P < 0.01, **P < 0.001, and ***P < 0.0003). Scale bars, 50 um.
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after deletion (Fig. 3D and fig. S3A) was used to assess neuronal fate
acquisition for GFP lineage traced progeny. Quantification of the
genetically traced progeny confirmed that fewer progenitors attained
the neuronal fate in KO brains, as indicated by reduced GFP* DCX*
(Fig. 3C and fig. S3B), GFP* Calbindin™ (Fig. 3E and fig. S3C), and
GFP" PROX1" cells (Fig. 3F and fig. S3D). Furthermore, consistent
with a reduction in progenitors, the KO brains showed reduced
numbers of GFP" Ki67" progeny (Fig. 3, G and H, and fig. S3E). To
further examine the early proliferating cell populations after Tcf4
deletion in nestin-expressing progenitors, we performed another
lineage tracing experiment but, this time, along with a BrdU pulse-
chase regime, as described in fig. S3F. The 5 days BrdU pulse im-
mediately after deletion allowed us to examine the proliferating
population at an acute stage (within 6 days) of proliferation, while
the GFP" lineage tracing allowed us to examine cell fate at 11 days
after deletion. We performed absolute counts for proliferating cells
throughout the DG, which showed that the proliferating cell popu-
lation (fig. S3G) was markedly decreased within the first few days
after Tcf4 deletion. This included the Sox2" and the Tbr2" progenitors
(fig. S3, H and I). Furthermore, analysis of neuroblasts also showed
marked reduction (fig. S3, ] and K). We also traced the GFP+ve cells to
assess their developmental stage at 11 days after deletion. This further
showed a marked reduction in early progenitors (fig. S3M), neuroblast
(fig. S3, N and O), immature neuron (fig. S3P), and granule neuron (fig.
S3Q). These results further confirmed that the impact of Tcf4 deletion
in aNSC is at the level of proliferating progenitor cell stage. However,
these observations do not preclude a possible important role in later
stages for Tcf4, for which investigations with a later cell stage-specific
deletion, such as using DCX-CreER will provide further insight.
Astrocytes are known to express low levels of Nestin; therefore, to
ensure that nestin-mediated CreER is not influencing the astrocytic
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population in the DG niche, we investigated astrocytes through S100-
beta labeling for possible nestin-CreER-induced GFP expression. As
shown in fig. S3R, none of the astrocytes showed GFP expression,
confirming that there was no Cre expression in niche astrocytes,
thereby ruling out any nonspecific effects. Furthermore, the GFP
tracing also confirmed that Tc¢f4 deletion in aNSC does not lead to
fate diversion to the astrocytic lineage.

Reduced adult neurogenesis is known to affect hippocampus-
based cognition such as contextual and spatial memory (33, 34).
Therefore, we also validated the impact of Tcf4 deletion-mediated
reduction of adult neurogenesis at the behavior level. For this, we per-
formed “novel location recognition (NLR)” test, a hippocampal adult
neurogenesis—dependent (35) memory task. As shown in Fig. 4A,
the KO mice did not show a preference for the newly located object,
indicating poor spatial memory acquisition during training leading
to poor performance during test. As shown in Fig. 4 (B and C), the
exploration of either location during training and the total time of
exploration during test did not vary between WT and KO mice.

Tcf4 deletion in neural progenitors results in their
transformation into a myeloid-like inflammatory cell state
Our observations indicated that Tcf4 deletion in nestin-expressing
progenitors of the adult brain affected hippocampal adult neuro-
genesis by affecting the early proliferating progenitor population.
Therefore, we next investigated the effects of Tcf4 deletion in the
proliferating neural progenitor cells (NPC). To understand the cell-
intrinsic effects in NPC while avoiding potential secondary effects
from its niche, we isolated hippocampus from the WT and KO
brains for neurosphere cultures and induced Tcf4 deletion in pro-
genitors in culture.

Consistent with the in vivo data demonstrating reduction in
BrdU", Ki67", Sox2", and Tbr2" cells in KO DG, the Tcf4-deleted
progenitors formed significantly smaller number of neurospheres
(Fig. 5A), which were also smaller in size (Fig. 5B and fig. S4A), in-
dicating loss of proliferative capacity. Furthermore, the KO neuro-
spheres often exhibited spreading (Fig. 5B) and did not give rise to
secondary neurospheres (Fig. 5C and fig. S4B), indicating loss of
self-renewal capacity.

To elucidate the molecular effect of Tcf4 deletion in neural pro-
genitors, we performed RNA sequencing (RNA-seq) analysis of
NPC from neurospheres, which showed 740 differentially regulated
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Fig. 4. Tcf4 deletion in adult NSC causes deficit in the NLR memory task.
(A) NLR performance of WT and KO animals. (B) Exploration during training demon-
strating no inherent bias for either location. (C) Total interaction time during test
showing no deficit in movement or exploration for WT or KO animals. n =22 animals
per genotype, each dot represents an animal. Error bar represents SD. Mann-Whitney
test was done for statistical analysis. ***P =0.0004, ns, nonsignificant.
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genes (DEGs) between WT and Tcf4-KO NPC (fig. S8). Unexpectedly,
the transcriptomic data revealed that Tcf4 deletion in hippocampal
proliferating progenitors resulted in an up-regulation of myeloid
inflammatory gene signature in the NPC, with Lgals3 (Galectin-3)
and CD68 being two of the top up-regulated genes (Fig. 5D and fig.
$4C). We further confirmed protein expression of Lgals3 (Fig. 5E)
and CD68 (fig. S4, E and F), in genetically traced (GFP+ve) WT and
KO progenitors. Lgals3 is a gene implicated in inflammatory pro-
cess in multiple tissues, including the brain (36-38), and CD68 is a
prominent lysosomal marker expressed by myeloid cells. Expression
of these proteins in the Tcf4-deleted progenitors further confirmed
their myeloid inflammatory transformation. Last, analysis of gene
ontology of the top 50 significantly up-regulated genes in KO pro-
genitors identified “inflammatory response” and “extracellular matrix
organization” as the prominent up-regulated functions of the KO
progenitors (Fig. 5F and tables S1 and S5). Conversely, cell cycle and
neuronal differentiation pathways were down-regulated in the KO
progenitors (Fig. 5D; fig. S4, C and D; and tables S2 and S6). Given
the up-regulation of myeloid and inflammatory genes in KO pro-
genitors, we further performed a meta-analysis from publicly avail-
able myeloid gene sets (39, 40), wherein the genes known to identify
“myeloid cells” were plotted for their expression level in our NPC
RNA-seq dataset for cumulative frequency distribution analysis. As
shown in Fig. 5G, the myeloid gene sets showed a clear up-regulation
in Tc¢f4-KO progenitors. These data show that Tc¢f4 deletion in
nestin-expressing progenitors leads to their transformation into a
myeloid inflammatory cell state.

Tcf4-deleted hippocampal neural progenitors show aberrant
differentiation potential
Given the spread-out morphology in KO neurospheres, we also ex-
amined the differentiation potential of the NPCs in the absence of
Tcf4. Consistent with the transcriptome data (Fig. 5D), the KO pro-
genitors indeed showed aberrant differentiation, expressing the neu-
ronal marker Tujl along with the oligodendrocyte gene myelin-basic
protein (MBP) and the myeloid gene CD68, two of the top up-
regulated genes detected in RNA-seq of the KO progenitors (Fig. 6,
A to D). Furthermore, differentiated KO progenitors presented a
stalky morphology when compared with the thin long processes seen
in the differentiated WT progenitors (Fig. 6, A and B, and fig. S5B).
Since the KO progenitors showed up-regulation of a number of
myeloid genes, including CD68 which is also expressed by the brain-
resident myeloid cell microglia, we examined whether the KO pro-
genitors were adopting microglial cell fate. For this, we investigated
coexpression of the microglial marker Ibal in nestin-expressing
progeny by in vivo genetic lineage tracing, which showed that the
Tcf4-deleted NPC do not give rise to microglia (fig. S5). This is con-
sistent with our transcriptome data that showed that while inflam-
matory and myeloid genes were up-regulated in the KO progenitors,
core microglia genes such as SiglecH and Salll, were not. Together,
the differentiation and lineage tracing investigations of NPC con-
firmed that Tcf4 deletion renders the hippocampal proliferative
progenitors in an aberrant state, with up-regulated myeloid inflam-
matory genes and faulty differentiation outcome.

Tcf4 deletion in adult neural progenitors causes
inflammation in the DG

Given the rather unexpected myeloid inflammatory transformation
of hippocampal NPC upon Tcf4 deletion, we wanted to confirm this
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the top 50 up-regulated genes in KO progenitors. (G) Cumulative frequency distribution curve showing up-regulation of “myeloid” gene sets in KO progenitors’ tran-

scriptome. MAPK, mitogen-activated protein kinase.

in vivo. However, because of the very low numbers of stem and pro-
genitor population in the adult SGZ, we were not able to sort enough
viable cells from the DG for analysis. This could also be because, as
seen in neurosphere cultures, the KO progenitors showed poor pro-
liferation as depicted by smaller size and loss of self-renewal. Therefore,
to confirm the in vivo presence of the inflammatory transformation
of NPC upon Tcf4 deletion, we reasoned that if indeed the Tcf4-
deleted progenitors turn inflammatory in vivo, there should be
inflammation in the SGZ niche. To examine this in an unbiased
manner, we induced Tc¢f4 deletion in nestin-expressing progenitors
in WT and KO animals and microdissected the SGZ niche (DG) to
perform transcriptome analysis, which showed 462 DEG between
WT and Tc¢f4-KO DG (fig. S9). Consistent with our hypothesis, the
KO DG indeed showed up-regulation of genes typically involved in
immune and inflammatory responses, such as lysozyme2 and several
IFN response genes (Fig. 7A and fig. S6A), as a result of Tcf4 deletion
in nestin-expressing progenitors. Consistently, the enriched ontology
analysis of the top 50 significantly up-regulated genes in the KO-DG
showed IFN response as the top up-regulated functional pathway
(Fig. 7B and tables S3 and S7). Conversely, the neuronal signaling
pathways were down-regulated in the KO DG (fig. S6B and tables
S$4 and S8) indicating detrimental effects of inflammation on hippo-
campal function.

To further confirm inflammation in KO brain DG, we examined
microglial activation, a hallmark indicator of parenchymal inflam-
mation, as demonstrated by CD68 up-regulation in microglia. Con-
sistent with inflammatory gene signature of the KO-DG, microglia
in the KO brains showed higher CD68 expression (Fig. 7, C and D,
and fig. S6C), confirming microglial response to inflammation. We
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also investigated cell death in DG by TUNEL staining, to rule out
increased cell death as a possible cause of inflammation in the KO
DG. As shown in fig. S7 (A and B), there was no difference in cell
death between the WT and KO DG.

Tcf4-deleted neural progenitors produce detrimental factors
that adversely affect niche cells

The correlative evidence for inflammatory gene expression of Tcf4-
KO progenitors (Fig. 5) and the presence of inflammation in the
KO brain DG (Fig. 7) suggested that the KO progenitors may pro-
duce factors that could cause inflammation in DG. To confirm that
Tcf4-deleted progenitors could indeed adversely affect its niche cells,
including the possibly undeleted NPC in KO brain SGZ, we designed
a coculture experiment using nestinCreER-Tcf4 flox; flox-STOP-flox-
EGFP brains for neurosphere cultures. For this, we induced Tcf4
deletion in progenitors from KO brain DG in only half of the pro-
genitors, while the other half was vehicle-treated to mimic undeleted
progenitors in the KO-DG (reported as WT for this experiment). We
adopted this coculture regime after validating that tamoxifen treat-
ment does not have its own nonspecific effect on NPC, by compar-
ing neurospheres from tamoxefin-treated WT with vehicle-treated
Tcf4-flox progenitors, which showed no difference in either geno-
type or phenotype (fig. S7, C and D).

Once the KO neurospheres appeared green because of Cre-induced
recombination and GFP expression (while vehicle-treated controls
remained GFP"; labeled as WT for this experiment), WT and KO
progenitors were put together in a single well for coculture to in-
vestigate the effect of KO progenitors on its neighboring cells. The
vehicle-treated Tcf4-flox progenitors (WT) and the tamoxifen-treated
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Fig. 7. Tcf4 deletion in neural stem cells cause inflammation in the DG. (A and B) Heatmap (A) and enriched ontology cluster analysis (B) of the top 50 up-regulated
genes in the DG of KO brains. (C) Representative images of microglia in WT and KO-DG. (D) CD68 puncta counts from (C). (**P = 0.007, three brains per genotype; error bar
represents SD). Scale bars, 10 um.

Tcf4-flox progenitors (KO) are shown as control from the same progenitors in the same well. As shown in Fig. 8A, the health of the
brain (Fig. 8A, left). The hydroxy-tamoxifen (OH-Tmx)-induced =~ WT neurospheres (white arrows) was severely compromised when
GFP expression in KO progenitors allowed us to discern the cocultured with KO progenitors (green arrows) in the same well, in-
Tcf4-undeleted (WT) progenitors from the Tcf4-deleted (KO)  dicating that Tcf4-deleted progenitors not only have a cell-intrinsic
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Fig. 8. Tcf4-deleted neural progenitors produce detrimental factors that ad-
versely affect niche cells. (A) Representative neurosphere images from WT, KO, and
WT-KO cocultures. Green arrows show Tcf4-deleted neurospheres, and white ar-
rows show WT neurosphere in coculture wells. (B) Representative images showing
WT neurospheres in normal media versus in media from KO cultures. (C) Neuro-
sphere counts from (B). (D) Representative secondary neurosphere images demon-
strating recovery of KO media-treated WT neurospheres when returned backed
to normal media. (E) Neurosphere counts of (D). Three brains per genotype; error
bar represents SD (****P < 0.0001 and ***P =0.0007). Scale bars, 50 um.

detrimental effect on themselves but also have a detrimental effect
on its neighboring cells.

Lastly, to test whether the influence of KO progenitors is possibly
through extracellular/secreted factors, we separately cultured pro-
genitors from WT and KO brains treated with OH-Tmx. We then
transferred the culture media from the KO neurospheres onto the
WT neurospheres, to examine potential adverse effects of secreted
factors from KO-NPC on WT progenitors. This indeed resulted in
deterioration of the health and number of the WT neurospheres
(Fig. 8, B and C). However, the adverse effect of KO neurosphere
media on WT progenitors was reversible, since upon returning to
normal media, the WT progenitors were rescued from “unhealthy”
phenotype and formed neurospheres that were normal in morphology
and numbers, comparable to WT neurospheres in normal media
(Fig. 8, D and E). We also examined whether cell death and related
factors in KO NPC culture could be responsible for the adverse
effects of KO media-secreted factors. For this, we performed cleaved-
caspase-3 staining of the neurosphere cultures, which showed no cell
death in WT or KO neurosphere cultures (fig. S7C). In contrast, as
a positive control, the etoposide-treated cultured cells showed posi-
tive staining for cleaved caspase-3 (fig. S7D). This further confirmed
that the genetic deletion of Tc¢f4 in hippocampal NPCs also has a
“cell-extrinsic” effect manifested through the production of extra-
cellular factors by the KO progenitors, which could adversely influ-
ence its niche cells. This is in addition to the “cell-intrinsic” effects
of Tcf4 deletion in NPC that is manifested as its myeloid transfor-
mation, affecting the progenitors’ proliferation and differentiation
potential (as shown in Figs. 5 and 6).
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DISCUSSION

The neural stem cells of the adult brain have been characterized in
detail with regard to their transcriptome and proteome in recent
years, thereby detailing molecular regulations that underlie adult NSC
maintenance (41, 42), differentiation, and fate potential (43, 44).
Specifically, studies examining the potential of the adult hippocampal
progenitors have revealed that the fate of these progenitors is re-
stricted to neuron, astrocyte, and oligodendrocyte lineages with a
bias toward neuronal differentiation (45, 46).

Investigating the functional relevance for the high expression of
a cell fate regulatory transcription factor Tc¢f4 in the adult neuro-
genic niche, we have uncovered an unexpected aspect of the adult
NSC. Our study reveals that Tcf4, which is highly expressed in the
adult neurogenic cells, facilitates hippocampal adult neurogenesis
by proactively suppressing an inflammatory potential of the neural
progenitors. Transcriptome analysis of Tcf4 deleted nestin-expressing
neural progenitors revealed that a number of genes that are known
to be expressed in myeloid cells, such as Ctss, Mpegl, Lgals3, CD68,
and Spp1 are up-regulated in neural progenitors upon Tcf4 deletion,
indicating their transformation into a myeloid inflammatory state.
Lgals3 is highly expressed by a variety of myeloid cells including
macrophage and neutrophils and has been implicated in immune-
modulatory functions including chemotaxis and extracellular matrix
regulation (47, 48). Corresponding to the up-regulation of Lgals3 in
KO NPC, its binding partner Lgals3bp was up-regulated in the KO
brain DG, as shown in transcriptomic datasets. Consistent with the
myeloid inflammatory gene signature of the KO progenitors, we
were able to detect protein expression of the inflammatory gene
Lgals3 and the lysosomal marker CD68, both of which are known to
be expressed in myeloid cells, in the KO progenitors. As expected,
we observed that the myeloid inflammatory transformation of the
KO progenitors resulted in inflammation in the KO DG, depicted
by an up-regulation of IFN response gene signature. Consistent with
this, we further confirmed that the KO progenitors indeed produce
extracellular factors that detrimentally affect its niche cells.

Together, our observations demonstrate that Tcf4 deletion in
aNSC adversely affects the process of adult neurogenesis in two ways;
on one hand, it abolishes the proliferative and differentiation capacity
of the NPC, while on the other hand, it causes inflammation in the
niche via the NPCs’ inflammatory transformation. Given that in-
flammation is already known to adversely affect mammalian adult
neurogenesis (7-10), the inflammatory transformation of adult NPC
likely affects adult neurogenesis further in the KO brain. This two-
pronged effect of Tcf4 deletion in adult NSC can be understood as a
cell-intrinsic effect that leads to abolition of the neuronal fate po-
tential by transforming the progenitors into a myeloid-like inflam-
matory cell state and a cell extrinsic effect due to production of
detrimental factors as a result of their transformation, thereby fur-
ther affecting the niche cells.

The importance of Tcf4 in the CNS is underscored by its impli-
cation in neurodevelopmental (PTHS) as well as psychiatric (SCZ)
disorders. While a number of studies have demonstrated the role
for Tcf4 in brain development and embryonic neural stem cells, the
underlying mechanism and targets of Tcf4 in the embryonic brain
remain poorly understood. Furthermore, Tcf4’s role in the postna-
tal brain, where it continues to be abundantly expressed, has only
started to emerge, implicating Tcf4 in myelination (19) and neuronal
activity (23, 49-51). However, Tcf4’s potential function in the adult
neural stem cell remains unexplored. It is important to note that

7 of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

new transcriptomic dataset of the adult hippocampal NSC reveals
that the adult NSC diverge from the embryonic NSC at a very early
postnatal stage, around postnatal day 5-7 (45). Given this, the molecu-
lar regulators and the possibilities of fate potential for adult NSC are
likely to be different from the embryonic NSC, especially given the
environment-responsive functions of adult hippocampal NSC. In this
regard, our study reveals a completely unprecedented aspect of adult
NSC, its latent myeloid inflammatory potential, and implicates Tcf4
in suppression of this detrimental potential.

Injury-induced neurodegeneration and inflammation have been
shown to induce NSC proliferation and neurogenesis in zebrafish
(52). However, a quest for similar response in mammalian model
systems has largely met with disappointment. Analysis of human
samples from neurodegenerative disorders such as Huntington’s dis-
ease (53) and Alzheimer’s disease (AD) (54) demonstrates a decline
in adult neurogenesis under neurodegenerative conditions. Since
parenchymal inflammation is known to be concomitant in these
neurodegenerative diseases, this further emphasizes that the mam-
malian adult brain NSC respond adversely to inflammation. How-
ever, the source of inflammation and its potential molecular link to
reduction in adult neurogenesis remain unclear. Our observations
provide the first evidence that (i) inflammation can be triggered cell
intrinsically by adult neural progenitors residing in the DG and (ii)
that Tcf4 is a cell-intrinsic regulator of aNSC that proactively sup-
presses the inflammatory potential of aNSC, to facilitate normal
adult neurogenesis.

The revelation of a latent inflammatory potential of the adult NSC
may have broader implications beyond the field of adult neurogenesis,
in the wider context of aging, neurodegeneration, neuroinflamma-
tion, and regenerative approaches where all the effectors are not yet
fully understood. For instance, although adult neurogenesis is known
to decline with age, what triggers the aging NSCs to adopt quiescence
remains poorly understood. Whether aging RGL adopt an inflam-
matory state that affects their functions remain elusive. In the con-
text of regenerative research, the potential of neural stem cell is
considered to be only CNS-friendly neural cells; however, the pres-
ence of a latent inflammatory property within these cells would be a
critical aspect to keep in consideration. In the case of neurodegen-
erative disorders, while a reduction in adult neurogenesis is observed
at the very early stages of AD (54), the triggers for the degenerative
process in AD remain unknown. A potential involvement of a CNS-
intrinsic trigger for inflammatory processes contributing to neuro-
inflammation and neurodegeneration would be an important
question to explore. Our observations provide evidence that adult
NSC residing in the hippocampus harbors an inflammatory potential
that is proactively suppressed, thereby shedding light on to a previ-
ously unknown potential source of inflammation within CNS. How-
ever, future studies identifying potential physiological contexts for
the inflammatory transformation of aNSC will be needed to provide
further insights into the physiological and clinical relevance of
our findings.

MATERIALS AND METHODS

Mice

All animals were housed, bred, and used according to the protocols
approved by the Institutional Animal Care and Ethics Committee. The
Nestin-Cre™*? transgenic line (1) was a gift from R. Hen, Columbia
University Medical Center, New York, USA. For conditional targeting
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of Tcf4 in Nestin-expressing progenitors in the adult brain, Tcf4-flox
line (27, 55) was crossed with Nestin-Cre®8? line to produce Nestin-
CretR?2; Tcf4f/f (KO) or Nestin-Cre"Ri2; Tcf4+/+ (WT). For genetic
lineage tracking, the flox-STOP-flox-EGFP reporter from The Jackson
Laboratory (strain 32037-JAX) was further crossed on to NestinCre %,
Tcf4 flox/wt line. All animals were bred and kept at the Animal Care

and Resource Centre.

Mice treatments

Tamoxifen (Sigma-Aldrich) was used at 5 mg/35 g body weight once
a day for 4 days for Nestin-Cre induction in WT and KO adult ani-
mals at the age of P45-60. For BrdU pulse-chase experiment, mice
were given BrdU (Sigma-Aldrich) in drinking water at 1 mg/ml
concentration for 7 days or five intraperitoneal injections/day for
5 days, followed by 14 days or 6 days of chase, respectively, before
euthanizing animals for analysis. For genetic lineage tracing exper-
iment, tamoxifen treatment was used to induce the EGFP expression
and Tcf4 deletion, and mice were euthanized at 7, 11, 30, or 60 days
after tamoxifen treatment for various time point analysis.

Immunostaining

Animals were deeply anesthetized and transcardial perfusion with
phosphate-buffered saline, followed by 4% paraformaldehyde (PFA)
was done. Brains were kept in PFA for overnight fixation at 4°C,
and 30-um sections were sliced using vibratome. For immunostaining,
floating sections were first blocked [10% normal goat serum, 1% bovine
serum albumin (BSA), 0.1% Triton X-100, and 100 mM glycine] for 1 hour
at room temperature(RT) and stained with primary antibody (in 1%
normal goat serum, 0.1% BSA, 0.1% Triton, and 100 mM glycine)
overnight at 4°C. Sections were then washed and incubated with
fluorophore-conjugated secondary antibody for 1 hour at RT in
dark, before mounting and imaging. Primary antibodies used were
DCX (Millipore #2253 and Abcam #18723), BrdU (AbD Serotec
#MCA2060T), Calbindin (SySy #214005), Prox1 (Millipore #5654),
Tbr2 (Abcam #23345 and Invitrogen #14-4875-82), glial fibrillary
acidic protein (Invitrogen #130300), CD68 (AbD Serotec #MCA1957),
Tcf4 (Abcam #217668), Ki67 (eBioscience #14-5698-82 and Abcam
#ab16667), Lgals3 (Invitrogen #50-5301-80), MBP (SySy #295004),
Tujl (Promega #G7121), Ibal (SySy #234006), CD68 (AbD Serotec
#MCA1957), and cleaved caspase-3 (Cell Signaling Technology
#9664). Tunel assay was performed as per the manufacturer’s
instructions (Roche/Sigma-Aldrich, 12156792910).

Confocal imaging and analysis

Sections were imaged using a Leica SP8 confocal microscope at 63x,
40x, or 20x objective. Images were analyzed using Fiji and Imaris.
For cell number quantitation in Fiji, individual cells of interest were
marked as region of interest (ROI) by going through the Z-stacks of
individual images. The cell numbers were then normalized with the
area of DG blades for that section, as marked using Fiji ROI func-
tion. For Imaris analysis, the surface and spot modules were used
for counts and intensity measurements. At least three to four sec-
tions from each mouse were analyzed, and least three to five mice
per genotype/group for each experiment were used. For counts
per animal, the counts from each slice of an animal were averaged
and presented as the count for that animals. For absolute counts per
DG, sections every 180th micron rostrocaudally throughout the DG
were counted and multiplied by six to estimate counts from entire
DG. For neurosphere cultures, cells were quantified from multiple
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images from individual animal’s neurosphere culture and plotted as
percentage of GFP+ve cells. For altered morphology quantification,
well-separated GFP* Tujl" cells whose primary process could be
properly identified to mark as stalky were counted. Unpaired Student’s
t test was used for statistical analysis for all immunofluorescence-
based quantification.

Neurosphere culture

For neurosphere culture of progenitors from tamoxifen-treated
Nestin-CreER2| TCF4fVff or wt adult animals, the hippocampus was
harvested 1 month after tamoxifen induction in the animals. The
tissue was digested in 0.05% trypsin-EDTA, filtered through a 70-um
sieve, and seeded as 5000 cells per well in a 96-well plate in neuro-
basal growth media with B27 and GlutaMAX supplement, recombi-
nant mouse epidermal growth factor (EGF) (20 ng/ml), and
recombinant mouse fibroblast growth factor (FGF-2) (20 ng/ml).
Neutrospheres were counted at day in vitro (DIV14). For in vitro
deletion and functional assays, Nestin-CretX?/ TCF4" " *! brains
of P10-13 mice were used, since the number of neurospheres ob-
tained from 2- to 3-month-old mouse brain was very limiting. The
use of P10-13 brains for neurosphere cultures was justified on the
basis of recent transcriptomic revelation (45) establishing that neural
progenitors from P5 to adulthood cluster together as one group with
regard to their transcriptome. We adapted previously published proto-
col (56) for hippocampal neurosphere culture as follows: Hippocampi
from individual brains were microdissected and digested in PDD
[papain (2.5 U/ml), Dispase II (1U/ml), and deoxyribonuclease I
(10 pg/ml)] for 30min in a shaker incubator at 37°C and 170 rpm with
intermittent trituration. The digestion was stopped by adding com-
plete neurobasal media (neurobasal supplemented with B27,
GlutaMAX, and anti-anti). The cell suspension was strained through
a 40-um sieve and washed in wash buffer (30 mM glucose, 2 mM
Hepes, and 26 mM NaHCOs3 in 1x Hanks’ balanced salt solution) by
centrifuging cells at 130g for 5 min at 21°C. The cell pellet was resus-
pended in 20 ml of complete neurobasal media, along with EGF
and FGF (20 ng/ml), and seeded in a flat-bottom 96-well plate. For
Cre-induced deletion in neurosphere cultures, 0.5 pM 4-OH-Tmx
(Sigma-Aldrich) was added in cell suspension at the time of seeding.
The cells were incubated in a tissue culture (TC) incubator with
5% CO, for 5 to 10 days. Neurospheres were counted at DIV7
and presented as counts per well for each brain. For immuno-
fluorescence studies, neurospheres were transferred on poly-p-lysine-
coated sterile coverslips in a 24-well plate and incubated for 48 hours
in neurosphere growth media. The cells were then fixed in 4% PFA
for 15 min at RT and stained.

Secondary neurosphere

For the secondary neurosphere culture, primary neurospheres were
collected and spun down at 200g for 10 min. The cell pellet was then
gently triturated in neurosphere growth media using a 200-pl tip.
The single-cell suspension was then spun down and resuspended in
fresh neurosphere growth media supplemented with growth factors
and seeded into a fresh 96-well plate. Secondary neurospheres were
counted at DIV5.

Differentiation of neurosphere

Neurospheres were gently triturated to make single-cell suspensions
as stated above. The single-cell suspension was then plated on
poly-p-lysine—coated sterile coverslips in a 24-well plate. After 1 hour
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of incubation in the TC incubator, when the cells had adhered on to
the coverslip, the medium was replaced with fresh differentiation
medium without the growth factors EGF/FGF. The differentiation
culture was allowed to grow for 3 days in the TC incubator. Cell
were fixed at DIV3 in 4% PFA for 15 min at RT and stained for
immunofluorescence studies.

Coculture experiments

For coculture experiments, cultures from Nestin-Cre®*'?/ TCF4""
brains, with or without OH-Tmx, were used for detection of WT
and KO neurospheres when cocultured in the same well, on the basis
of tamoxifen-induced GFP expression only in KO. First, the neuro-
spheres cultures were allowed to grow until DIV6 with (KO) or
without OH-Tmx (WT). At this point, the OH-Tmx-treated wells
showed GFP+ve neurospheres, whereas the vehicle-treated were not
GFP+ve. The neurospheres were then gently collected in a tube and
centrifuged at 130g for 5 min in culture media for wash. The cell
pellets from WT and KO tubes were then resuspended very gently
in fresh media, so as to not dissociate the spheres, and seeded to-
gether for coculture. Cocultured WT and GFP-expressing KO neuro-
spheres were counted and imaged 2 days after the coculture was set
up. WT and KO neurospheres in “no-mix/pure” culture wells were
used as controls. The number and morphology of neurospheres in the
cocultures were compared with “pure”-cultured WT neurospheres
in the same experiment.

Media swap experiments

Brains from Nestin-Cre™™>/TCF4""" and Nestin-Cre"™ 2/ TCF4"" mice
were cultured with OH-Tmx as described above, except that each
brain was seeded in 12 wells of a 24-well plate. On DIV6 to DIV7,
neurospheres from six WT wells and six KO wells were gently collected
in a tube and spun down at 200g for 10 min. The supernatant was
collected in a fresh tube and labeled as WT or KO media. The KO
media was then used to resuspend the WT neurosphere pellet and
the WT media used for KO neurospheres. The transfer and resus-
pension were done very gently using a 200-pl tip to avoid dissocia-
tion of neuropsheres. The neuropsheres with exchanged media were
then seeded into a fresh 24-well plate, so as to avoid effects of any
residual media from the original cultures. For comparison of neuro-
spheres in exchanged media with those in the original media, con-
trols from the same experiment were used. For this, the remaining
six WT wells” and six KO wells’ neurospheres were similarly collected
and spun down but resuspended in their own media. These were
then plated in the same fresh 24-well plate as the “exchanged media”
neurospheres. All the replated neurospheres were allowed to grow
for 48 hours, after which they were counted and imaged for analysis.
Furthermore, the WT, KO, and “media-exchanged”-WT neurospheres
were put for secondary neurosphere culture in fresh neurosphere
growth media to examine whether the affected WT neurospheres
treated with KO neurosphere media were able to recuperate when
put back in normal media.

RNA sequencing

RNA was isolated from neurospheres and microdissected DG of indi-
vidual mice, using a Qiagen Micro Plus kit as per the manufacturer’s
instructions. Sample quality control, library preparation, and RNA-seq
were done by the Next-Generation Sequencing facility at the insti-
tute. RNA quality was assessed using the Bioanalyzer. cDNA libraries
were prepared by using New England Biolabs stranded mRNA
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library prep kit as per the manufacturer’s instructions. PolyA selec-
tion method was used to enrich mRNA. Library quality was analyzed
with the Bioanalyzer. Next-generation sequencing of libraries was
performed at the Next-Generation Sequencing facility at the insti-
tute on the Illumina HiSeq 2500 platform for 1 x 100 bp at ~20 to
25 million reads per sample.

RNA-seq data analysis

The public server at usegalaxy.org was used to analyze the sequencing
data. Briefly, after cutting the adapter sequence and initial quality
check for sequence reads, Hisat2 was used to align the reads to Mus
musculus mm10 reference genome, and feature counts were gener-
ated. For differential gene expression, the DESeq2 tool was used, and
the output was annotated using “annotateMyID” feature in Galaxy.
This differential gene expression output was used for volcano plot
using R. Normalized feature counts were used to plot heatmap us-
ing the web tool “heatmapper.” Enriched ontology cluster analysis
was done using the public web tool at metascape.org (57).

NLR test

The animals were housed in individually ventilated cages with easy
access to food and water with 14 hours of light and 10 hours dark cycles,
respectively. Before the start of experiment, animals were individually
handled for 5 min for 3 days. On day 1, animals were acclimatized
with the arena in which experiment was to be performed. For this,
the animals were released individually in arena for 5 min and then
placed back into home cages. On training day (day 2), two identical
objects were placed in the box near a wall with a triangular black
sticker used as a visual anchor. The training was performed for
10 min, where animals were released individually into the arena in
the corner of wall opposite to the objects and allowed to explore the
objects freely for 10 min. After training, animals were placed back
into their home cages. On the test day (day 3), one of the two objects
were displaced to a new location (novel location) with respect to the
previous location. The animal was then reintroduced in the arena as
during training session and allowed to explore the objects for 5 min.
NLR was done 9 to 11 days after tamoxifen treatment. The training
and test sessions were recorded with top head camera, and the videos
were manually analyzed for exploration time at each object as a proxy
for location recognition. The time spent exploring the old versus
newly located object was calculated. For this, the time spent in active
sniffing of the object was taken as exploration. Rearing with head
above the object level and climbing onto the object were not counted
as “exploration.” Percentage exploration was calculated as (time
spent on one object/total time spent on both objects) x 100. Statis-
tical analysis was done using Mann-Whitney test.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/21/eabf5606/DC1

View/request a protocol for this paper from Bio-protocol.
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