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SUMMARY

Active neural stem cells (aNSCs) and quiescent neural stem cells (QNSCs) are two distinct subpopulations found in the adult hippocampal
dentate gyrus (DG). However, to date, no cell surface marker has been established to identify and profile gNSCs in the adult hippocampus.
Here, we identified expression of vascular cell adhesion molecule 1 (VCAM1) on the cell surface of NSCs, through which we identified a
previously unrecognized subpopulation of NSCs in the adult mouse DG. Interestingly, most VCAM1-expressing NSCs were largely quies-
cent. By injecting virus into Ail4 reporter mice to conduct lineage tracing in the adult DG, we confirmed that VCAM1-expressing cells
were multipotent and capable of generating neurons and astrocytes. Furthermore, depletion of Vcam1 during the embryonic or adult
stage impaired spatial learning and memory in mice, accompanied by a reduced number of radial glial-like cells and proliferating

NSCs in the subgranular zone of Vcam1 knockout mice.

INTRODUCTION

In adult mammalian brains, the subgranular zone (SGZ) of
the hippocampal dentate gyrus (DG), and the subventricu-
lar zone (SVZ) of the lateral ventricles, are the two principal
regions in which newborn neurons and glia are continually
generated throughout life (Kriegstein and Alvarez-Buylla,
2009; Ming and Song, 2011). Therefore, these two regions
are regarded as specific neural stem cell (NSC)-containing
niches supporting the self-renewal and proliferation of
stem cells throughout life (Kriegstein and Alvarez-Buylla,
2009). Noticeably, adult hippocampal neurogenesis is
required for, and indeed enhanced in, hippocampus-
dependent spatial learning and memory (Anacker and
Hen, 2017), but not non-hippocampus-dependent
learning (Lieberwirth et al., 2016; Zhao et al., 2008). The
age-dependent reduction of adult neurogenesis in the hip-
pocampus has also been linked to learning impairments in
the Morris water maze task (Driscoll et al., 2006; Van der
Borght et al., 2005). The above evidence suggests that adult
NSC:s play a pivotal role in hippocampal functions.
Generally, NSCs in the adult hippocampus are thought
to be radial glia-like cells, and their cell bodies located in
the SGZ. Their prominent processes project through the
granule cell layer (GCL), while their short tangential pro-
cesses branch in the outer GCL and inner molecular layer
(Ming and Song, 2005). Increasing evidence suggested
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that NSCs may comprise heterogeneous populations iden-
tified with different markers, such as NES, glial fibrillary
acid protein (GFAP), and SOX2 (Semerci and Maletic-Sa-
vatic, 2016). NES is a well-established marker of hippo-
campal NSCs, and NES+ cells can differentiate into cells
with different neuronal and glial characteristics (Dahl-
strand et al., 1995; Renfranz et al., 1991). Clonal analysis
of NSCs using Nestin-CreER™ transgenic mice revealed
that NES+ NSCs have self-renewal and multipotent capac-
ities (Bonaguidi et al., 2011). GFAP+ glia-like radial astro-
cytes located in the DG of the adult mammalian hippo-
campus give rise to new neurons (Seri et al., 2001).
However, the NES+ cell population contains GFAP+ early
progenitors and GFAP— late progenitors (Fukuda et al.,
2003). Moreover, single-cell gene expression profiling of
NES+ NSCs in the adult hippocampus demonstrated the
heterogeneity and molecular diversity between active
NSCs (aNSCs) with a short-term cell cycle and quiescent
NSCs (gNSCs) with a long-term cell cycle (Shin et al.,
2015). Transgenic reporter mice were infected with viruses
to trace SOX2+ neural precursors in the adult SGZ. Suh
et al. (2007) revealed that the majority of labeled cell clus-
ters contained only a single cell (neuron, astrocyte, or
SOX2+ precursor), suggesting that these cells have a
limited capacity for self-renewal and multipotency. In
addition to the molecular differences in NSC subpopula-
tions, Lugert et al. (2010) found that morphological
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differences, such as radial and horizontal NSCs, exist in
the SGZ, and demonstrated that morphologically
different NSCs exhibit distinctive responses to various
stimuli, including aging, exercise, and seizures.

Previously, we reported that vascular cell adhesion mole-
cule 1 (VCAM1), a cell surface sialoglycoprotein belonging
to the immunoglobulin superfamily, is expressed in an em-
bryonic subpopulation of NSCs that persists into adult-
hood (Hu et al., 2017; Kokovay et al., 2012) and is exclu-
sively enriched in gqNSCs (Codega et al., 2014). Here, we
found that VCAM1 can readily label a subpopulation of
NSCs in the adult mouse hippocampus. Using amplified
immunohistochemical and acute staining, we observed
that VCAM1 was selectively expressed in SGZ cells and
co-localized with known NSC markers (NES, GFAP, and
SOX2) in the adult hippocampus. We performed lineage
tracing of VCAM1+ cells, and identified that these cells
were quiescent and multipotent. Interestingly, when we
investigated the effects of VCAMI1 deletion during the em-
bryonic or adult stage, we found that VCAM1+ NSCs in the
SGZ were critical for spatial learning and memory.

RESULTS

VCAM1 Labels a Subpopulation of Adult NSCs in the
Mouse Hippocampus
NSCs in the SVZ continually express VCAM1 from embryo
stage to adulthood (Hu et al., 2017). However, it is unclear
whether VCAM1 is expressed in NSCs in the adult hippo-
campus, another neurogenic niche in adult mammalian
brains. To address this question, we first performed immu-
nostaining of hippocampal sections from adult WT mice
but observed no VCAM1 signal. Taking into consideration
the possibility that VCAM1 expression may be outside the
detection range of normal immunostaining, we then adop-
ted the immunosignal hybridization chain reaction
(isHCR) method. This combines antibody-antigen interac-
tions with hybridization chain reaction technology and
amplifies immunofluorescent signal intensity by up to
10,000-fold compared with normal immunostaining (Lin
et al., 2018). Using the isHCR method, we detected endog-
enous VCAM1 expression in the SGZ of the adult hippo-
campus (Figure 1A). We performed co-staining for other
NSC markers, and found that VCAM1 was co-localized
with NES, GFAP, and SOX2 (Figure 1B). However, VCAM1
was not expressed in terminally differentiated neural cells,
such as mature neurons and oligodendrocytes, which were
identified by neuronal nuclei (NEUN) and oligodendrocyte
transcription factor 2 (OLIG2) staining, respectively (Lu
et al., 2000; Teng et al., 2001) (Figure 1C).

To quantify the proportion of VCAM1+ adult hippocam-
pal NSCs, we stained acutely isolated single cells from the
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hippocampal DG of adult WT mice. VCAM1 was expressed
in 28.56% + 1.80% of NES+ GFAP+ cells, 17.93% =+ 2.00%
of SOX2+ NES+ cells, and 9.30% + 0.17% of SOX2+
GFAP+ cells (Figures 1D, 1E, and S1A-S1C), suggesting
that VCAM1 was expressed by a small subpopulation of
adult DG NSCs.

The Distribution and Identity of VCAM1-Expressing
Cells in the Adult DG In Vivo

After we identified the existence of VCAM1-expressing
NSCs in the adult DG, we next explored their distribution
and characteristics in vivo. To label and visualize these
VCAM1-expressing cells, we constructed a lentiviral vector
named VP, in which a human VCAM1 promoter drives CRE
and green fluorescent protein (GFP) expression (Neish
etal., 1992) (Figure 2A). The specificity of this VP lentiviral
vector was confirmed by infection of a VCAM1-expressing
or non-VCAM1-expressing cell line in vitro (Figures S2A-
$2C). Meanwhile, we constructed a nonspecific lentiviral
vector, HIGFP, in which an SV40 promoter drives GFP
expression, and injected this vector into the DG of adult
mice (Figure 2A). We found that the H1GFP lentivirus in-
fected almost all SGZ cells throughout the DG, confirming
that lentivirus can specifically infect most SGZ cells
throughout the DG as reported previously (van Hooijdonk
et al., 2009) (Figure S2D).

On the fifth day post injection (dpi), we observed a small
number of VP-GFP+ cells throughout the SGZ. These cells
also expressed VCAM1, as determined using the isHCR
method (Figures S2ZE-S2G). The dorsal-ventral distribution
of these VP-GFP+ cells was studied: 89.25% + 0.98% located
in the dorsal part of the DG and 10.75% = 1.70% located in
the ventral part of the DG (Figure 2C). The dorsal and
ventral hippocampus are marked in gray in the Mouse
Brain Atlas presented in Figure 2B. In contrast, H1GFP+
cells were not differentially distributed throughout the
DG (Figure 2C). These results suggest that VCAM1+ cells
were primarily located in the dorsal DG, suggesting that
their function might be involved in dorsal hippocampus-
associated learning and memory (Kheirbek et al., 2013).

Moreover, quantitative co-localization analysis of GFP
with NES/GFAP/SOX2 in the SGZ of hippocampal slices re-
vealed that 72.55% =+ 2.63% of cells were GFP+ NES+ (Fig-
ures 2D and 2E), 61.20% + 1.91% were GFP+ GFAP+ (Fig-
ures 2F and 2G), and 63.67% + 4.00% were GFP+ SOX2+
(Figures 2H and 2I), indicating that a large proportion of
VCAM1+ cells co-express NSC markers.

VCAM1 Is Preferentially Expressed in gqNSCs in the
Adult DG

Actively proliferating and quiescent NSCs coexist in adult
tissues but differ from each other with respect to many fea-
tures (Lugert et al., 2010; Wang et al., 2011). Therefore, we
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Figure 1. VCAM1 Labels Adult NSCs in the SGZ of the Hippocampus

(A) Representative images illustrate isHCR staining (red) of VCAM1 in brain sections from the adult mice hippocampal DG (left). A high-
magnification image of the box (left) is shown on the right. Nuclei were stained with Hoechst (blue).

(B and C) Representative images illustrate co-staining of VCAM1 (red) with NES, GFAP, or SOX2 (green or gray) (B), but not with NEUN or
OLIG2 (green or gray) (C), in brain sections of adult WT mice by isHCR method.

(D) Representative images illustrate co-staining of VCAM1 (red) with GFAP, SOX2, and NES (green or gray) from acutely isolated single cells

of DG in adult WT mice.

(E) Quantification of the proportion of VCAM1+ cells in NES+ GFAP+ cells, SOX2+ NES+ cells, and SOX2+ GFAP+ cells from acute staining of

adult WT mice.

Nuclei were stained with Hoechst (blue). Scale bars, 250 um (A, left), 10 um (A, right), and 7.5 um (B-D). Data represent mean + SEM. (D-

E) At least 1,000 cells were counted for each group.

investigated whether VCAM1 is differentially expressed in
aNSCs and qNSCs in the adult hippocampus. We cultured
adult hippocampal NSCs and induced quiescence by add-
ing brain morphogenetic protein 4 (BMP4) into the culture

system as reported previously (Knobloch et al., 2017; Mira
etal., 2010) (Figure 3A). We first confirmed successful qNSC
induction by determining the number and diameter of
neurospheres after 8 days of BMP4 treatment in culture
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(Figures 3B, S3A, and S3B). We found that the expression of
Ki67, a marker of cell proliferation (Starborg et al., 1996),
was significantly higher in aNSCs than in qNSCs (Fig-
ure 3C). Furthermore, the expression of the NSC markers
Nes and Sox2 was higher in aNSCs than in qNSCs (Fig-
ure S3C), while the expression of the intermediate progen-
itor marker achaete-scute Family BHLH transcription factor
1 (Ascll) was lower in qNSCs (Figure S3D). Interestingly,
the expression of Vcaml was higher in qNSCs than in
aNSCs (Figure 3D).

To confirm the above results, we then analyzed Waterfall
single-cell RNA sequencing data published by Shin et al.
(2015), who reconstructed somatic stem cell dynamics
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% GFP+ cells % GFP+ cells

% GFP+ cells

H1GFP Mouse Brain Atlas (B). The dorsal hippo-
campus was defined as the dorsal part of the
100 1 hippocampus in coronal section before AP-
2.50; the ventral hippocampus was defined as
the ventral part of the hippocampus in cor-
onal section after AP-3.16. (C) Quantitative
distribution analysis of GFP+ cells is shown
for the dorsal versus ventral DG at 5 dpi after
infecting GFP or H1GFP+.

(D, F, and H) Representative staining images
of NES (D), GFAP (F), and SOX2 (H) in the
adult DG after VP lentivirus injection. Low-
magnification images are shown on the left,

80 1

60 -
40 4
20
0l

NES+

100 - with four high-magnification images derived

from a dotted box in the left images shown on
80 1 the right (H) (GFP in green and NES/GFAP/

60 4 SOX2 in red, arrowhead indicates the SOX2+
40 1
20 -

0

cell).
(E, G, and I) Quantification of the proportion
GFAP+

of NES+ cells (E), GFAP+ cells (G), and SOX2+
cells (I) in total GFP+ cells in SGZ through the
entire DG.

Nuclei were stained with Hoechst (blue).
Scale bars: (D, F, and H) 25 pum (left) and

100 1 10 pm (right). Data represent mean + SEM.
80 4 (C) Six mice for each group; (E) 3 mice/75
GFP+ cells; (G) 5 mice/118 GFP+ cells; (I) 5
60 - mice/101 GFP+ cells. Two-way ANOVA for (B).
a0 ****p < 0.0001; n.s., not significant. WT,
wild type; dpi, days post injection.
20 -
0 L
SOX2+

with unprecedented temporal resolution. According to
their data, we found that Vcam1 trajectory showed higher
levels at the beginning of pseudotime and then downregu-
lated (Figure S3E), indicating that Vcaml expression was
higher in gNSCs and was downregulated after QNSC activa-
tion (Shin et al., 2015). On the other hand, we found that
the expression pattern of Vcami according to pseudotime
was similar with that of Gfap, Sox2, and Nes (Figures S3F-
S3H).

Combined with the evidence that Vcam1 is preferentially
expressed in neurospheres of a smaller size (Figure 3E) and
the results of the isHCR staining in the SGZ, we conclude
that Vecaml expression is higher in qNSCs in the adult
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(F) Experimental schemes depict the short-
term (left) BrdU pulse injections in adult
mice infected by VP lentivirus.

(G) Representative images show Ki67 or BrdU
staining (red) and GFP+ (green) cells in the
SGZ of adult DG. Yellow arrows indicate GFP+
cells only, and white arrows indicate Ki67+
GFP+ cells.

(H and I) Quantification of the proportion of
Ki67+ (H) and short-term BrdU+ (I) cells in
total GFP+ cells through the SGZ of the entire
DG.

Nuclei were stained with Hoechst (blue).
Scale bars: (B) 100 pum, (E) 25 pum (top) and

hippocampus than in aNSCs and terminally differentiated
cells in the adult DG.

To repeat these results in vivo, we injected the aforemen-
tioned VP lentivirus into the DG of mice and performed bro-
modeoxyuridine (BrdU) pulse labeling. As a thymidine
analog, BrdU can integrate into the genome during DNA syn-
thesis at the S phase of the cell cycle, which is approximately
12 h long in hippocampal progenitor cells (Brandt et al.,
2012; Mandyam et al., 2007). Thus, 24 h survival time after
the last injection can allow us label most of the fast-dividing
cellsin 1 day (Wojtowicz and Kee, 2006) (Figure 3F). Quanti-
tative analysis showed that 6.13% = 0.12% of GFP+ cells were
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co-labeled with BrdU in the short-term BrdU labeling exper-
iment (Figures 3G and 3I), which is consistent with the pro-
portion of Ki67+ GFP+ cells in the SGZ of the adult DG
(6.84% = 0.42%, Figures 3G and 3H).

Taken together, these data demonstrate that Vcaml
expression is higher in qNSCs than in aNSCs in the adult
hippocampus.

Lineage Tracing of VCAM1-Expressing NSCs in the
Adult DG.

To explore the lineage identity of VCAMI1-expressing
NSCs in vivo, we injected the VP lentivirus into the DG
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Figure 4. Lineage Tracing of VCAM1-Ex-

pressing NSCs in the Adult DG

(A) Experimental design for lineage tracing
- in vivo in the adult DG of Ail4 mice by VP
lentivirus injection.
(B) AQuantification of the proportion of
mature astrocytes (S1008+) and mature
neurons (NEUN+) in total progenies (GFP—
tdTomato+) of VCAM1+ NSCs in the adult DG
of Ail4 mice infected by VP lentivirus at 28

dpi.
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(C and D) Representative images for proge-
nies of VCAM1+ NSCs in the adult DG of Ail4
mice at 28 dpi. Immunostaining of S1008 (C)
and NEUN (D) is shown. High-magnification
images from the dotted boxes from the left-
most panels are shown on the right (GFP in
green, tdTomato in red, and S1003/NEUN in
gray). Arrows indicate progenies.
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of adult Ail4 Cre reporter mice. In the Ail4 mice, a
loxP-flanked STOP cassette preventing transcription of a
CAG promoter-driven red fluorescent protein variant
(tdTomato) has been inserted into the Gt (ROSA)26Sor
locus. After VCAM1+ cells are infected with the VP virus,
the Vcam1 promotor initiates Cre transcription, promot-
ing the expression of GFP protein and Cre-mediated
recombination through removal of the STOP cassette,
which leads to the expression of tdTomato protein in
VCAM1 cells in the SGZ. As a result, the progenies of
VCAM1-expressing cells should express tdTomato only,
and most should migrate out of the SGZ (Madisen
et al., 2010; Suh et al., 2018) (Figure 4A). Surprisingly,
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(E) Representative images of VCAM1-ex-
pressing NSCs with radial-like (R) and hori-
zontal-like (H) morphologies in the SGZ of
adult Ail4 mice (GFP in green, tdTomato in
red, and S1008/NEUN in gray). White arrows
indicate NSCs and yellow arrows indicate
progenies.

(F) Quantification of proportion of R versus
H morphology in VCAM1-expressing NSCs
(GFP+ tdTomato+) in the adult SGZ of Ail4
mice at 28 dpi. Nuclei were stained with
Hoechst (blue). Scale bars: (D-E) 25 pum
(left) and 7.5 pum (right). Data represent
mean + SEM or mean. (B) S100p, 3 mice/101
tdTomato+ cells; NEUN, 3 mice/223 tdTo-
mato+ cells; (F) 5 dpi, 108 cells; 14 dpi, 178
cells; 28 dpi, 160 cells. Two-way ANOVA for

(F.

14 28 /dpi

we observed some GFP+ tdTomato— cells exhibiting
typical neuronal morphology and migrating out of the
SGZ. This phenomenon is discussed in the Discussion
section. To characterize the fate of GFP— tdTomato+
progenies of VCAM1-expressing cells at 28 dpi, we
stained the tdTomato+ cells for specific markers, namely
S100B, a marker of mature astrocytes (Zelentsova et al.,
2017), and NEUN, a marker of mature neurons (Gusel’'ni-
kova and Korzhevskiy, 2015). We observed that 30.60%
+ 2.27% of GFP- tdTomato+ cells were S100B+ and
66.96% + 3.08% were NEUN+ (Figures 4B-4D). These re-
sults suggest that VCAM1-expressing NSCs can differen-
tiate into two types of neural cells, namely neurons and



astrocytes. Neurons were the major cell type generated
from VCAM1+ cells.

Lugert et al. (2010) reported that NSCs in the adult SGZ
were astrocytes exhibiting radial-like (R) and horizontal-
like (H) morphology, which can be divided into quiescent
R NSCs, quiescent H NSCs, and active H NSC subpopula-
tions, demonstrating the existence of an association be-
tween morphology and activation state. Thus, we investi-
gated whether VCAM1-expressing NSCs display specific
morphology at different time points after VP lentivirus in-
jection in adult Ail4 mice. The ratio of R to H VCAM1-ex-
pressing cells remained constant (82.76%-17.24% at 5 dpi,
73.77%-26.23% at 14 dpi, and 84.85%-15.15% at 28 dpi)
(Figures 4F and 4G), suggesting that most VCAM1-express-
ing NSCs are radial-like shape and exist in a stable quiescent
state in the adult DG.

To identify the spatial distribution of VCAM1 lineage cells
(tdTomato+) across the adult DG, we subdivided the DG into
four regions of uniform width (SGZ and GCL1, 2, and 3) as
reported previously (van Hooijdonketal., 2009) (Figure S4A).
Quantification of the percentages of VCAM1 lineage cells
(GFP+ tdTomato+ and GFP— tdTomato+) in each of these re-
gions demonstrated that the majority cells resided in the SGZ
at all time points. A small proportion of the cells migrated to
GCL1 (1.72%, 16.39%, and 26.21% at 5, 14, and 28 dpi,
respectively) or GCL2 (0.97% at 28 dpi). However, no cells
reached GCL3 within 28 days (Figure S4B), indicating that
they had a limited migration capacity.

Clonal Analysis of VCAM1-Expressing NSCs in the
Adult DG.

To collect reliable data on the properties of stem cells at the
single-cell level, we adjusted the lentiviral titer and assessed
the clonal progenies of VCAM 1+ cells by measuring the dis-
tance between a GFP+ cell and the nearest GFP+ cell at 5
dpi. A ring with a radius of less than 200 um from the clone
center was used to determine the clone composition (Bona-
guidi et al., 2011) (Figure SSA).

We injected Ail4 mice with the VP lentivirus and analyzed
tdTomato-labeled VCAM 1-expressing NSCs and their proge-
nies at different time points. At 5 dpi, each clone was
comprised of only one or two cells. At this time point,
most clones contained only one cell (Figures 5A and 5B). At
14 dpi, the cell number within each clone increased, and
ranged from one to five. Meanwhile, the proportion of clones
containing one cell decreased to less than 40%, although this
remained the predominant fraction (Figures 5A, 5B, and
S5B). At 28 dpi, some clones continued to enlarge, and the
maximum cell number was eight. At this time point,
19.39% of clones contained only one cell, and half of the
clones were comprised of two or three cells (Figures 5A, 5B,
and S5B). These results suggest that some VCAM1-expressing
NSCs remained quiescent, while others underwent division

during the 28-day experimental period. Furthermore, the
mean clone size of VCAM1-expressing NSCs and their prog-
enies increased significantly from 1.24 + 0.08 at 5 dpi to 2.84
+ 0.16 at 28 dpi, suggesting that VCAM1-expressing NSCs
exhibit slow proliferation (Figures 5C and 5D).

Loss of VCAM1 Impairs Spatial Learning and Memory
and Reduces Adult NSCs

Given the predominant expression of VCAM1 in NSCs in
the dorsal DG, an area involved in learning and memory
(Fanselow and Dong, 2010; Goncalves et al., 2016), we
wondered whether VCAM1+ NSCs play a role in spatial
learning and memory. To test this hypothesis, we firstly
generated EMX1-Cre; VCAM1"" (E; V) VCAM1 condi-
tional knockout mice (cKO) (Figure S6A). In these trans-
genic mice, Cre-mediated recombination of a loxP-flanked
Vcam1 allele in EMX1-expressing cells results in region-
specific deletion of the Vcaml gene in the hippocampus
during the embryonic period (Gorski et al., 2002). These
mice were viable and displayed no overt developmental de-
fects compared with their wild-type (WT) littermates.

Two-month-old E; V mice and their littermate controls
were subjected to the Morris water maze task, a task
commonly used to measure spatial learning and memory
in rodents (Kee et al., 2007; Vorhees and Williams, 2006)
(Figure 6A). Our data revealed that the length of time
taken by the control mice to find the hidden platform
(escape latency) decreased during the training period (Fig-
ure 6B). Remarkably, E; V mice failed to find the hidden
platform throughout the acquisition trials, suggesting
that these mice exhibit hippocampus-associated learning
impairments. A path length parameter was also assessed,
and similar differences were observed between control
and E; V mice (Figure 6C), indicating a decrease in spatial
learning in VCAMI1 regional knockout mice. A probe trial
in which the hidden platform was removed and the ani-
mal’s ability to remember the location of the platform
was assessed 24 h after the final acquisition trial. Control
mice spent more time in the target quadrant and crossed
the position of the hidden platform more frequently than
E; V mice (Figures 6D-6F). In addition, every day swim-
ming speed did not significantly differ between the con-
trol and E; V mice, demonstrating that E; V mice did
not exhibit motor capability impairments (Figure S6B).
These data indicate that the embryonic loss of VCAM1
in the hippocampus significantly impairs spatial learning
and memory.

To identify the type of cells affected by VCAM1 dele-
tion, we compared the number of aNSCs (Ki67 staining)
in the SGZ of E; V and control mice after the water
maze test (Figure S6C). As expected, the number of
Ki67+ cells in the dorsal and ventral DG were significantly
lower in E; V mice than in control mice (Figures 6G-6H),
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suggesting that the proliferation of aNSCs in the SGZ
dramatically decreased after the loss of VCAM1+ NSCs
during the embryonic stage. When we stained for the
NSC markers SOX2 and GFAP, we found that the radial
processes of SOX2+ GFAP+ radial-like cells penetrating
the whole GCL dramatically decreased in E; V mice (Fig-
ures 61-6]). Given that a previous study reported that
SOX2+ GFAP+ radial-like cells are gNSCs (Lugert et al.,
2010), this result suggests that the number of gNSCs in
the adult hippocampus dramatically reduces after Vcam1l
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Figure 5. Clonal Analysis of VCAM1-Ex-
pressing NSCs in the Adult DG

(A) Representative images of individual
clones in the adult DG of Ai14 mice after VP
lentivirus injection (GFP in green and tdTo-
mato in red). Time points are indicated in
each panel on the left. A dotted oval box
represents a clone.

(B) Pie charts reporting the fraction of clone
size in the adult DG of Ail4 mice at 5, 14, and
28 dpi. Color-coded rectangles on the bottom
stand for the cell number within a clone.

(C) Quantitative analysis of clone size among
time points in adult Ai14 mice after VP lenti-
virus injection.

(D) Quantification of the proportion of
VCAM1-expressing NSCs (GFP+ tdTomato+) in
SGZ and of their progenies (GFP— tdTomato+)
in the GCL of adult DG of Ail4 mice among the
time points.

Nuclei were stained with Hoechst (blue). Scale
bars: (A) 25 um. Data represent mean or mean
+ SEM. (B-D) 5 dpi, 33 clones; 14 dpi, 85
clones; 28 dpi, 98 clones. One-way ANOVA for
(C) and two-way ANOVA for (D). **p < 0.01,
***p < 0.001; n.s, no significance.
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deletion. Because the ventral DG is a brain structure asso-
ciated with depressive behavior, we wondered whether
the VCAM1-cKO mice would exhibit different depressive
behavior. We tested depressive behavior using the forced
swimming test, and found no significant difference be-
tween the E; V and control mice (Figures S6E-S6G).

To further identify the role of VCAM1 in adult hippocam-
pal NSCs, we generated another strain of knockout mice,
Nestin-CreERT2; VCAM1"! (N; V) mice. In these trans-
genic mice, CreERT2-mediated inducible recombination
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of a loxP-flanked Vcam1 allele in NES-expressing cells leads
to cell-specific deletion of the Vcam1 in NSCs after tamox-
ifen (TAM) administration (Lagace et al.,, 2007)
(Figure S7A).

One-month-old N; V mice and their littermate controls
were administered TAM to induce the deletion of Vcam1
in NES+ cells (Figures S7B and S6A). All mice were subjected
to the Morris water maze task, including N; V mice admin-

H Dorsal DG

Control E;V

quantitative analysis (H) of Ki67 staining
(red) in the dorsal DG between adult E; V and
control mice. Arrowheads indicate Ki67+ sig-
nals along the SGZ. (I-J) Representative im-

Control E;V

*x ages (I) and quantitative analysis (J) of the

radial process penetrating the whole GCL in
S0X2+ GFAP+ stained (red) cells in dorsal DG
between adult E; V and control mice. Arrow-
heads indicate radial processes of NSCs
(SOX2+ GFAP+) along the SGZ.

Scale bars: (G and I) 250 um and 12 pum
(inset). Data represent mean + SEM. (B, C, E,
and F) E; V, 13 mice; control, 7 mice; (H and J)
E; V, 4 mice; control, 3 mice. Two-way ANOVA
for (B) and (C); Student’s t test for (E), (F),
(H), and (J). **p < 0.01, ***p < 0.001,

" **x%p < 0.0001.

Control E;V

istered TAM for 1 month (N; V-1M), N; V mice administered
TAM for 2 months (N; V-2M), and control mice (Figure 7A).
The control mice performed well in the task. Our data
showed that N; V-2M mice exhibited a longer escape la-
tency than control mice (significant difference from days
2 to 5), while N; V-1M mice exhibited a slightly longer
escape latency than control mice (Figure 7B). These results
were confirmed by assessment of a path length parameter
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(Figure 7C). During the probe trail, the N; V-2M mice, but
not the N; V-1M mice, spent less time in the target quad-
rant and exhibit a reduced number of platform crossings
compared with the control mice (Figures 7D-7F). Mean-
while, every day swimming speed did not significantly
differ between the N; V-1M, N; V-2M, and control mice
(Figure S7C), indicating that all mice exhibited normal mo-
tor capability. However, when the number of aNSCs in the
SGZ was compared between N; V-1M and control mice via
KI67 staining, we found that the proliferation of aNSCs
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(G and H) Representative images of KI67
staining (red) in dorsal (G) and ventral (H)
DG between adult N; V-1M and control mice.
Arrowheads indicate KI67+ signals along the
SGZ.

(I and J) Quantitative analysis of KI67+ cells
in dorsal (I) and ventral (J) DG between adult
N; V-1M and control mice.

Scale bars: (G and H) 250 um. Data represent
mean + SEM. (B-F) N; V-1M, 4 mice; N; V-2M,
11 mice; control, 13 mice; (I and J) N; V-1M,
3 mice; control, 3 mice. Two-way ANOVA for
(B) and (C); one-way ANOVA for (E) and (F);
Student’s t test for (I) and (J). *p < 0.05,
**p < 0.01, ***p < 0.001, *p < 0.05, #p <
0.01, *p < 0.001; n.s., not significant.

Control N;V-1M

declined in the dorsal DG but not in the ventral DG (Fig-
ures 7G-7]). The above results suggest that VCAMI1+
NSCs are involved in learning and memory in the adult
brain.

None of the above differences were noted when a visible
platform was created in the water maze to test whether the
transgenic mice exhibited vision defects (Figures S7D-
S7G). These results confirm that the learning and memory
impairments exhibited by the cKO mice were not a result of
vision defects.



DISCUSSION

The adult hippocampus houses heterogeneous populations
of NSCs, which can be identified by different markers, such
as NES, SOX2, GFAP, and HESS5 (Bao and Song, 2018; Ge-
baraetal., 2016; Wangetal., 2011). However, gNSCs, a sub-
population of NSCs, lack specific cell surface markers facil-
itating their isolation and identification. Although
prominin-1 (CD133) has been identified as a cell surface
marker for both SVZ and SGZ progenitors, its specificity
and the identity for labeling NSCs have not been fully
elucidated (Walker et al., 2013). Here, using magnified im-
munostaining and lineage tracing combined with lenti-
virus injection, we identified that VCAM1 is expressed on
the cell surface of QNSCs in the adult hippocampus in vivo.
Our results showed that VCAM1 was highly expressed in a
subpopulation of adult NSCs, but not expressed in differen-
tiated neurons and oligodendrocytes (Artegiani et al., 2017;
Saunders et al., 2018; Shin et al., 2015). We characterized
the quiescence and multipotency of VCAMI1-expressing
cells in the adult hippocampus in vivo. Furthermore, the
loss of VCAM1 in NSCs during the embryonic or adult stage
impaired hippocampus-associated learning and memory.
VCAM1-expressing cells and their progeny, which were
identified by lineage tracing in this study, exhibited a low
level of proliferation. A small number of cells made up
each clone (1-2 or 2.84 + 0.16 cells per clone at 5 or 28
dpi, respectively), whereas actively proliferating NSCs in
the adult hippocampus have been reported to divide 2.3
+ 0.1 times and persist for 9.6 + 1.4 days to give rise to
clones containing an average of 4.8 + 0.5 cells (Pilz
et al., 2018). It seems that VCAM1-expressing NSCs are
different from active NSCs but remain quiescent and serve
as a steady pool of stem cells under normal conditions.
The quiescent nature of VCAMI1-expressing NSCs has
also been demonstrated by pathway enrichment analysis
of single-cell transcriptomes of adult NSCs from the hip-
pocampus and SVZ (Codega et al., 2014). This analysis re-
vealed that functional annotations relating to the process
for maintenance of qNSCs enrich in ion or protein trans-
port, cell communication, and cell adhesion. VCAM1 is
significantly downregulated in the process of QNSC acti-
vation (Ganapathi et al., 2018; Morizur et al., 2018; Shin
et al., 2015). Nevertheless, we noticed that more tdTo-
mato+ cells appeared in one clone, while proportionally
less GFP+ cells were labeled in the same clone (Figure 5D).
This seems to indicate that VCAM1+ NSCs undergo
gradual differentiation and simultaneously lose their
self-renewal capability. Alternatively, the loss of GFP+
cells in the clone labeled by the VP lentiviral infection
may result from gradual degradation of the ZsGreen GFP
protein. Future studies in which VCAM1 is reliably labeled
in a transgenic VCAM1 reporter mouse should therefore

be conducted to clarify the biological explanation for
this observation.

In this study, we found that some GFP+ cells (known to
be VCAM1+ cells), particularly those located in the GCL,
show typical neuron shape. Similarly, in Ai14 mice injected
with the GFP virus, GFP+ tdTomato+ cells (assumed to
be VCAM1+ cells) also exhibited typical neuronal
morphology. These data contradict our earlier conclusion
that VCAMI1 is not expressed in mature neurons (Fig-
ure 1C). To explain this contradictory phenomenon, we
proposed two possibilities. Firstly, following the initiation
of GFP protein expression by the VCAM1 promoter, this
GFP protein may not degrade sufficiently over time, and
thus may ultimately persist in differentiated neurons.
This may occur when VCAM1+ NSCs directly differentiate
into neurons without dividing, as has been reported previ-
ously in the literature (Corish and Tyler-Smith, 1999).
Alternatively, some injured neurons infected by the VP vi-
rus might express inflammation-related genes, such as
VCAM1 (Zhang et al., 2015). Taken together, further inves-
tigation is needed to elucidate this phenomenon.

Sparse labeling by VP lentivirus injection revealed that
VCAM1-expressing NSCs in the adult hippocampus were
long-lasting NSCs with the ability to proliferate and differ-
entiate. Moreover, we found that VCAM1-expressing NSCs
exhibited radial and, to a lesser extent, horizontal
morphology, which may link them to a proliferative frac-
tion in the VCAM1-expressing NSC pool (Lugert et al.,
2010).

Functional differences along the dorsal-ventral axis of
the hippocampus have been well documented. The dorsal
DG appears to be involved in the learning and memory
processes associated with navigation and exploration (Fan-
selow and Dong, 2010). A number of studies have provided
evidence linking adult neurogenesis and spatial learning
and memory (Anacker and Hen, 2017). We hypothesized
that VCAM1-expressing NSCs are involved in hippocam-
pus-dependent learning and memory given that more
VCAM1 NSCs are located in the dorsal DG than in the
ventral DG, which consistent with previous report (Huckle-
berry et al., 2018).

In the E; V cKO mice, deletion of VCAM1 during the em-
bryonic period severely impaired learning and memory
and profoundly reduced the numbers of aNSCs and
radial-like NSCs in the adult hippocampus. In the N; V
cKO mice, deletion of VCAM1 from adult NSCs slightly
impaired learning and memory and slightly reduced the
number of hippocampal aNSCs. These results suggest that
VCAM1 is required for NSC-associated learning and mem-
ory at the embryonic and adult stages. Previous studies
have demonstrated that the morphological maturation
and functional integration of adult-born neurons from
NSCs in the DG take 4 to 8 weeks (Duan et al., 2008;

Stem Cell Reports | Vol. 14 | 1093—1106 | June 9,2020 1103

'O‘
©



;0‘
(&

Esposito et al., 2005). Thus, a reduction in the adult NSC
pool (VCAM1+ NSC pool) may result in fewer adult
newborn neurons being integrated into neural networks,
causing learning and memory impairments. Our data
that behavioral impairment was more severe in N; V-2M
than N; V-1M consistent with the reports, indicating that
neural network integration of newborn neurons is required
for intact learning and memory. In addition to neurons
differentiated from NSCs, NSCs themselves may directly
contribute to hippocampal plasticity and behavior by
releasing factors such as gliotransmitters into the neuro-
genic niche (Han et al., 2015; Tang et al., 2019). Together,
our results suggest that VCAM1 plays a key role in main-
taining a critical mass of NSCs in the adult hippocampus.
The deletion of VCAM1 impairs hippocampal learning
and memory regardless of the stage of maturation (embry-
onic or adult).

EXPERIMENTAL PROCEDURES

Animals

Animal procedures were performed according to protocols
approved by the Capital Medical University Animal Care and Use
Committee. All mice were housed in standard cages in a specific
pathogen-free facility. Details of this procedure can be found in
the Supplemental Experimental Procedure.

isHCR

isHCR was performed according to a protocol provided by Prof.
Luo (Lin et al., 2018). Details of this procedure can be found in
the Supplemental Experimental Procedure.

Viral Vector Production

VP-GFP and H1GFP lentiviruses were generated in the HEK293FT
cell line by polyethylenimine (PEI) transfection. Details of this pro-
cedure can be found in the Supplemental Experimental Procedure.

Adult NSC Culture

Primary adult mouse hippocampal NSCs were cultured as
described previously with minor modifications (Kokovay et al.,
2012). Details of this procedure can be found in the Supplemental
Experimental Procedure.

BrdU Labeling

For the short-term labeling experiments, the mice were intraperito-
neally injected with the thymidine analog BrdU (100 mg/kg/injec-
tion, Sigma) in saline five times at 2-h intervals. The animals were
killed 24 h later.

Immunostaining and Antibodies

Sections were blocked in 5% BSA-PBST (0.1 M PBS and 0.3% Triton
X-100) at room temperature for 1 h and incubated overnight at 4°C
with primary antibodies diluted in blocking solution. The brain
sections were then incubated with secondary antibodies for 2 h.
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Following this, the slides were counterstained with a nuclear coun-
terstain, Hoechst 33342 (Life Technologies) for 10 min. The sec-
tions were mounted with anti-fade Fluoromount-G (Southern
Biotech). Details of this procedure and antibodies can be found
in the Supplemental Experimental Procedure.

Gene Expression Analysis
Total RNA was extracted from proliferative and quiescent NSCs and
qPCR was performed to determine the expression of target genes.
Details of this procedure can be found in the Supplemental Exper-
imental Procedure subsection.

The Morris Water Maze Task

Adult E; V, N; V, and control mice were subjected to the Morris wa-
ter maze task to test spatial learning and memory. Details of this
procedure can be found in the Supplemental Experimental Proced-
ure subsection.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/
10.1016/j.stemcr.2020.05.012.
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