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SUMMARY

In the adult ventricular-subventricular zone (V-SVZ), neural stem cells (NSCs) give rise to transit-amplifying progenitor (TAP) cells. These
progenitors reside in different subniche locations, implying that cell movement must accompany lineage progression, but the dynamic
behaviors of adult NSCs and TAPs remain largely unexplored. Here, we performed live time-lapse imaging with computer-based image
analysis of young and aged 3D V-SVZ wholemounts from transgenic mice with fluorescently distinguished NSCs and TAP cells. Young
V-SVZ progenitors are highly dynamic, with regular process outgrowth and retraction and cell migration. However, these activities
dramatically declined with age. An examination of single-cell RNA sequencing (RNA-seq) data revealed age-associated changes in the
Rho-Rock pathway that are important for cell motility. Applying a small molecule to inhibit ROCK transformed young into old V-SVZ pro-
genitor cell dynamic behaviors. Hence RHO-ROCK signaling is critical for normal adult NSC and TAP movement and interactions, which
are compromised with age, concomitant with the loss of regenerative ability.

INTRODUCTION

The adult murine ventricular-subventricular zone (V-
SVZ) contains neural stem cells (NSCs) that sustain life-
long neurogenesis (Gage and Temple, 2013; Silva-Vargas
et al., 2013). Prior work revealed an intricate 3D architec-
ture in the V-SVZ. The germinal tissue is essentially sand-
wiched between two cell layers: the ependymal layer on
the ventricular side and the vascular plexus on the stria-
tal side (Shen et al., 2008; Tavazoie et al., 2008). Glial-fi-
brillary acidic protein (GFAP)-expressing quiescent NSCs
(gQNSCs) have a distinctive radial structure spanning
these two domains, with a short apical process protrud-
ing into the ventricular space, a cell soma near the epen-
dymal layer, and a long basal process contacting the
vascular plexus. In contrast, immediate products of
qNSCs, activated NSCs (aNSCs) expressing epidermal
growth factor receptor (EGFR) and transit-amplifying
progenitor (TAP) cells expressing achaete-scute homo-
log-1 (ASCL1) or MASH1 are found close to the vascular
layer (Shen et al., 2008; Tavazoie et al., 2008). There,
they give rise to neuroblasts that, by chain migration,
eventually exit the V-SVZ en route to the olfactory
bulb. We can then deduce that with lineage progression,
there must be movement of NSCs and TAPs to different
subniches within the V-SVZ, between the ependymal
zone and the vascular zone.

Time-lapse studies of brain slices derived from postnatal
day 10-210 Nestin-EGFP mice, labeling largely neuroblasts
(68%), some ependymal cells (18%), and a minority of

NSCs (8%) and TAPs (8%), demonstrated local progenitor
“exploratory” movements (Nam et al., 2007). Later studies
of brain slices from young mice (1-2 months old) using
live cell reporters and two-photon microscopy showed
that young neuroblasts were highly motile but that mGfap*
and Ascl1* V-SVZ cells were stationary over 2 h (James et al.,
2011; Kim et al., 2009). This encouraged us to study the
movements of adult NSCs and TAPs in more detail for a
longer period of time and in a preparation that enabled us
to study cell movements between ependymal and vascular
subniches.

The V-SVZ niche is amenable to study as a tissue explant
or a “wholemount” preserving the 3D relationships of cells.
Prior ex vivo live-imaging of the V-SVZ wholemount from
young postnatal (postnal day 21 [P21]-P35) mice over a
4-day period revealed that NSCs extended and retracted
their lateral processes and occasionally shifted their basal
process on the vascular surface (Obernier et al., 2018).
Hence, these pioneering experiments underscore the
need to investigate cell-type-specific motility; no studies
to date have specifically examined the dynamic properties
of co-identified NSCs and TAPs in the adult V-SVZ, nor have
they documented how these properties alter with age.

Several aging-related changes in V-SVZ composition have
been reported, including decreased thickness (Luo et al.,
2006), loss of total NSC numbers and ependymal cell
coverage in males (Shook et al., 2012), and reactive pheno-
types of ependymal cells and astrocytes (Capilla-Gonzalez
etal., 2014). Also, with aging, NSC activity significantly re-
duces, with a loss of proliferation and reduced neuroblast
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production (Luo et al.,, 2006). Surprisingly, TAP cell
behavior does not follow the same trajectory: proliferation
of TAPs declines from 6 to 8 months, but at 22 months, pro-
liferation and cell-cycle reentry are increased (Apostolo-
poulou et al., 2017). These findings indicate that NSCs
and TAPs show different responses to aging, likely reflect-
ing their different roles in the stem cell lineage that de-
mand specialized properties.

How adult V-SVZ progenitor cells move, interact, and
transition to different zones is a key aspect of NSC and
TAP niche biology that has remained largely unexplored
due to several hurdles. These hurdles include the lack of
a suitable live reporter system to visualize both cell types,
problems encountered in preserving the adult 3D
explant for prolonged periods ex vivo, which is exacer-
bated with an aged animal model, and the demand of
quantifying large 3D time-lapse image datasets to build
upon pioneering work in the V-SVZ (Nam et al., 2007).
Here, we addressed this gap in our understanding of
the dynamic properties of V-SVZ progenitor cells by
generating a dual transgenic reporter mouse to distin-
guish NSCs and TAPs and an ex vivo culture system to
enable the simultaneous tracking of both progenitor
types over 20 h in 3D explants with time-lapse multi-
photon microscopy, followed by computer-based image
analysis. Further, we aged these animals to 28 months
to investigate changes in V-SVZ NSC and TAP dynamic
properties with aging.

Our studies on 3D V-SVZ wholemounts demonstrate that
NSCs and TAPs in young adult animals are highly dynamic:
for example, they constantly form and retract processes
that exhibit exploratory behavior, while NSCs and TAPs
migrate through the depth of the SVZ and regularly interact
with each other. In contrast, with advanced age, NSCs and
TAPs lose their dynamic properties and exhibit little pro-
cess formation, and the large-scale movements character-
istic of young progenitors are replaced by an enhanced
membrane ruffling behavior.

To determine the molecular mechanism underlying
age-related cell motility defects, we performed a bio-
informatic analysis of motility-associated pathways in
a single-cell RNA sequencing (scRNA-seq) dataset (Kala-
makis et al., 2019) and found significant alterations in
the Rho-Rock pathway in the V-SVZ NSCs and TAPs that
were complex and cell-subtype-specific. Small-molecule
inhibition of ROCK1/2 converted young NSC and TAP
dynamic movements into those resembling the aged
mouse, with significantly reduced process motility and
cell migration, including in the z axis between the
ependymal and vascular subniches. This loss of dyna-
mism may contribute to age-related deficits in stem
cell function that reduce the ability to repair and
regenerate.
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RESULTS

Live imaging of V-SVZ NSC and TAP reporter mice
demonstrates dynamic movements and cell migration
In order to investigate the behavior of NSCs and TAPs in the
V-SVZ niche, we bred the hGFAP-GFP mouse (Zhuo et al.,
1997) with the Ascll-CreERT2/+ ; Ai9(RCL-tdT) mouse
(Kim et al., 2011; Madisen et al., 2010) to produce a double
transgenic in which GFAP-GFP* (green) NSCs give rise to
Ascll-cre x TdTomato (Ascl1-TdT)+ (red) TAPs. The hGFAP-
GFP mice have been used to study adult V-SVZ NSCs with
extensive validation, including cell purification and molec-
ular characterization (Codega et al., 2014; Pastrana et al.,
2009; Tavazoie et al., 2008). The Ascl1-cre mouse line has
also been validated as a reporter to study V-SVZ TAPs,
with functional analysis in vitro and lineage tracing in vivo
demonstrating labeling of this TAP population (Kim et al.,
2011; Mich et al., 2014). To confirm the cell identity in our
double transgenic mice, 2 days after tamoxifen injection,
we verified that most of the GFP* cells co-stained for
GFAP (97%) and that most of the Tdtomato* cells co-
stained for ASCL1 (67%); of the Tdtomato™ cells that were
ASCL1~, around 15% were GFAP-GFP*, consistent with
these being early cells transitioning from NSCs to TAPs
but not yet expressing detectable levels of the ASCL1 pro-
tein (Figure S1).

We developed an ex vivo culture system enabling contin-
uous multiplex fluorescence imaging of the adult V-SVZ
wholemount for over 20 h. Immediately after sacrifice, we
dissected the V-SVZ wholemount and stained it with isolec-
tin to label ependymal cells and blood vessels, which allows
us to use these two niche layers as references for the location
of NSCs and TAPs as they move within the tissue (Figure 1A).
Stained explants were mounted in a perfusion system circu-
lating an optimized culture medium equilibrated with 40%
O, and 5% CO; (see experimental procedures and supple-
mental experimental procedures), which maintains long-
term viability while recording progenitor cell movements
with scans taken every 9 minutes (Figure 1B). An image pro-
jection shows the whole area of the niche examined (Fig-
ure 1C’). Note that blood vessels (Figure 1C"”) and ependymal
cells (Figure 1C") labeled with isolectin are clearly distin-
guishable by morphology as well as by image plane. We
focused on the anterior dorsal region of the V-SVZ explant,
aregion studied for its active neurogenesis and close apposi-
tion to the rostral migratory stream (Law et al., 1999),
because our prior work demonstrated the presence of NSCs
and TAPs and of chains of migrating neuroblasts in this
area in both young and aged animals (Zhao et al., 2021).

We first examined the morphologies of NSCs and TAPs in
the V-SVZs of young (2- to 3-month-old) mice (Figure 1D).
Reconstructed 3D images show that NSCs close to the epen-
dymal zone often have a flattened soma, a short apical
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Figure 1. Time-lapse recording of the 3D V-SVZ wholemount from transgenic mice with GFAP-GFP + NSCs and Ascl1-TdTomato +
TAPs

(A) Diagram of the V-SVZ with progenitors located between the ventricular ependymal layer and the vascular plexus.

(B) Schematic. Top: red rectangle indicates the anterior dorsal region imaged. A, anterior; P, posterior; D, dorsal; V, ventral. Bottom:
Matrigel-embedded V-SVZ in imaging chamber.

(C) Representative images of different optical layers of the wholemount preparation to illustrate distinct cell morphologies: (C') NSCs
(green), TAPs (red); (C"-C") lectin (purple) staining reveals the deep vasculature (C” arrow) and the superficial ependymal cells (C”,
arrows indicate examples). Scale bar, 40 um (C’) and 5 um (C” and C").

(D) Image sequences from a 2-month-old animal at times (T) 4, 12, and 20 h illustrate dynamic movements. White arrows indicate the same
cell at different timepoints. Scale bar, 5 um.

See also Figure S1 and Videos S1, S2, S3, and S4.

process, and a long basal process extending through the frequentextensionsand retractions (Video S1), and they dis-
depth of the V-SVZ to contact blood vessels (Mirzadeh played membrane ruffling and extensive cell-cell contacts
etal., 2008; Shen et al., 2008; Tavazoie etal., 2008). Inyoung  (Video S2). TAPs in young animals were, as expected, more
mice, live-imaged NSCs indeed exhibited short and long abundant deeper in the V-SVZ than were NSCs, and many
processes, which were surprisingly dynamic, showing had one or two long processes showing frequent extensions
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Figure 2. Time-lapse recording of the 3D V-SVZ revealed NSCs and TAPs become less motile with age

Analyses of 6 h of timelapse recording of V-SVZ 3D wholemounts are shown.

(A-D) Aged male mice have fewer GFP + NSCs, but numbers remained stable over the analysis period (A), while travel speed (B), distance
traveled (track length) (C), and displacement of NSCs (D) significantly decreased with age.

(E) Aged NSCs showed more membrane ruffling.

(F-I) Aged mice have more TAPs, but numbers remained stable over the analysis period (F), while travel speed (G), distance traveled (track
length) (H), and displacement of TAPs (I) significantly decreased with age.

(J) Aged TAPs showed more membrane ruffling.

(A and F) Mean + SEM, two-way ANOVA ****p < 0.0001. (E and J) Student’s t test *p < 0.05. (B-D and G-I) Kolmogorov-Smirnov (KS) test
determining population-level differences between groups; ****p < 0.0001. Values in parentheses indicate cell numbers in young versus
aged animals: (B-D) n = (561, 116) and (G-I) n = (348, 633). (B-E and G-J) Graph bars indicate mean. n = 4 mice/group.

(K-R) Representative images of aged and young cell migration for NSCs (K and L) and TAPs (M and N) and of ruffling for NSCs (0 and P) and
TAPs (Q and R).

(K-N) White spot indicates cell body, spectrum-colored line indicates the time during imaging (key on right), and arrow indicates track
length and displacement.

(0-R) Arrows indicate examples of ruffles.

Scale bar, 10 um (K and L), 30 um (M and N), and 5 um (0-R).

See also Figure S2 and Videos S2, S4, S5, and Sé.
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and retractions (Video S3) and they displayed membrane
ruffling (Video S4). Young NSCs and TAPs often had a unipo-
lar or bipolar morphology with a leading process, similar to
the morphology described for neuroblasts in the V-SVZ (De
Marchisetal., 2001), and were migratory (Figure 1D). Hence,
in the adult V-SVZ, both NSCs and TAPs showed highly dy-
namic phenotypes. Given these observations, we asked how
the morphology, motility, and migration of V-SVZ progeni-
tor cells were altered with aging by quantifying these dy-
namic properties.

V-SVZ NSC and TAP dynamism is impaired with age
To examine age-related changes in NSC and TAP cell
dynamic behaviors, we time-lapse-recorded whole-
mount V-SVZs dissected from young (2- to 3-month-
old) and aged (27- to 28-month-old) animals. We
collected one movie from each V-SVZ preparation
then segmented the movies and analyzed the dynamic
properties of the NSCs and TAPs in each frame of each
image per V-SVZ using Imaris software. We used the
spot module, which tracks cell body movements, to
analyze NSC and TAP cell migration (Figure 2; Figures
S2A-S2C).

As described previously (Shook et al., 2012), the number
of NSCs in the male mouse V-SVZ was lower in aged ani-
mals but remained relatively stable over the first 6 h of im-
aging (Figure 2A), so we focused on this time frame for
most of our analyses. We noted a dramatic loss of process
production and NSC motility with aging (Video S5). The
average migration speed of young NSCs was 1.8 nm/s,
which decreased to 0.3 nm/s in aged mice (Figure 2B).
Given that neuroblasts often change direction while
migrating (James et al.,, 2011; Schaar and McConnell,
2005), we measured the total track length traveled by in-
dividual NSCs as well as the total distance between the
first and last position of the cell (track displacement) dur-
ing the 6-h period. In young mice, NSCs were motile by
both measures: the average total travel distance and track
displacement were 15 and 4.8 um, respectively (Figures 2C
and 2D). In aged mice, however, both parameters
decreased significantly to 6.3 and 1.5 um, respectively,
revealing a dramatic reduction in NSC migration with
age. Rather than active process extension and movement,
aged NSCs displayed significantly more membrane
ruffling compared with young NSCs (Figure 2E; Video
S2). In contrast, the number of NSCs with processes was
significantly lower in aged mice (Figure S2D).

We found that the number of TAPs increased with age
in the anterior V-SVZ (Figure 2F). Previously, we showed
that TAP cell proliferation is dysregulated with aging so
that the number of proliferative Ascl1* cells in the mouse
V-SVZ increased from 18 to 22 months of age (Apostolo-
poulou et al., 2017). These data indicate that this trend

continues so that by 27 to 28 months of age, there are
more TAPs even than in young adult animals. Neverthe-
less, despite a greater number of TAPs, there was a dra-
matic decrease in TAP migration speed with age, with a
mean of 2.1 nm/s in young mice and 0.7 nm/s in aged
mice (Figure 2G and Video S6). In young mice, TAPs
were highly active and motile, showing frequent cell
body translocations. The average total travel distance
and track displacement of TAPs were 20.8 and 7.7 um,
respectively, over the 6-h recording period. In contrast,
aged mice showed a dramatic reduction in TAP migration
(travel distance: 8.9 pm; displacement: 2.2 um) (Figures
2H and 2I). Aged TAPs were largely stationary but ex-
hibited extensive membrane ruffling, greater than in
young mice (Figure 2J; Video S4), and the number of
aged TAPs with cell processes was significantly less than
in young mice (Figure S2D). Representative images indi-
cating NSC and TAP cell migration and membrane
ruffling in young and aged mice are shown in Figures
2K-2R.

Migration between ependymal and vascular zones and
interactions between NSCs and TAPs decreased with
age

gNSCs reside largely within 5 pm of the ependymal zone,
while aNSCs and TAPs are present closer to the vasculature,
frequently about 15 to 20 pm below the ependymal surface
(Shen et al., 2008). In order to transition between lineage
compartments, somal movement is implied, but to date,
this migration between ependymal and vascular subniches
has not been documented. Therefore, we calculated the so-
mal movements of NSCs and TAPs in the z axis of the V-SVZ
wholemount from approximately 5 to 20 pm below the
ependymal zone. We found that both progenitor types
moved in the z axis (x = 1.4 pm NSCs and 1.7 um TAPs);
however, they moved significantly less with aging (x =
0.6 pnm NSCs and 0.7 pm TAPs) (Figure 3A). NSCs and
TAPs move in both directions in the z axis, but, with age,
their directional z movements were reduced and biased to-
ward moving deeper into the tissue, away from the ependy-
mal zone, and toward the vasculature (young versus aged,
x: NSCs, 0.2 vs -0.4 pm; TAPs, 0.1 versus -0.2 um)
(Figure 3B).

Given that NSCs and TAPs both move in the z axis
providing the opportunity to make contact, we examined
their interactions and how these change with age. In young
mice, NSCs and TAPs frequently extend cell processes, con-
tact each other’s cell processes or soma, and then retract
their processes, consistent with exploratory behavior. We
often observed these direct interactions just before a large
cell body translocation (Video S7). Direct cell-cell interac-
tions are critical for collective cell migration (Mishra
et al., 2019), but how NSCs and TAPs communicate and
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Figure 3. Travel in the z axis between the ependymal and vascular subniches significantly reduces with age

(A) Total distance moved by NSCs and TAPs in the z axis of the niche is less with age.

(B) Young NSCs and TAPs move in both directions in the z axis. With age, motility is reduced and NSCs and TAPs move closer to the
vasculature (0 = start position, +ve versus -ve values = movement to or away from the ependymal layer).

(C) Surface contact area between NSCs and TAPs over 4 h significantly declined with age.

(A-C) KS test, ***p < 0.001, ****p < 0.0001. Graph bars indicate the mean. Values in parentheses indicate cell numbers in young versus
aged animals: n = NSCs: (207, 57) and TAPs: (166, 399). Cell-cell interactions n = (4,577, 9,290). n = 4 mice/group.

(D) Representative rendered images showing interactions between NSCs (green) and TAPs (red) in young and aged V-SVZs. Surface contact
area indicated by white dotted lines, and arrowheads show examples. Scale bar, 10 pum.

See also Video S7.

how aging affects communication remain largely un-
known. Using Imaris XTension, we measured the interac-
tions of NSCs and TAPs over the first 4 h of time-lapse
recording. In young animals, NSCs and TAPs contacted
each other extensively, but with aging, this was signifi-
cantly reduced by approximately 25% (from x = 37.9 to
28.3 um?) (Figures 3C and 3D).

The Rho-Rock pathway changes with age in NSCs and
TAPs

Given the profound changes in the motility of NSCs and
TAPs in the aged V-SVZ, we wanted to determine which
genes or pathways may underlie this observation. A recent
study performed scRNA-seq on cells in young and old V-
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SVZs (Kalamakis et al., 2019), which we used as a resource
to determine cell-type-specific gene expression changes
with aging. This paper identified seven transcriptionally
unique cell types: five NSC subtypes, including two popu-
lations of qNSCs (QNSC1 and gNSC2), and three popula-
tions of aNSCs (aNSCO, aNSC1, and aNSC2), as well as
TAPs and neuroblasts (Figure 4A). We intersected the signif-
icantly altered genes in old versus young animals with
those in the Gene Ontology (GO) pathway entitled “cell
migration” and cross-referenced the identified genes to Re-
actome pathways to determine the pathways significantly
enriched in each cell subpopulation.

We found several progenitor cell subtypes demonstrated
enrichment in at least one Rho-related pathway that
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Figure 4. Age-related gene expression changes in V-SVZ progenitor subtypes highlight Rho motility pathways

(A) Lineage relationships of progenitor cells identified in the V-SVZ (Kalamakis et al., 2019).

(B) Schematic of RHO GTPases, downstream effectors, and their motility functions.

(Cand D) Reactome pathways enriched in aged (22-month-old) compared to young (2-month-old) V-SVZs. Rho pathways highlighted in red
for aNSCO (C) and TAPs (D).

(E) Heatmap of selected pathways in old versus young V-SVZs shows differences between cell types.

(F) Changes in expression of Rho, Rock, Rac, and Cdc42 genes in old versus young V-SVZ progenitor cell subtypes (TPM, transcripts per
million reads). *p <0.05, **p <0.01, values as used in Table S2 in Kalamakis et al., (2019).

See also Figures S3 and S4 and Table S1.
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changed with aging. As Rho GTPases are involved in
cellular migration, process extension, and membrane
ruffling (Figure 4B), their differential expression in NSCs
and TAPs may contribute to the dynamic properties and ag-
ing phenotypes that we observed. Interestingly, we saw
age-associated enrichment for multiple Rho pathways in
aNSCOs (Figure 4C), TAPs (Figure 4D), and qNSC2s (Fig-
ure S3), which may indicate that these pathways are more
impacted by aging in certain phases of the lineage. (For
more information on the genes in each pathway identified
and pathways enriched for each cell type, see Table S1.)

To establish in more detail the progenitor cell-type-
dependent changes in the V-SVZ with aging, we analyzed
the magnitude of change in differentially expressed genes
in several Rho signaling pathways (Figure 4E). We found
that TAPs show the most increased expression of Rho
signaling genes in old versus young mice, followed by
aNSCOs. Interestingly, although aNSCs progressed from
aNSCO to aNSC1 then to aNSC2 in the Kalamakis study
(Figure 4A), pathways were notably upregulated in aNSCO
and aNSC2 but not in aNSC1, suggesting unique require-
ments for motility within each cell subtype of the lineage.

To examine gene expression in migration-related path-
ways in more detail, we plotted the change in gene
expression in old versus young mice (Figures 4F and S4).
With aging, there was an upregulation of Rhob and Rhoa
and a reduction of Rhoc across most of the cell subclasses.
While most genes changed in the same direction within
each cell type, there were several instances where genes
were differentially altered across cell types, for example,
Cdc42, Rockl, and, to a lesser extent, Rock2. While these
different effectors have all been implicated in migration,
their increased or decreased expression can promote or
inhibit cell movement depending on cell type, cell
context, and environment. Hence, it is important to
empirically test the impact. Given the significant changes
in Rho pathway components with aging, we examined
whether this pathway was involved in regulating dyna-
mism of V-SVZ progenitor cells.

ROCK inhibition decreases the motility of young NSCs

To test our hypothesis that altered RHO-ROCK GTPase
signaling could adversely affect V-SVZ progenitor cell
motility, we applied 40 uM Y27632, a selective ROCK1/2
inhibitor (ROCKi), to young wholemount V-SVZs and
monitored its effect over 6 h in NSCs (Figures 5A-5D) and
TAPs (Figures SE-5H). There was no significant difference
in the number of NSCs or TAPs when comparing ROCKi
to vehicle control (Figures 5A and SE), indicating that
ROCKI did not affect cell survival or proliferation over
this period. Although most NSCs and TAPs still displayed
a migratory morphology with a leading process and a trail-
ing edge after ROCKi treatment, similar to their
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morphology in vehicle (DMSO) control, they showed a
significantly reduced average speed of migration (NSCs:
1.2 to 0.9 nm/s; TAPs: 1.5 to 0.8 nm/s), distance traveled
(NSCs: 14.6 to 11.1 pum; TAPs: 21.9 to 12.5 pm), and
displacement (NSCs: 6.1 to 4.2 um; TAPs: 7.4 to 4.9 pm)
(Figures 5B-5D for NSCs and 5F-H for TAPs).

To determine if ROCKi could mimic age-related changes
in the movement between ependymal and vascular com-
partments, we measured the total distance traveled by
NSCs and TAPs along the z axis. After applying ROCKj,
NSCs moved less in the z axis (x= 2.5 versus 1 um) (Fig-
ure 6A) and showed a bias away from the ependymal layer
towards the vasculature (x= 2.0 versus 0.0 um) (Figure 6B),
mimicking the behavior of aged NSCs (Figure 3B). TAPs
treated with ROCKi moved less in the z axis (x = 2.2 versus
1.6 um) (Figure 6A) and also moved deeper into the V-SVZ,
closer to the vasculature (x = 1.4 versus —0.9 um) (Fig-
ure 6B), as with aging. NSCs and TAPs still interacted
with each other, and the measured area of cell-cell contact
between them was increased (x = 27.4 um? vehicle versus
50.7 um? ROCKi) (Figures 6C and 6D), likely because
ROCKi caused increased cell crowding, which enabled
more interactions. In summary, ROCKi applied to young
V-SVZ wholemounts dramatically reduced progenitor
migration and distance traveled and altered their move-
ments in the z axis between the ependymal to vascular
compartments, all together mimicking their reduced
motility in the aged V-SVZ.

DISCUSSION

In the adult V-SVZ, dynamic properties of the two major
progenitor cell types, NSCs and TAPs, have not been
comprehensively examined or quantified. Here, we investi-
gate this using 4D analysis by time-lapse recording of the
adult 3D V-SVZ wholemount that preserves much of the
niche architecture. We revealed that with aging, there are
major deficits in NSC and TAP motility, process production
and retraction, migration between subniches, and cell-cell
interactions. Moreover, we identify changes in Rho-Rock
signaling pathways occurring with aging and show that
ROCKi can transform young NSC and TAP behaviors into
those characteristic of old mice. Hence, this study reveals,
for the first time, the dynamic movements of NSCs and
TAPs in the adult V-SVZ, shows that these are dramatically
compromised with aging, and highlights an underlying
molecular pathway involved in progenitor cell movement
that changes significantly with aging in a cell-type-depen-
dent manner.

Our studies show that NSC processes are highly motile in
the young V-SVZ, exhibiting frequent extensions and re-
tractions. This adds to prior findings made in juvenile
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Figure 5. ROCKi decreased progenitor cell motility in the young V-SVZ

(A-D) ROCKi did not change the number of NSCs in each field over the 6-h recording period versus vehicle (DMSO) but significantly
decreased NSC travel speed (B), distance traveled (C), and displacement (D).

(E-H) ROCKi did not change the number of TAPs (E) but significantly decreased TAP migration speed (F), distance traveled (G), and

displacement (H).

(A and E) Two-way ANOVA, n =3 mice/group. (B-D and F-H) KS test, ****p < 0.0001. Graph bars indicate the mean. Values in parentheses
indicate cell numbers (vehicle, ROCKi): (B-D) n = (637, 342) and (F-H) (300, 207).

(I-L) Representative images: NSCs from vehicle (I) and ROCKi (J) and TAPs from vehicle (K) and ROCKi (L) groups. A white spot labels each
cell body, the spectrum-colored line indicates time during imaging (key on right), and arrow indicates track displacement over 6 h.

Scale bar, 10 um (I and J) and 20 um (K and L).

mice that NSC lateral processes can extend and retract and
that the endings of a long basal process can move along V-
SVZ blood vessels (Obernier et al., 2018). As NSCs become
activated and express EGFR, their position in the niche
changes to be nearer to V-SVZ blood vessels (Shen et al.,
2008). This implies that NSCs move their soma from the
ependymal to the vascular niche upon activation. Here,
we show that NSCs do indeed move between the ependy-
mal and vascular layers and, moreover, that their move-

ments are not unidirectional, but that the cells move
back and forth in the z axis.

TAPs tend to be located near the V-SVZ vascular plexus
where they proliferate and produce neuroblast progeny
that join the rostral migratory stream. We show that
TAPs, like NSCs, can be uni- or bipolar and that they
also actively extend and retract processes. Young TAPs
migrate actively in the V-SVZ, including in the z axis in
both directions, and can directly interact with NSCs
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Figure 6. ROCKi reduces young V-SVZ NSC and TAP cell movement

(A) ROCKi significantly reduced total travel distance in the z axis.

(B) ROCKi caused NSCs and TAPs to move deeper (more -ve z axis displacement, 0 = starting position).

(C) Surface contact area between NSCs and TAPs over 4 h of recording was significantly increased by ROCKi.

(A-C) Values in parentheses indicate cell numbers: (vehicle, ROCKi): n = NSCs: (256, 152), TAPs: (112,164), and (C) (2,588, 2,168). (A-C)
Graph bars indicate the mean. KS test ****p < 0.0001, ***p < 0.001. n = 3 mice/group.

(D) Representative rendered images show interactions between NSCs (green) and TAPs (red) in vehicle- and ROCKi-treated V-SVZs. Surface
contact shown in white, and examples are indicated with arrowheads. Scale bar, 10 um.

either via their contacting processes or cell bodies. Such
contacts sometimes precede a large somal movement,
and it will be fascinating to examine the effects of these
progenitor cell-cell contacts and molecular cross-
communications.

Prior studies on young postnatal V-SVZ progenitor cells,
focused largely on neuroblasts, have recorded speeds of 5
to 20 nm/s (James et al., 2011). In our measures from 2-
month-old adult wholemounts, the mean migration speed
is ~1 nm/s for NSCs and ~1.4 nm/s for TAPs. Given these
measurements include both motile and non-motile cells,
we then analyzed the dynamic properties of young motile
NSCs and TAPs, defined by cells with a total track length of
>20 pm during the 6-h recording period (Figures S2A-
S2C). Young motile NSCs had an average speed of
3.1 nm/s, an average track length of 32.2 um, and a
displacement of 9.1 um. Young motile TAPs moved at a
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speed of 2.5 nm/s, with a total track length of 35.6 pm
and a displacement of 11.6 pm. Hence, even when consid-
ering only motile cells, NSCs and TAPs move slower than
migrating neuroblasts. Differences in recording parameters
could also contribute to differences in migration speed and
other aspects of motility.

Our observation of considerable dynamism in young
adult V-SVZ NSCs and TAPs prompts the question about
its role in normal lineage progression. Prior studies have
shown that the ependymal layer releases factors such as
pigment epithelium-derived factor (PEDF) that are impor-
tant for progenitor maintenance (Ramirez-Castillejo et al.,
2006), while the V-SVZ vasculature produces signals such
as SDF1 and VEGF-C that stimulate proliferation and
neurogenesis (Matta et al., 2021; Zhu et al., 2019). The bidi-
rectional movement of both NSCs and TAPs in the z axis in
young animals between the ependymal and vascular zones



may impact signals they receive from these subniches, as
well as from each other, and thus their eventual commit-
ment to a specific behavior. In the future, it will be inter-
esting to examine whether NSCs also show dynamic
changes between states of activation and quiescence as
they move between the ependymal and vascular
subniches.

With aging, we found a significant loss of dynamic move-
ments in both NSCs and TAPs. Aged NSCs lacked the char-
acteristic morphology of migrating cells, with a leading
process and a trailing edge (De Marchis et al., 2001), and ex-
hibited increased ruffling. Similarly, aged TAPs became less
process-bearing and typically stayed in place while exhibit-
ing a strong membrane ruffling behavior. Lack of normal
process-bearing morphology may contribute to lack of
migration given that, in other cell types, the leading pro-
cess establishes contacts with the extracellular matrix and
the nucleus then translocates towards the centrosome
and induces somal movements (Schaar and McConnell,
2005). When the membrane process fails to establish focal
adhesions, it retracts, and membrane ruffles form (Borm
etal., 2005). It is possible that increased membrane ruffling
reflects a failure to form focal adhesions in the inflamma-
tory environment present in the aged V-SVZ (Cutler and
Kokovay, 2020).

Our examination of single V-SVZ cell gene expression
pathways that significantly changed with aging (Kalama-
kis et al., 2019) highlighted the Rho pathway. RHO
GTPases orchestrate key steps during cell migration
(Guan et al., 2020; Ridley, 2015) and are part of the
non-canonical Wnt pathway, which decreases with age
in the V-SVZ (Kalamakis et al., 2019). We found that
different cells in the NSC lineage showed distinct
changes in Rho gene expression with aging. All cells in
the lineage showed an increased level of RhoB with ag-
ing, which is interesting given that RHOB has been re-
ported to increase expression and activity in macro-
phages and endothelial cells in inflammatory situations
(Vega and Ridley, 2018). If this is part of an aging or in-
flammatory response, it will be worthwhile investigating
the impact of increased RhoB in these aged neural pro-
genitor populations. Activated RHOB has several effects
on cells: it is localized to endosomes, is important for
intracellular trafficking, and can drive increased endoso-
mal association with actin filaments, thus preventing the
normal transport of receptors, including EGFR (Fernan-
dez-Borja et al., 2005; Wherlock et al., 2004). This may
be significant in the context of the aging V-SVZ niche
because EGFR is expressed on both aNSCs and TAPs
and regulates their proliferation and migration (James
et al., 2011; Kim et al., 2009). Moreover, RHOB is impor-
tant for cytokine-receptor trafficking and chemotaxis.
Given that we have found aNSCs express the CXCR4 re-

ceptor and show chemotaxis towards SDF1 released from
vascular endothelial cells (Kokovay et al., 2010; Zhu
et al., 2019), it is conceivable that altered RHOB function
could contribute to the impaired directional cell move-
ments we observed with aging. Higher levels of RHOB
can also inhibit cell migration and proliferation and pro-
mote apoptosis (Vega and Ridley, 2018), which may
explain additional aging phenotypes documented in
the V-SVZ.

Several progenitor cell types show upregulation of
RhoA, which, like RhoB, can inhibit migration at
increased levels, although an excessive depletion of
RhoA can also inhibit migration, implying that a critical
level is required (Ridley, 2015). Examining molecules
that modify the RHOA function, including RND2 and
RND3, which suppress RHOA, MST3, which phosphory-
lates RHOA to reduce its activity, and CCM3, which de-
creases RHOA activation (Pacary et al., 2011), we again
found cell-type-specific gene expression changes with ag-
ing (Figure S4). Most progenitor cells showed a downre-
gulation of RhoC; despite being highly similar to RhoA,
reduced or depleted RHOC has been associated with
reduced cell migration, loss of polarization, and
increased numbers of lamellipodia (Vega et al., 2011).
These alterations could contribute to the loss of a pro-
cess-bearing morphology and the increased ruffling
behavior we saw in aged V-SVZ progenitor cells. We
found that in early stage NSCs, Rock1 increases with ag-
ing, but in later stage aNSCs and TAPs, it decreases.
TAPs are further distinct from NSCs in having higher
levels of Racl and Cdc42 with aging. Increased Racl
can act synergistically with Cdc42 to cause increased
membrane ruffling (Kurokawa et al., 2004), which was
pronounced in aged TAP cells. Interestingly, neuroblasts
derived from TAPs do not show notable changes in
Rho, Rac, or Cdc42 with aging. These complex observa-
tions show the importance of examining these pathways
and how they change with age and impact dynamic
movements on a cell-subtype level.

Prior studies focused on neuroblasts have shown that
ROCKi increased the chain migration of progenitor cells
derived from P3 mouse V-SVZ explants and enhanced the
migration of V-SVZ-derived polysialylated neuronal cell
adhesion molecule (PSA-NCAM)+ cells but disrupted their
normal direction into the olfactory bulb in adult mice in vivo
(Leong et al., 2011). In our studies, we found the opposite
result on NSC and TAP migration: applying ROCKIi to the
young V-SVZ significantly reduced NSC and TAP migration
speed and travel distance compared with vehicle control.
This difference in progenitor cell-type responses under-
scores that the correct level of signaling in the RHO-ROCK
pathway is important for normal NSC, TAP, and neuroblast
motility in a cell-type-dependent manner.

Stem Cell Reports | Vol. |7 | 245-258 | February 8,2022 255

'O‘
©



;0‘
(&

Although NSCs and TAPs were inhibited from moving af-
ter ROCKi, they still demonstrated a process-bearing
morphology. As discussed above, RHO GTPases control so-
mal translocation via ROCK (Ota et al., 2014). However,
membrane protrusion and retraction at leading processes
are mainly regulated by RAC and CDC42 GTPases medi-
ating actin dynamics (Leong et al.,, 2011). ROCKi can
induce robust neurite outgrowth, accompanying rapid co-
filin dephosphorylation (Zhang et al., 2006). We conclude
that while reduced RHO-ROCK signaling might contribute
to reduced cell dynamism in the aging niche, other path-
ways are responsible for the loss of processes seen in aged
V-SVZ progenitor cells, likely involving RAC1 and CDC42
imbalances. Our finding that ROCKi transformed several
young into old V-SVZ progenitor cell dynamic behaviors
encourages us that further exploration of motility-associ-
ated pathways could identify additional small molecules
that impact specific behaviors, with the eventual goal of
preventing age-associated loss of cell dynamism in the
niche.

EXPERIMENTAL PROCEDURES

Please see more details provided in supplemental experimental
procedures.

Animals

hGFAP-GFP transgenic mice (FVB/N-Tg(GFAPGFP)14Mes/J, Jackson
Laboratory) were crossed with Ascl1-Cre-Tomato mice (Asclltm1l.1
(cre/ERT2); B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato) Hze/], Jackson
Laboratory) (Kim et al., 2011). Male Ascl1<CreERT2/+>; R26R<to-
mato/tomato/+>; GFAP<GFP/+> offspring were aged as needed. Pro-
cedures were approved by the Institutional Animal Care and Use
Committee at SUNY Albany.

Tamoxifen (TAM) treatment

TAM (Sigma, T5648-5G) was prepared as a 30 mg/mL stock solu-
tion in ethyl alcohol (Sigma, E7023) and diluted 1:10 in sunflower
seed oil (Sigma, S5007). Two days before use, animals were injected
intraperitoneally with a single dose of 180 mg/kg TAM.

V-SVZ wholemount preparation and
immunohistochemistry (IHC)

The V-SVZ was dissected as described (Shen et al., 2008), fixed in
4% paraformaldehyde (4% PFA) for 45 min, and rinsed 3 times
with phosphate-buffered saline (PBS) prior to IHC. One V-SVZ/
mouse (hemisphere chosen at random) was selected for IHC.

IHC

Wholemounts were incubated for 1 h in 0.5% triton-X in PBS
(TPBS) then in 10% normal donkey serum (NDS; Jackson Immu-
noResearch, 017000121) in TPBS for 1 h. Primary antibodies were
incubated overnight at 4°C; for NSCs: chicken anti-GFP (1:100;
Rockland, 600-901-215), rat anti-GFAP (1:500; Invitrogen, 13-
0300) and for TAPs: rabbit anti-MASH1 (ASCL1) (1:100; Abcam,
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ab211327) in TPBS. After rinsing 3 times with TPBS, secondary an-
tibodies (Jackson ImmunoResearch) were added at 1:300 in TPBS:
donkey anti-chicken immunoglobulin G (IgG) 488 (703545155),
donkey anti-rat IgG CYS5 (712605153) (for NSCs), or donkey anti-
rabbit (711605152) (for TAPs). Wholemounts were then washed 3
times with TPBS and incubated with DAPI (1:1,000; Invitrogen,
D1306) for 10 min at room temperature (RT). After rinsing 3 times
with TPBS, V-SVZs were mounted on glass slides with tissue spacers
in Prolong Gold Antifade reagent with DAPI (Invitrogen, P366931).

V-SVZ wholemount preparation and live imaging
V-SVZ wholemounts were dissected in ice-cold adult hibernation
buffer (supplemental experimental procedures). Samples were
stained with isolectin (Thermofisher Scientific, 132450, 1:15-
1:25) in 0.9% saline (Ricca, 7210-32) supplemental experimental
procedures for 15 min on ice. A wholemount was placed on a
chamber glass coverslip, dried with tissue paper, and attached by
adding 100 pL of 100% matrigel without phenol red (Corning,
356231) in 1 mL of fusion medium (supplemental experimental
procedures), incubating for 10 min at 37°C, 5% CO,. The coverslip
was placed in the POC-R2 perfusion chamber (Pecon) and infused
with fusion medium using a 20 mL syringe with a 19-gauge needle.
The chamber was placed on the Zeiss 780 stage. A peristaltic pump
connected to gas-permeable tubes (Tygon Sanitary Silicone
Tubing- ABW00002, 3350) circulated the fusion medium, which
was incubated with 40% O, and 5% CO, throughout the recording
period.

Time-lapse experiments were conducted on V-SVZ wholemounts
from young (three 2-month-old and one 3-month-old) and aged
(one 27-month-old and three 28-month-old) mice and one
movie/V-SVZ/mouse. DMSO or ROCKi-treatment experiments
used: young (four 2-month-old and three 3-month-old) mice and
one movie/V-SVZ/mouse. Mice displaying signs of illness, severe
dermatitis, or tumors were excluded from studies.

Time-lapse recording

Z-stack images (22 pm in depth) were taken every 9 min, each scan
period was 3 min, over 20 h total, using a Zeiss 780 with a 40X wa-
ter immersion objective. For ROCKi experiments, wholemounts
were incubated for 2 h with vehicle (DMSO) or ROCKi (40 uM)
in perfusion medium then imaged for at least 6 h following
addition.

Video analysis and quantification

Imaris (9.7.0, Bitplane) was used to automatically calculate cell
travel speed, distance traveled, track length and surface contact
area and create 3D renderings. Cell ruffling and process counting
were done manually after image processing in Imaris. For details
of the image analysis, see supplemental experimental procedures.

Examining Rho GTPase signaling pathway gene
changes with age

Gene expression data in V-SVZ subtypes from Table S2 in Kalama-
kis et al. (2019) were imported into RStudio. Genes for each cell
subtype were filtered for statistical significance (p < 0.05) and
then intersected with all genes within the GO category “cell migra-
tion” (GO: 0016477). Subsequent lists were analyzed for GO term



enrichment using the HypeR package (Federico and Monti, 2020)
and the Reactome database. The background setting indicating
the number of genes used for GO enrichment was 23,647.

The heatmap was generated by analyzing the number of genes
expressed in selected pathways normalized to the number of genes
within that pathway and was generated in R using the gplots pack-
age with colors from RColor Brewer.

Statistics
Statistical analyses were performed in GraphPad Prism 9. Descrip-
tion of the tests performed is provided in the figure legends.

Data and code availability
All code is available at https://www.neuralsci.org/computing.
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