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Neural stem cells (NSCs) exist throughout life in the ventricular–subventricular zone (V-SVZ) of the mam-
malian forebrain. During aging NSC function is diminished through an unclear mechanism. In this study, we
establish microglia, the immune cells of the brain, as integral niche cells within the V-SVZ that undergo age-
associated repositioning in the V-SVZ. Microglia become activated early before NSC deficits during aging
resulting in an antineurogenic microenvironment due to increased inflammatory cytokine secretion. These age-
associated changes were not observed in non-neurogenic brain regions, suggesting V-SVZ microglia are spe-
cialized. Using a sustained inflammatory model in young adult mice, we induced microglia activation and
inflammation that was accompanied by reduced NSC proliferation in the V-SVZ. Furthermore, in vitro studies
revealed secreted factors from activated microglia reduced proliferation and neuron production compared to
secreted factors from resting microglia. Our results suggest that age-associated chronic inflammation contrib-
utes to declines in NSC function within the aging neurogenic niche.

Introduction

Neurogenesis continues throughout life in the
mammalian ventricular–subventricular zone (V-SVZ)

that lines the lateral wall of the lateral ventricle [1,2] and the
subgranular zone of the hippocampal dentate gyrus [3,4]. In
this study, we focus on V-SVZ neural stem cells (NSCs),
which have distinct regulatory signals, niche organization,
developmental origin, and neuronal output from hippocampus-
derived NSCs [5–9].

V-SVZ NSCs are astrocyte-like cells that divide slowly to
produce rapidly dividing transit-amplifying cells (TACs),
which expand the progenitor pool and ultimately produce
neuroblast cells. These neuroblasts migrate out of the V-SVZ
to the olfactory bulb, where they integrate and differentiate
into granule or periglomerular neurons [1,10]. Under certain
pathological conditions, V-SVZ NSCs increase proliferation
and migrate to the injury site, where they give rise to a limited
number of neurons, oligodendrocytes, and astrocytes, which
have been shown to contribute to repair [11–15].

During aging, V-SVZ neurogenesis declines rapidly
around mid-age [16–18], resulting in olfactory memory
deficits [19]. The mechanism for this decline is not clear,
however, changes within the NSC niche have been clearly

documented. NSCs possess an apical process that protrudes
through the ependymal layer, contacting the lateral ventri-
cle. This apical process is capped by the adhesion molecule
VCAM1, which anchors NSCs within the niche [20]. When
viewed en face, ependymal cells surround clusters of these
NSC processes expressing VCAM1 and form germinal units
that appear as pinwheels. The number of germinal pin-
wheels declines during aging and this is accompanied by
ependymal cell loss, stenosis of the lateral ventricle, and an
overall reduction in V-SVZ germinal area [21].

NSCs also send out a basal process that contacts the vascular
plexus on the opposing side of the V-SVZ, where they receive
signals important for quiescence, proliferation, and lineage
progression [22]. During aging, the vasculature undergoes
extensive remodeling with a reduction in density and blood
flow [23] and changes in orientation [24]. However, the impact
of aging on other cells in the V-SVZ niche and the subsequent
effect on NSC function in the aged brain is unknown.

In this study, we investigated the spatiotemporal changes
in position and activation state of microglia in the adult
V-SVZ niche during aging. Microglia, the innate immune
cells of the brain, are distinct from peripheral macro-
phages developmentally, phenotypically, and have a unique
transcriptome [25,26]. Under basal conditions, microglia
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exhibit a characteristic ramified morphology with processes
continuously in motion surveying the surrounding environ-
ment [27].

Following injury or infection, microglia become acti-
vated, leading to morphological changes, proliferation, and
secretion of proinflammatory cytokines [28,29]. During
aging, microglia become hypervigilant, expressing in-
creased levels of proinflammatory cytokines and overreact
to normal subthreshold immune challenges, leading to an
exaggerated immune response deleterious to brain function
[30–32]. In the hippocampus, microglia have been shown to
be both positive and negative regulators of neurogenesis
depending on activation state [33–37]. In addition, during
the early postnatal period, microglia in the V-SVZ are
proneurogenic in vitro and in vivo [38]. However, little is
known about their role in adult V-SVZ neurogenesis during
tissue homeostasis or aging.

Although, not typically included as one of the principal
cellular components of the adult V-SVZ neurogenic niche,
we found that microglia are located throughout the V-SVZ
and are associated with germinal pinwheels, transit-
amplifying cells, neuroblasts, and the vascular plexus. The
relationship of microglia to other niche cells becomes
drastically altered during aging. Microglia in the V-SVZ are
unique in their activation state and became progres-
sively activated during aging, and this is not seen in non-
neurogenic regions of the brain. This progressive activation
produced a proinflammatory microenvironment in the
V-SVZ niche, which was accompanied by infiltrating pe-
ripheral monocytes. Interestingly, we found that resting
microglia are proneurogenic in an in vitro model. However,
activation of microglia in vivo and in vitro reduced prolif-
eration and neuronal output.

Materials and Methods

Mice

For microglia and NSC cultures, Swiss Webster mice (aged
2 months) were bred at the UTHSCSA vivarium. For aging
studies, C57/Bl6 mice aged 2–4 (young adult), 6–8 (adult),
10–14 (mid-aged), and 15–24 (aged) months were obtained
from the National Institute of Aging. All animals were pro-
vided free access to water and standard rodent chow ad libi-
tum. All mouse studies were approved by the University of
Texas Health Science Center at San Antonio Institutional
Animal Care and Use Committee and performed in accor-
dance with institutional and federal guidelines.

Immunohistochemistry

For wholemount immunohistochemistry, brains were
isolated, halved, the cortex and septum removed to reveal
the SVZ, and fixed in 4% paraformaldehyde overnight at
4�C. SVZ wholemounts were then microdissected and per-
meabilized with 2% PBST. Cell cultures were fixed in 4%
PFA for 15 min at RT and permeabilized with 0.1% PBST.
Before primary antibody incubation, the tissue was incu-
bated in blocking solution containing 10% normal donkey
serum in the appropriate PBST concentration overnight at
4�C. Incubation in primary antibodies was performed in
blocking solution overnight at 4�C. The primary antibodies
used were MASH1 (1:200; Cat. No. 556604; BD, Franklin

Lakes, NJ), doublecortin (1:200; Cat. No. SCB066; Santa
Cruz Biotechnology, Dallas, TX), Iba1 (1:200; Cat. No.
019-19741; Wako Chemicals, Richmond, VA), CD68
(1:250; Cat. No. MCA1957; AbD Serotec, Raleigh, NC),
VCAM1 (1:50; Cat. No. 550547; BD), b-catenin (1:50; Cat.
No. 610154; BD), CD31 (1:100; Cat. No. 550274; BD),
bIII-Tubulin (1:500; Cat. No. MMS-435P-250; Covance,
Austin, TX), and bromodeoxyuridine (BrdU; 1:250; Cat.
No. NB500-169; Littleton, CO). Species-specific secondary
antibodies ( Jackson ImmunoResearch, West Grove, PA)
were used at a concentration of 1:250.

RNA extraction and quantitative real time
polymerase chain reaction

Total RNA was extracted from SVZ wholemounts using the
mirVana miRNA Isolation Kit (Ambion, Life technologies,
Waltham, MA) according to the manufacturer’s instructions.
cDNA was synthesized from 1mg of total RNA using High-
Capacity cDNA Reverse Transcription (Applied Biosystems,
Life technologies). Quantitative polymerase chain reaction
(PCR) was performed using a 7,500 Real-Time PCR System
Thermal Cycler (Applied Biosystems) by SYBR� Green
PCR master mix (Applied Biosystems). Glyceraldehyde 3-
phosphate dehydrogenase was used as endogenous control.
Negative control qRT-PCR were carried out under the same
conditions in the absence of cDNA. Reactions were performed
in triplicate. Quantification was analyzed by theDDCt method
as described [39]. Primers used were: IL-6 (Forward =
CAACGATGATGCACTTGCAGA; Reverse = GGTACTC
CAGAAGACCAGAGG); IL-1b (Forward = GGAGAACC
AAGCAACGACAAAATA; Reverse = TGGGGAACTCTG
CAGACTCAAAC); TNFa (Forward = GGAACACGTCG
TGGGATAATG; Reverse = GGCAGACTTTGGATGCTT
CTT).

BCG inoculation

Male C57/Bl6 mice (2-month-old) were inoculated with
Mycobacterium bovis, Bacillus Calmette–Guérin (BCG) as
previously described [40]. Briefly, mice received 1.5 · 106

colony-forming units intraperitoneally in a volume of 0.5 mL.
Control animals received 0.5 mL of sterile saline. Dispersed
BCG stocks, derived from TheraCys, BCG Connaught strain
(Lot#C3705AA; Sanofi Pasteur, Ontario, Canada), were pre-
pared immediately before injection by 30 s vortex, 10 min
warm water bath sonication, and six passages through a 25-
gauge needle.

EdU labeling and staining in wholemounts

Mice were injected with EdU intraperitoneally (200
mg/mouse) 2 h before they were sacrificed and the brains re-
moved. Brains were then halved and the ventricles were ex-
posed for overnight fixing in 4% PFA at 4�C. EdU staining
proceeded according to the manufacturer’s instructions (Click-
it EdU Imaging Kit; Life Technologies).

BrdU labeling and staining in sections

Mice were injected with BrdU (10 ng/mL solution) intra-
peritoneally (50 mg/kg) 2 h before they were sacrificed and
perfused with cold 1· phosphate buffered saline (PBS) followed
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by 4% paraformaldehyde. 30mm serial coronal brain sections
were cryosectioned and collected as floating sections in 1·
PBS. Every sixth section was permeabilized in PBS with 0.3%
Triton for 45 min at room temperature. The sections were then
incubated in 2N HCl at 37�C for 1 h followed by two 5 min
washes in borate buffer and then immunostained. The number
of BrdU cells per section was counted using a fluorescent
microscope by two separate individuals, and numbers per
section were averaged between both counts.

NSC cultures

V-SVZs of young adult mice (2-month-old) were micro-
dissected and minced to 1 mm2 pieces in adult hibernation
medium (30 mM potassium chloride, 5 mM sodium hydrox-
ide, 5 mM anhydrous monosodium phosphate, 0.5 mM mag-
nesium chloride hexahydrate, 20 mM sodium pyruvate,
5.5 mM glucose, and 200 mM sorbitol). Dissociation pro-
ceeded in 100 U of papain in DMEM/F12 at 37�C for 45 min
on a shaker and gently triturated. Cells were washed three
times with DMEM/F12 and centrifugation at 400 g for 10 min.
After centrifugation, cells were resuspended in 1 mL serum-
free medium and counted. Adherent cultures were obtained by
plating cells in 24-well plates coated with poly-ornithine/
laminin at 50,000 cells per well in NSC serum-free medium
(high glucose DMEM supplemented with 0.1 mM sodium
pyruvate, 1· GlutaMAX [Gibco, Thermo Fisher Scientific,
Waltham, MA], N-2 [Gibco], B27 [Life Technologies], and
10 ng/mL bFGF [PeproTech, Rocky Hill, NJ]).

Microglia isolation, resting microglia (M0),
and activated microglia (M1) cultures

Swiss Webster mice (2–4 month old) were perfused with
cold 1· HBSS (without Mg2+/Ca2+). Whole brains were
harvested and minced to 1 mm2 pieces and dissociated with
the Miltenyi (San Diego, CA) Brain Dissociation Kit fol-
lowing the manufacturer’s instructions. Following dissoci-
ation, myelin was removed through a 22% Percoll gradient.
After myelin removal, the cells were incubated in CD11b-
APC conjugated antibodies for 30 min at 4�C and FACS
sorted. Microglia were plated in six-well plates coated with
poly-ornithine/laminin at 300,000 cells per well in microglia
serum media (DMEMF/12 with 10% fetal bovine serum, 1·
GlutaMAX [Gibco], and 10 ng/mL GM-CSF) and expanded
for 5 days. To generate resting microglia (M0), the adult
primary microglia were cultured in microglia medium sup-
plemented with 10 ng/mL mouse recombinant carrier-free
MCSF and 50 ng/mL human recombinant TGFb1 for 5 days
[26]. To generate activated microglia (M1), the adult pri-
mary microglia were cultured in microglia medium sup-
plemented with 5 ng/mL mouse recombinant carrier-free
MCSF for 5 days, 20 ng/mL of IFNg for 1 h, and 1 mg/mL
lipopolysaccharide (LPS) for 2 days [41].

Conditioned medium experiments

Microglia were cultured in microglia medium until con-
fluent and then switched to NSC serum-free medium. After
24 h, media were collected. Likewise, NSCs were expanded in
NSC serum-free medium until confluent before media were
collected. All conditioned media were filtered through 0.2-mm
syringe filters at the time of collection. Approximately 48 h

after NSCs were plated in 24-well dishes at 50,000 cells per
well, cultures were switched to either microglia conditioned
media, or control NSC conditioned media. All media were
supplemented with 10 ng/mL bFGF. Media were changed
every 2 days. After 4 days in culture, cells were fixed with 4%
paraformaldehyde.

Data quantification

CD68 and Iba1 reactivity in the V-SVZ was quantified
using the ‘‘Analyze particles’’ function of ImageJ on
wholemounts. Microglia distance from blood vessels was
quantified using the statistics function of Imaris on 3-
dimensional renderings from V-SVZ wholemounts. CD68
and Iba1 reactivity in the striatum was quantified using the
‘‘Analyze particles’’ function of ImageJ on brain sections.
Microglia clustering was quantified using the ‘‘Events’’
function in the ZEN software (Zeiss, Jena, Germany), where a
cluster of microglia was assessed when 2 or more Iba1-positive
cell bodies were closer than 5mm or making contact with each
other. Infiltrating monocytes in the Cx3cr1-GFP/Ccr2-RFP
mice and EdU+ cells in the BCG-injected mice were quantified
using the ‘‘Events’’ function in the ZEN software (Zeiss) on V-
SVZ wholemounts. Cell culture experiments were quantified
from 10 random fields of view obtained with a 20· objective in
a Zeiss Axio Observer.D1 and using the ‘‘Events’’ function in
the ZEN software (Zeiss). BrdU-positive cells in the V-SVZ
were quantified by eye with a Zeiss Axio Observer.D1. Brain
sections were analyzed from 15mm thick Z-stacks. V-SVZ
wholemounts were analyzed from 25mm thick Z-stacks (10 Z-
stacks per wholemounts). Confocal images were obtained with
a Zeiss LSM 710 confocal microscope.

Statistical analysis

ANOVA and student’s t-tests were used to analyze the
data on GraphPad Prism 5 Software. All data are expressed
as mean – standard error of mean.

Results

Microglia association with niche cells changes
during aging

To determine the spatial and temporal changes in micro-
glia’s relationship to other niche cells, we performed immu-
nohistochemistry on the adult V-SVZ wholemounts, which
preserves the 3-dimensional cytoarchitecture of the entire
V-SVZ niche [2,20,42,43] combined with confocal micros-
copy and 3-dimensional image analysis using Imaris soft-
ware. We used antibodies generated against ionized calcium
binding adaptor molecule 1 (Iba1) to label microglia.

In young adult mice (2 months old), we found that micro-
glia had a typical ramified morphology and were evenly dis-
tributed throughout the V-SVZ with very little to no overlap
between their processes. Doublecortin immunostaining re-
vealed that microglia processes were closely associated with
migrating chains of neuroblasts (Fig. 1A), MASH1+ TACs
(Fig. 1B) and GFAP+ NSCs, and niche astrocytes (Fig. 1C). In
12-month-old mice, the numbers of neuroblasts and TACs
were drastically reduced, however, we still observed micro-
glia processes associated with neuroblasts, TACs, and
GFAP+ cells (Fig. 1).
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The distribution of microglia in the aged V-SVZ differs
significantly from the distribution observed in the young
adult mouse. While at 2 months of age, microglia appear
evenly distributed throughout the niche, at 12 months of age,
the uniformity of microglia distribution appeared to deteri-
orate (Fig. 2A). A trend of increases in microglia clustering
was evident between 2, 6, 12, and 24 months (Fig. 2B),
where statistical significance was observed between 2 and 24

months (Fig. 2B; 10.00 – 2.517 vs. 25.50 – 1.50 Iba1-positive
cell clusters per field; P = 0.0139) and between 6 and 24
months (Fig. 2B; 12.67 – 2.728 vs. 25.50 – 1.50 Iba1-positive
cell clusters per field; P = 0.0139).

Next, we colabeled microglia and type B NSC end-feet in
germinal pinwheels using VCAM1 and b-catenin immuno-
histochemistry in 2-month-old mice. This revealed that mi-
croglia extend processes through the ependymal layer making

FIG. 1. Relation of micro-
glia to niche cells of the ven-
tricular–subventricular zone
(V-SVZ) in 2- and 12-month-
old mice. (A) Confocal pro-
jection images of neuroblasts
(dcx) and microglia (Iba1) in
2- and 12-month-old mice.
Scale bar: 20mm. (B) Confocal
projection images of transient
amplifying cells (MASH1)
and microglia (Iba1) and in 2-
and 12-month-old mice. Scale
bar: 10mm. (C) Confocal pro-
jection images of GFAP-
positive cells and microglia
(Iba1) in 2- and 12-month-old
mice. Scale bar: 20mm.
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contact with the lateral ventricle near germinal pinwheels
(Fig. 2C). In 12-month-old mice, VCAM1 no longer ex-
hibited a punctate expression in the center of pinwheels
suggesting remodeling of germinal pinwheels during aging.

Furthermore, we observed large clusters of hyper-ramified
microglia closely associated with the ependymal layer (Fig. 2C).
We also observed microglia closely associated with the niche
vascular plexus in adult mice (6 months old) with processes
making direct contact with blood vessels. By mid-age (12
months old), there was a significant increase in the distance of
microglia cell bodies from niche vasculature, which was ac-
companied by protracted processes and amoeboid morphology
(Fig. 2D and E).

Microglia display early and progressive activation
in the V-SVZ niche during aging

Before assessing the status of microglia activation during
aging, we confirmed the timing of the age-related decline in
adult V-SVZ neurogenesis reported by others [16,18,24] by
counting the number of BrdU-positive cells following a 2 h

pulse in coronal brain sections [20,44] and by quantifying the
number of cells labeled with the neuroblast marker dou-
blecortin (Dcx) in V-SVZ wholemounts. Indeed we observed
a dramatic and significant decline in V-SVZ proliferation
between 6- and 12-month-old mice (Fig. 3A; 145.6 – 8.010
vs. 31.20 – 6.492 average BrdU-positive cells per section;
P < 0.0001) as well as a significant reduction of neuroblasts
between 2- and 24-month-old mice (Fig. 3B, C; 38.13 – 6.501
vs. 9.331% – 1.693% Dcx-labeled cells per field; P = 0.0052).

To assess microglia activation status during aging, we
used immunohistochemistry against the microglia marker
Iba1 and the activated microglia marker, CD68, a glyco-
protein that binds to low-density lipoprotein. In young adult
mice, microglia had the classic ramified morphology of
resting microglia with very little CD68 reactivity. In con-
trast, by 12 months of age (mid-age), we observed clusters
of hyper-ramified microglia that began to highly express
CD68. By 24 months of age, clusters of microglia were
found throughout the adult V-SVZ niche with high CD68
reactivity and an amoeboid or round morphology, indicative
of progressive microglia activation during aging (Fig. 3D).

FIG. 2. Age-related chan-
ges in microglia distribu-
tion and organization in the
V-SVZ. (A) Low magnifica-
tion (25·) confocal images of
the distribution of microglia
in 2- and 12-month-old mice.
Scale bar: 50 mm. (B) Quan-
tification of microglia clum-
ping in 2-, 6-, 12-, and
24-month-old mice. n = 3 per
group. Error bars = standard
error of mean (SEM).
*,xP £ 0.05. (C) Imaris 3-
dimensional reconstruction
of confocal images of mi-
croglia (Iba1) within germi-
nal pinwheels (VCAM1 for
neural stem cell [NSC] end-
feet and b-catenin for epen-
dymal cell junctions) in
2- and 12-month-old mice.
Scale bar: 20 mm. (D) Imaris
3-dimensional renderings of
GFP-expressing microglia
and CD31-labeled vascula-
ture at 6 and 18 months old.
Scale bar: 30 mm. (E) Quan-
tification of the distance
of microglia cell bodies rel-
ative to blood vessels in the
V-SVZ at 6 (n = 4) and 18
(n = 3) months. Error bars =
SEM. *P £ 0.05; **P £ 0.01;
***P £ 0.001.
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Quantification of the number of microglia at 2, 6, 12, and
24 months of age revealed that the numbers of microglia
progressively increases with aging, however, this did not
reach significance until 24 months of age (Fig. 3E), al-
though patches of the V-SVZ niche appear to have in-
creased microglia number due to increased microglia
clustering as described in Figure 2A, and B. Microglia Iba1
expression levels also increased during aging between
2 and 24 months (Fig. 3F; 1,034 – 235.1 vs. 3,361 – 380.8
average total pixels per field; P = 0.0002). Quantification of
CD68 reactivity revealed an early increase in CD68 ex-

pression of microglia between 2 and 6 months (Fig. 3G;
5.254 – 1.109 vs. 9.849 – 0.0967 average total pixels per
field; P = 0.0002), which was sustained at 12 months
(Fig. 3G; 5.254 – 1.109 vs. 9.224 – 0.0726 average total
pixels per field; P = 0.0002) before increasing again at 24
months (Fig. 3G; 5.254 – 1.109 vs. 14.31 – 1.04 average
total pixels per field; P = 0.0002).

Next, we asked the question, is microglial activation a
global brain phenomenon due to aging or unique to the V-
SVZ niche? Interestingly, we measured very little change in
CD68 reactivity in the cortex and striatum (Fig. 3H, I) until 24

FIG. 3. Early age-related
increased microglial activation
in the V-SVZ, but not in non-
neurogenic brain regions. (A)
Quantification of proliferating
BrdU-positive cells in the V-
SVZ. n = 5 per age group. (B)
Representative confocal im-
ages of doublecortin-labeled
V-SVZ wholemounts in 2-
and 24-month-old mice. Scale
bar: 50mm. (C) Percentage
of neuroblasts per field
in wholemounts. n = 4 per
group. (D) Confocal images
from 2- to 12- and 24-month-
old mice staining for Iba1
(green), CD68 (red), and
DAPI (blue). Scale bar: 10mm.
(E) Quantification of the
number of Iba1+ cells in 2-, 6-,
12-, and 24-month-old mice in
the V-SVZ. (F) Total area
covered by Iba1+ cells per field
assessed with ImageJ in the V-
SVZ. (G) Size of CD68 reac-
tivity in individual cells as-
sessed with ImageJ. (H) CD68
reactivity in the cortex (Ctx)
assessed with ImageJ. (I)
CD68 reactivity in the stria-
tum (Str) assessed with ImageJ
n = 3 per group. Error bars =
SEM. *P £ 0.05; xP £ 0.01;
{P £ 0.001; ****P £ 0.0001.
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months of age, suggesting that microglia in the adult V-SVZ
undergo an early and sustained activation that is not re-
flected in non-neurogenic areas of the brain.

Microglia undergo well-defined morphological changes
that correlate and distinguish their activation state, and we
scored and quantified the number of microglia having a
ramified (Fig. 4A), hyper-ramified (Fig. 4B), amoeboid
(Fig. 4C), or round morphologies (Fig. 4D) using immu-
nohistochemistry to Iba1. The ramified and hyper-ramified
microglia correlate with a resting and intermediate activa-
tion state, respectively, whereas amoeboid and round mi-
croglia are considered to be in higher activation states [45].
Mice of 12 months of age revealed higher number of hyper-
ramified microglia as well as amoeboid microglia when
compared to 2- and 6-month-old mice. At 24 months of age,
most of the microglia were observed to be at higher acti-
vation stages (Fig. 4E) with a paucity of microglia with
ramified or hyper-ramified morphology.

Since microglia activation is associated with increased
inflammation [28,29], the expression of the proinflammatory
molecules TNFa, IL-1b, and IL-6 was measured by qRT-
PCR from isolated adult V-SVZs (Fig. 4F). An increase in
the expression of TNFa (1.0170 – 0.1054 vs. 1.6 – 0.1514
relative expression), IL-1b (1.1770 – 0.4179 vs. 3.9220 –
0.7605 relative expression), and IL-6 (1.1200 – 0.3496 vs.
21.2500 – 11.080 relative expression) was observed in aged
mice (15 months) when compared to young adult mice (2–4
months). Interestingly, we observed an increase in IL-6
expression as early as 6 months of age (Fig. 4G; 1.159 –
0.4345 vs. 4.315 – 0.8464 relative expression) suggesting
some degree of inflammation takes place before deficits in
neurogenesis appear between 7 and 12 months of age. Taken
together, these results indicate an early and progressive
activation of microglia and inflammation in the V-SVZ
niche during aging that is not reflected in non-neurogenic
regions based on morphological changes and microglial
distribution.

Peripheral macrophage/monocytes contribute
to the inflammatory response in the V-SVZ

Because we saw an increase in Iba1-positive cells during
aging, we assessed the contribution of peripheral macro-
phages/monocytes into the V-SVZ during aging. To test
this, we utilized Cx3cr1+/GFPCCR2+/RFP reporter mice that
distinguished peripheral monocytes/macrophages from res-
ident microglia. Microglia in these mice are CX3CR1-
GFPHi/CCR-RFPNeg, whereas inflammatory blood-derived
monocytes are CX3CR1-GFPlo/CCR-RFPHi, making pe-
ripheral monocytes distinguishable from microglia based on
the presence of RFP expression [25].

In young adult mice (6 months), we found very low
numbers of RFP+ cells within the V-SVZ niche, whereas in
aged mice (18 months), there was a significant increase in
the number of cells displaying a punctuate pattern of RFP
expression (Fig. 5A, B; 7.975 – 0.6574 vs. 27.25 – 3.830
percent monocytes to total microglia; P = 0.0032). Fur-
thermore, in aged mice, high numbers of RFP-expressing
cells were present in clusters of microglia with amoeboid
and round morphology (Fig. 5A), indicative of their in-
volvement in the inflammatory response in the neurogenic
niche.

Sustained systemic inflammation reduces
proliferation in young adult mice

Acute inflammation following LPS injection has been
shown to result in activation of NSCs resulting in increased
proliferation in the V-SVZ [46] suggesting that inflammation
per se is not deleterious to neurogenesis. However, we ob-
served chronic inflammation in the V-SVZ in mid-aged to
aged mice concomitant with reduced neurogenesis, suggest-
ing that sustained inflammation is deleterious to NSC func-
tion. To induce sustained inflammation we inoculated young
adult mice with Bacillus Calmette–Guérin, an attenuated
form of Mycobacterium bovis that induces robust and pro-
longed inflammation both in brain and the periphery [47]. We
assessed proliferation of NSC and the time course of micro-
glia activation at 1 and 2 weeks following inoculation.

At 1 week we observed a significant rise in microglial
CD68 expression when compared to PBS-injected control
mice, but only a trend in reduced proliferation (data not
shown). Two weeks following BCG injection, we observed
a significant increase in CD68 immunoreactivity (Fig. 6A,
B; 1,674 – 101.2 vs. 3,430 – 279.2 average volume per
cell; P = 0.0056) and cell proliferation was significantly
attenuated in mice inoculated with BCG when compared
to vehicle-injected mice (Fig. 6A, C; 697.4 – 17.17 vs.
1,012 – 73.92 average EdU-positive cells; P = 0.0467).

Scoring microglia for morphological stages of activation,
we observed an increase in microglia with activated
morphologies in mice that received BCG compared with
saline-injected controls (Fig. 6D). However, mice that re-
ceived a saline injection had a modest increase in activated
microglia with activated morphologies that we observed in
uninjected mice (Fig. 4E) indicating that the stress of IP
injections alone can cause an immune response as has been
observed by others [48,49]. Overall, these results suggest
that sustained microglia activation and inflammation in
young adult mice (2 months old) significantly reduces
neurogenesis in the V-SVZ.

Activated microglia reduce neurogenesis, whereas
resting microglia increase neurogenesis
and proliferation

Next, we utilized an in vitro system to test the influence of
resting microglia versus activated microglia on adult V-SVZ
NSC proliferation and neurogenesis. To do this, we cultured
primary V-SVZ NSC in the presence of conditioned media
from young adult microglia induced either to an activated
state (M1) or a resting state (M0) using IFNg/LPS or TGFb,
respectively [26,41]. We chose this regimen because it has
been shown to resemble the phenotype of acutely isolated
resting microglia and activated microglia [26].

We found a significant reduction in proliferation as mea-
sured by EdU uptake in NSCs cultured in conditioned me-
dium from activated microglia (M1) compared to NSCs
cultured in conditioned medium from resting microglia (M0)
(Fig. 7A, B; 11.64 – 0.18 vs. 3.883 – 1.301 percent EdU-
positive cells per field; P = 0.0192). However, a reduction in
proliferation was not seen compared to NSCs cultured in the
presence of control medium. We also found that, M1 condi-
tioned medium induced a significant reduction in neuron
production, as measured by bIII-tubulin expression, when
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FIG. 5. Increasing infiltration of peripheral macrophages/monocytes in the aging V-SVZ. (A) Representative images of
GFP expressing microglia and RFP expressing monocytes in V-SVZ wholemounts at 6 (n = 4) and 18 (n = 5) months. Scale
bar: 20mm. (B) Quantification of peripheral infiltrating macrophages/monocytes in relation to total GFP-expressing resident
microglia. xP £ 0.01. Error bars = SEM.

FIG. 4. Inflammation-associated morphological stages of microglia activation and proinflammatory cytokine expression in
the V-SVZ of aged mice. (A–D) Resting, hyper-ramified, amoeboid, and round morphologies of microglia activation. Iba1
(green), DAPI (blue). Scale bar: 10mm for (A, B); Scale bar: 5mm for (C, D). (E) Quantification of the different stages of
microglia activation (as in A–D) in the V-SVZ wholemounts of 2-, 6-, 12-, and 24-month-old mice (n = 3 per group). (F). Relative
expression of the proinflammatory cytokines TNFa, IL-1b, and IL-6 as measured by quantitative real time-polymerase chain
reaction (qRT-PCR) from the V-SVZ of young adult (2–4 months) and aged (12–15 months) mice (n = 4 per group). (G) Relative
expression of IL-6 as measured by qRT-PCR from the V-SVZ of 2 (n = 3) and 6 (n = 2)-month-old mice. Error bars = SEM.
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compared to NSCs cultured in M0 conditioned medium
(Fig. 7A, C; 35.05% – 1.855% vs. 0.96% – 0.4822% bIII-
tubulin-positive cells per field; P = 0.0003), whereas M0
conditioned media induced a significant increase in neuron
production when compared to controls (Fig. 7A, C;
35.05% – 1.855% vs. 17.20% – 2.947% bIII-tubulin-positive
cells per field; P = 0.0003). All this indicates that microglia
activation has a significant influence on NSC proliferation
and neurogenesis.

Discussion

Adult neurogenesis continues in two distinct regions of the
brain, the dentate gyrus of the hippocampus and the V-SVZ
lining the lateral ventricle. The microenvironment or niche is
a complex heterogeneous population of cells consisting of
progenitors, endothelial cells, ependymal cells, and glia. Al-
though, work by others has identified microglia as pro-
neurogenic in the early postnatal period [38,50–52], very little
is known about the role of microglia in the adult and aging V-
SVZ niche. Using a V-SVZ wholemounts system that pre-
serves the 3-dimensional relationship of cells within the

niche, we characterized the spatiotemporal changes and ac-
tivation state of microglia in the young adult and aged V-SVZ.

We found that microglia in young adult mice (2 months
old) were distributed uniformly throughout the V-SVZ and
were closely associated with NSC germinal pinwheels,
transit-amplifying cells, neuroblasts, GFAP-positive niche
cells, and the vascular plexus. Thus, microglia are positioned
to influence NSCs and their progeny as well as other niche
cells known to be important in regulating NSC behavior. By
mid-age (12 months), microglia’s uniformity within the V-
SVZ niche deteriorated and observed a trend of increase of
clusters of activated microglia between 2, 6, and 12 months,
reaching significance by 24 months. We measured a distinct
shift in the distribution of microglia in the V-SVZ observing
hyper-ramified intermediate activated microglia increasing in
association with germinal pinwheels and ependymal cells.

In contrast, microglia associated with the vasculature re-
tracted their processes, became more amoeboid, and were
located farther away from the niche vasculature during ag-
ing. Microglia play a key role in angiogenesis during de-
velopment, and depletion of retinal microglia results in
reduced vascular density [53]. Vascular density is reduced in

FIG. 6. Intraperitoneal inoculation with Bacillus Calmette–Guérin induces microglia activation and reduces neurogenesis
in the V-SVZ. (A) Representative images of Iba1, EdU incorporation, and CD68 in V-SVZ wholemounts of mice 2 weeks
after BCG inoculation or vehicle injected controls. Scale bar: 20 mm. (B) Quantification of CD68 immunoreactivity in the
V-SVZ 2 weeks following inoculation with BCG. (C) Quantification of the number of EdU-positive cells in the V-SVZ in
mice inoculated with BCG or vehicle. n = 3 per group. *P £ 0.05; xP £ 0.01. (D) Quantification of the different stages of
microglia activation (as in Fig. 4A–D) in the V-SVZ wholemounts after 2 weeks of BCG inoculation (n = 3 per group). Error
bars = SEM.
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the aging V-SVZ [23], which likely contributes to NSC
dysfunction. Little is known about the role of microglia in
vascular remodeling in the adult V-SVZ, however, micro-
glia accumulation has been shown to precede vascular re-
cruitment and remodeling in the V-SVZ following EGF
infusion into the lateral ventricle [54] suggesting that the
reduced association of microglia and the vasculature we see
during aging could contribute to age-associated changes in
the vascular niche.

We observed increased activation of microglia during
aging based on morphology and increased expression of
Iba1 and CD68. Strikingly, evidence for inflammation was
seen in the adult V-SVZ in mice as young as 6 months of
age based on increased CD68 reactivity and IL-6 expression
compared to 2-month-old adult mice. This increase in in-
flammatory markers occurred before the reduction in V-
SVZ neurogenesis was observed between 6 and 12 months
of age. This early and sustained microglia activation was
unique to the adult V-SVZ as we did not observe overt
activation of microglia in the striatum or cortex until 24
months of age, suggesting that microglia in the V-SVZ NSC
niche are specialized and sustained activation of microglia
likely contributes to reduced neurogenesis at mid-age.

The degree of activation of V-SVZ microglia could be
due to exposure to proinflammatory factors in the cerebro-
spinal fluid (CSF). We found that a subpopulation of mi-
croglia associated with germinal pinwheels send processes

through the ependymal layer making direct contact with
CSF in the lateral ventricle. Another possibility is that mi-
croglia in this region are in greater demand as phagocytes
because of increasing cell turnover in the aging SVZ. This
has also been described in the young adult dentate gyrus,
where microglia clear newborn neurons undergoing apo-
ptosis when they fail to integrate into the existing circuitry
[36]. However, apoptosis is rare [43,55] and microglia are
not phagocytic [56] in the young adult V-SVZ. Therefore,
whether there is an increase in cell turnover and apoptosis in
the aged V-SVZ, and if microglia are involved remains an
interesting topic to be investigated.

Microglia number increased in the V-SVZ during aging
and we investigated if this was, at least in part, due to pe-
ripheral monocytes infiltrating into the niche. In this study we
used transgenic mice that express GFP under the Cx3cr1
promoter and RFP under the CCr2 promoter. These mice have
been shown to be a valuable tool to distinguish resident mi-
croglia from peripheral monocytes based on RFP expression
[25]. We saw a significant increase in the number of cells that
express RFP in a punctate pattern within GFP-expressing
cells. We interpreted these as infiltrating peripheral mono-
cytes, however, we did not rule out the possibility that these
were instead peripheral RFP+ monocytes that had been
phagocytosed by resident microglia. Either interpretation
suggests that there is significant infiltration of peripheral
monocytes into the neurogenic niche during aging and it will

FIG. 7. Activated microglia reduces
neurogenesis, whereas resting micro-
glia increases proliferation and neu-
rogenesis in vitro. (A) Representative
images of NSC cultures treated with
conditioned medium from activated
microglia (M1), resting microglia
(M0), or control medium from NSCs.
Scale bar: 50 mm. (B) Quantification
of EdU-positive nuclei per DAPI in
control, M0, and M1 CM-treated NSC
cultures (*P £ 0.05). (C) Percentage of
b-Tubulin-positive cells in relation to
DAPI (*/{P £ 0.01; xP £ 0.001). Error
bars = SEM. n = 3 per group.
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be important in future studies to determine if these infiltrating
cells have a unique influence on neurogenesis and the sur-
rounding niche. In hippocampal neurogenesis, cross-talk
between infiltrating T cells and resident microglia in the
hippocampus has been demonstrated to be crucial in medi-
ating the proneurogenic effects of environmental enrichment
in mice [37].

We also observed an increase in proinflammatory cyto-
kines in the V-SVZ between young adult and aged mice,
indicative of a pronounced switch to a proinflammatory ex-
tracellular environment within the neurogenic niche. In-
flammatory cytokines can have profound effects on NSC
function and likely contribute directly to reduced neurogen-
esis in the aging brain. We have previously found that in
young adult mice, IL-1b increases VCAM1 expression on
NSCs within germinal pinwheels, maintaining them in a
quiescent state, hampering lineage progression, and dimin-
ishing the transient-amplifying pool [20]. Of note, we ob-
served remodeling of VCAM1 on germinal pinwheels during
aging. Thus, the reductions we observed in neurogenesis in
the aging brain could reflect an increase in NSC quiescence
and lack of lineage progression. This is supported by findings
of reduced EGFR expression and signaling in aged mice [18],
a hallmark of NSC activation [57,58].

Microglia signals likely work with other niche molecules
known to influence NSC behavior such as those from the
vasculature [42,43,59–61], CSF [20,62,63], and ependymal
cells [64]. Numerous reports suggest that activation of
microglia can be proneurogenic or antineurogenic in the
V-SVZ depending on the context. During cortical develop-
ment, microglia display an amoeboid morphology in the
embryonic brain and limit cortical neurogenesis through
phagocytosis of neural progenitors [65]. Amoeboid micro-
glia accumulate in the V-SVZ during the early postnatal
period (P1-10) and are proneurogenic [38,50,52] through
the secretion of IL-1b, IL-6, TNF-a, and IFN-g. These
amoeboid microglia then transition to a resting ramified
morphology by postnatal day 30 [38].

Likewise, NSC proliferation is increased in many animal
models of brain pathology associated with microglia activa-
tion and brain inflammation such as ischemia [66], traumatic
brain injury [67], and multiple sclerosis [33], and this is
thought to be important in the endogenous repair response.
However, in conditions such as allergic encephalomyelitis
[68] and status epilepticus [69,70] neurogenesis is sup-
pressed. The activation state of microglia in each of these
different conditions likely alters the concentrations and
combinations of cytokines released, which results in either
increased or decreased neurogenesis. In support of this, co-
culture studies in which NSCs are cultured with proneuro-
genic early postnatal microglia show that blockade of IL-1b,
IFN-g, IL-6, and TNFa reduces neurogenesis, but inhibition
of any of these cytokines singly had no effect, suggesting that
these cytokines act in combination during early postnatal
neurogenesis [38]. In addition, NSC cultures in the presence
of low concentration (1 ng/mL) TNFa exhibit increased
proliferation, whereas high concentrations (10–100 ng/mL)
TNFa causes apoptosis [71]. Thus, it is likely that the early
and sustained activation of microglia we observed in the
aging V-SVZ results in a cytokine milieu and concentration
that is not supportive of long-term neurogenesis either by
acting directly on NSCs and/or by acting on other niche cells.

Using a coculture system revealed that secreted factors
from resting microglia increase NSC proliferation and
neuronal output compared to nonconditioned medium,
which suggests that microglia under homeostatic conditions
are supportive of neurogenesis. However, there is very little
understanding of the activation state or what role microglia
play in neurogenesis in the adult V-SVZ after the postnatal
period. Microglia are denser in neurogenic regions com-
pared to non-neurogenic regions and are much more pro-
liferative [50,72]. Although microglia in the V-SVZ have a
ramified resting morphology they express higher levels of
CD45 and IB4 than microglia in the cortex [50] suggesting
they are specialized in this region.

More study is needed to understand the role of microglia
in regulating adult neurogenesis during tissue homeostasis
and pathological conditions. Given that microglia are anti-
neurogenic during cortical development [65], proneurogenic
during the early postnatal period [38], and inhibit neuro-
genesis in the context of aging, microglia likely play dif-
ferent roles in neurogenesis depending on the developmental
stage, inflammatory stimuli, and activation state.
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