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Inhibition of TGF-β signaling in microglia
stimulates hippocampal adult neurogenesis
and reduces anxiety-like behavior in
adult mice
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Regina Feederle 5,6,7, Alice Sülzen5, Shane Liddelow 8,9,10,
Krishna Roskin 11,12 & Yu Luo 1,2,13

Adult neurogenesis in the subgranular zone (SGZ) has been implicated in
cognitive and affective functions. The role of neuroinflammation and reactive
microglia in SGZ neurogenesis is not well understood. TGF-β signaling is cri-
tical to maintaining microglia homeostasis in the adult brain. To investigate
the role of microglia in SGZ neurogenesis, using microglia-specific inducible
knockout (iKO) mice for TGF-β1 ligand or receptor (Alk5 or Tgfbr2), here we
show that TGF-β-deficient microglia increase adult neurogenesis in the SGZ,
accompanied by altered anxiety-like behavior in KO mice. Single-cell RNAseq
(ScRNAseq) analysis shows decreased PTEN signaling, and immunohis-
tochemistry shows increased mTOR activity in DCX+ newly born neuroblasts
at the SGZ in iKOmice. InhibitionofmTOR signaling by rapamycin reverses the
heightened SGZ neurogenesis in iKO mice. This study reveals the role of
microglia in regulating hippocampal adult neurogenesis via the PTEN-mTOR
pathway and its potential implications for behavioral and affective functions.

The process by which new neurons are generated in the adult brain is
known as adult neurogenesis1, which predominantly takes place in two
neurogenic regions: the subventricular zone (SVZ) and the subgranular
zone (SGZ) in the adult mouse brain. The SVZ adult neurogenesis is
crucial for processing olfactory sensory information2,3 and neurorepair
after injury4–6, while the SGZ plays an essential role in pattern

separation, forgetting, and affective function regulation7–11. Adult
neurogenesis is a highly dynamic process that can be regulated by
exercise12, an enriched environment13,14, and pathological conditions
such as stroke4,6 and epilepsy15. However, enhanced neurogenesis has
been shown to be both beneficial5,16,17 or detrimental under patholo-
gical conditions15. Similarly, the role of microglia and
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neuroinflammation in adult neurogenesis has been under debate.
Specifically, it has been speculated that neuroinflammation resulting
from CNS injury or disease might be detrimental to adult
neurogenesis6,18–21. However, CNS injuries (stroke or traumatic brain
injury (TBI)) or pathological conditions (epilepsy), which are accom-
panied by neuroinflammation and reactive microglia, can transiently
stimulate neurogenesis15,22,23. Additionally, while the role of microglia
in subventricular zone (SVZ) neurogenesis has recently been explored
during brain development and adulthood24–27, its role in SGZ neuro-
genesis under physiological and pathological conditions is less
understood28,29. Understanding the role and mechanisms of microglia
in regulating adult SGZ neurogenesis and dentate gyrus (DG) sprout-
ing might provide additional therapeutic targets to enhance beneficial
or inhibit detrimental neurogenesis.

Microglia are the innate immune cells in the brain and act as a first
line of defense when the brain is under duress30. The transition from a
homeostatic state to a reactive phenotype in microglia is a key hall-
mark of their sensitivity to the surrounding microenvironment31–34.
Their unparalleled capacity to sense and respond to changes in the
brain’s microenvironment via pattern recognition receptors (PRRs),
and specialized receptors such as purinergic receptors (P2RY) or
Triggering Receptor Expressed On Myeloid Cells 2 (TREM2) make
microglia master regulators of various processes, ranging from
immune responses to synaptic pruning. Recently, microglia have been
implicated in playing a critical role in regulating adult SVZ neurogen-
esis inmice24–27. Specifically, microglia ablation studies have been used
to assess their functions in adult neurogenesis in the SVZ. Microglia
ablation globally26 or in the SVZ locally24 did not reduce the pro-
liferation and early differentiation of SVZ neural stem cells (NSCs).
Rather, microglia might be critical for the migration of newly born
neuroblasts and the pruning of dendritic spines of newly born neu-
rons, asmicroglia-ablatedmice show reducedmigration of newly born
neurons to the olfactory bulb24 (OB) and reduced synaptic dendritic
spines in the newly born neurons inOB25. Overall, the precise roles and
mechanisms of microglia in regulating SGZ adult neurogenesis under
both homeostatic and reactive states remain largely unknown. How-
ever, there is key evidence that supports a direct regulatory role of
microglia in adult hippocampal neurogenesis. For example, one study
reported that microglia phagocytose apoptotic neuroblasts in the
SGZ29, which was later shown to be critical in maintaining adult SGZ
neurogenesis28. Additionally, under pathological conditions, microglia
ablation abolished epilepsy-induced SGZ neurogenesis35, suggesting
that in epilepsy, reactive microglia might contribute to the increased
SGZ neurogenesis, possibly through the function of P2RY1235. In
summary, these findings underscore a potentially critical role of
microglia in regulating adult neurogenesis under physiological and
pathological conditions. However, due to the complex cellular envir-
onment in vivo, especially after injury, the precise contribution of
microglia to neurogenesis and the signaling pathways that mediate
these interactions remain challenging to decipher. One common fac-
tor in conditionswheremicrogliamight be critical forneurogenesis is a
reactive microglial profile (e.g., after injury, stroke, or pathological
conditions in epilepsy) or a developmentally regulated microglial
profile during embryonic development. This prompts the question of
whether a reactive or developmentally regulated microglia profile
couldcausally anddirectly enhance adult neurogenesis. Recent studies
by us36 and others37,38 showed that altering microglia-derived TGF-β
signaling, either through ligand or receptor knockout (KO) in micro-
glia, leads to loss of microglia homeostasis. This shift of microglial
homeostatic status results in transcriptomic profiles resembling those
of aged, disease-related, and injury-related microglia36. Using these
microglia-specific mouse models targeting TGF-β signaling, we aim to
determine whether manipulating the TGF-β signaling pathway in
microglia can directly affect adult neurogenesis in the SGZ. Our results
show that, indeed, abolishing TGF-β signaling in microglia via the loss

of the TGF-β1 ligand or via loss of function of the ALK5 (type 1) or TβRII
(type 2) receptors all lead to an altered microglia profile that is suffi-
cient to transiently stimulate SGZ adult neurogenesis. This finding
establishes a direct role of microglial profile in regulating SGZ neuro-
genesis, independent of disease models like stroke, TBI, or epilepsy,
providing a cleanmodel to studymicroglia-NSCcrosstalk. In our study,
using this as a microglia-NSC crosstalk model, we also investigate the
functional outcome of this heightened SGZ neurogenesis in anxiety-
related behavior tests (elevated plus or elevated zero maze), which
have been linked to SGZ adult neurogenesis8,10. Additionally, using
scRNAseq analysis and functional validation by double KO mouse
models and pharmacological inhibition, we investigate several candi-
date molecular pathways that could potentially mediate this cell-cell
crosstalk, identified by scRNAseq and cell-cell interaction analysis. In
summary, in contrast to the prevailing hypothesis that inflammatory
microglia are, in general, detrimental to SGZ adult neurogenesis, our
results show that microglia made reactive by silencing of TGF-β sig-
naling can stimulate adult SGZ neurogenesis. Our data also show that
microglia-derived Insulin-like Growth Factor 1 (IGF-1) or Tumor
Necrosis Factor-Alpha (TNF-α) are not required for this stimulatory
effect; instead, it is mediated by the upregulation of epilepsy-related
genes and alterations in the PTEN-mTOR pathways in the iKO mice.

Results
The absence of Alk5-mediated TGF-β signaling in microglia
results in the downregulation of microglia homeostatic genes
and microgliosis, but not astrogliosis, in the adult mouse brain
We previously showed that the deletion of microglia-derived Tgfb1
ligand results in the loss of microglial homeostatic morphology and
transcriptomic profile36. We also showed that this loss of homeostasis
inmicroglia is due to direct loss of TGF-β signaling inmicroglia and not
that of astrocytes, as deletion of the type 1 TGF-β receptor Alk5 in
microglia leads to a similar phenotype inmicroglia, while Alk5 deletion
in astrocytes does not36. To investigate how the loss of TGF-β signaling
in microglia and its subsequent induction of reactive profiles might
affect adult neurogenesis, we first utilize the microglia-specific
receptor knockout mice in this study to avoid potential caveats of
the direct effect of loss of microglia-derived TGF-β ligand on adult
neurogenesis. Microglia-specific Alk5 inducible knockout mice were
generated by crossing the Cx3cr1CreER line with the Alk5fl/fl line to ablate
Alk5-mediated signaling in myeloid cells (Microglia, boarder-
associated macrophage-BAMs, and peripheral monocytes/macro-
phages) during adulthood upon tamoxifen (TAM) administration
(Fig. 1A). A R26-YFP (yellow fluorescent protein) reporter allele is also
bred in both Cx3cr1CreER-Alk5WT/WT and Cx3cr1CreER-Alk5fl/fl mice to label
recombined microglia and facilitate microglia sorting. Young adult
Cx3cr1CreER-Alk5WT/WT or Cx3cr1CreER-Alk5fl/fl mice were harvested 3 weeks
post TAM treatment (Fig. 1A), a timepoint allowing the majority of
peripheral monocytes/macrophages to replenish from CX3CR1-
negative progenitors, to minimize the effect of gene knockout on
monocytes. Our previous study shows that this TAM regimen in the
Cx3cr1CreER-Alk5fl/fl iKOmice efficientlydeletesfloxedAlk5 alleles inbrain
macrophages36 but shows no differences in Alk5mRNA levels in blood
or splenic monocytes (Supplementary Fig. 1). Compared to Cx3cr1CreER-
Alk5WT/WT control mice (Fig. 1B), microglia displayed a reduction in
homeostatic markers such as P2ry12 and Tmem119 in Cx3cr1CreER-Alk5fl/fl

mice (Fig. 1C). Consistently, from sorted brain microglia and BAMs
(YFP + ), we demonstrate a significant decrease in Alk5, Tmem119, and
P2ry12mRNA levels (Fig. 1D) inCx3cr1CreER-Alk5fl/flmice in comparison to
controlmicroglia fromCx3cr1CreER-Alk5WT/WT (Fig. 1E–G)mice.Moreover,
the pro-inflammatory cytokine Tnf was upregulated in microglia sor-
ted from Cx3cr1CreER-Alk5fl/fl mice (Fig. 1H). Tnf expression levels are not
altered in the blood or splenic monocytes (Supplementary Fig. 1),
supporting the CNS-specific modulation of this pathway in our mouse
model. Taken together, the downregulation of homeostatic markers
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and the upregulation of pro-inflammatory cytokines indicate a reactive
phenotypeofmicroglia. Additionally, Igf1, anessential growth factor to
embryonic and adult neurogenesis, was also significantly upregulated
in Cx3cr1CreER-Alk5fl/fl (Fig. 1I), consistent with our previous results from
the MG-Tgfb1 iKO microglia, suggesting a potential effect in the reg-
ulation of adult neurogenesis of these young adult mice, given pre-
vious stipulations on IGF-1’s role in neurogenesis39–41. Consistent with

our report in MG-Tgfb1 iKO mice, total microglia (IBA1 + ) cells in cor-
tex, striatum, and hippocampus increase in MG-Alk5 iKO mice com-
pared to control mice (Fig. 1L, N, O) while total astrocytes (S100β + )
number remains the same in MG-Alk5 iKO mice (Fig. 1M). Corrobor-
ating an increased number of IBA1+ microglia in the iKO mice, there
was a significant increase in the number of Ki67+ cells (Fig. 1K, N).
Additionally, the majority of Ki67+ cells colocalized with IBA1+ cells
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(Fig. 1K, O) in Cx3cr1CreER-ALK5fl/fl (Fig. 1K), and total IBA1 + /Ki67+ cells
also increased in the MG-Alk5 iKO mice. This is consistent with pre-
vious studies suggesting impairedTGF-β signaling inmicroglia leads to
microgliosis36,42 (Fig. 1L, N, O) but not astrogliosis.

Cx3cr1CreER-Alk5 iKO mice show a transient increase in hippo-
campal neurogenesis in young adult mice
CNS injuries (such as stroke or TBI) have been reported to induce
microglia reactivity and increase adult neurogenesis in the SGZ43,44. To
investigate whether there is a direct causal relationship
between microglial TGF-β signaling and levels of SGZ adult neuro-
genesis, we evaluated the impact of Alk5 deletion inmicroglia on adult
neurogenesis in the hippocampus (SGZ). Cx3cr1CreER-Alk5WT/WT or
Cx3cr1CreER-Alk5fl/fl mice were harvested at 3-, 6- and 12-weeks post TAM
to follow the full maturation cycle of the adult neurogenic cascade
(Fig. 2A). BrdU was administered at one-week post TAM injections
(Fig. 2A) for 8 days to label dividing cells and subsequently track a
cohort of adult-born neurons from proliferation to maturation. MG-
Alk5 iKO mice showed a significant increase ( > 66%) in the number of
doublecortin (DCX+ ) cells as compared to control mice (Fig. 2B, E).
Consistently, the number of BrdU+ cells increased by greater than 36%
in MG-Alk5 iKOmice at 3 weeks post-TAM (Fig. 2F). Interestingly, by 6-
and 12-weeks post-TAM, we no longer observed any significant chan-
ges in the amount of DCX+ cells in the SGZ (Fig. 2E), suggesting the
increase in a cohort of newly born immature neurons in the SGZ is not
sustained. However, BrdU+ /NeuN+ cells remained increased at 6 and
12 weeks after TAM (Fig. 2F), supporting that the increased population
of immature neuroblasts (DCX + ) cells at 3 weeks indeed led to an
increased number of adult-bornmature neurons at the 6-week and 12-
week time points. We also note that there is a significant decrease in
total DCX+ cell numbers at 12 weeks post-TAM compared to 3 weeks,
consistent with the previously reported age-related decline in SGZ
neurogenesis45,46. It has been previously reported that only ~30% of
newly born cells (identified by BrdU pulse labeling) at SGZ survive to
mature neurons47 and this is recapitulated in our studies as we observe
a steady decline of BrdU+ double positive cells over the 3–12-week
time course in control mice which show ~30% survival rate in total
BrdU+ cells (Fig. 2B–F). In contrast, MG-Alk5 iKO mice displayed an
increased survival rate of ~ 50% in BrdU+ cells during the 3–12-week
time frame (Fig. 2F), with both WT andMG-Alk5 iKO mice showing the
expected switch of BrdU + cells from more immature neurons
(BrdU+ /DCX+ colocalization) at 3 weeks (Fig. 2G) to more mature
neurons (BrdU + /NeuN+ colocalization) at 6 and 12 weeks post TAM
(Fig. 2H), indicating maturation of neuroblasts to neurons over time.
Similarly, the ventral hippocampus exhibits an increase in DCX+ cells
and dendritic arborizations at 3 weeks post TAM but recovers to the
control level at 6- and 12-weeks post TAM (Supplementary Fig. 2).
Furthermore, we observed increased DCX+ dendritic arborization in
thehippocampusof theCx3cr1CreER-Alk5fl/flmice (Fig. 2I), consistentwith
increased DCX+ immature neuron numbers. Taken together, our

results show that microglia reactivity caused by loss of microglial TGF-
β signaling stimulates adult hippocampal neurogenesis transiently and
results in a net gain of a cohort of mature neurons by 6-12 weeks post-
TAM. The increase in DCX+ immature neurons observed at 3 weeks in
the MG-Alk5 iKO mice returned to a comparable level to control mice
at 6- and 12- weeks post Alk5 gene deletion in microglia. To examine
whether the return of DCX+ cells to the control levels in later time
points is due to the recovery of microglia phenotype in the Cx3cr1CreER-
Alk5fl/fl iKO mice, we analyzed the phenotype of microglia from 3 to
12 weeks post TAM treatment and found that, indeed, there is a
recovery of morphology, homeostatic marker P2RY12 expression
which correlates with recovered nuclear phosphorylated Mothers
against decapentaplegic homolog 3 (pSMAD3) levels in IBA1+ cells
(Supplementary Fig. 3) at 12 weeks post TAM, supporting that the
neurogenesis phenotype is directly linked to the microglia phenotype
in the Cx3cr1CreER-Alk5fl/fl iKO mice.

Loss of microglial type 2 TGF-β receptor or TGF-β1 ligand in
microglia recapitulates the phenotype of increased immature
neurons at the adult hippocampal niche
Both type 1 and type 2 receptors are required for the formation of the
heterotetramer receptor complex that mediates TGF-β signaling48.
While the type 1 receptor, ALK5, canmediate and is required for TGF-β
signaling, it is well documented that other TGF-β superfamily ligands
can also signal through this receptor, including ligands from the acti-
vin subclass49. In contrast, the type 2 receptor, TβRII, exclusively
mediates signaling through the TGF-β ligands50. Therefore, to further
investigate whether the loss of TGF-β signaling or loss of activin sig-
naling via the ALK5 receptor is the cause of the increase in adult neu-
rogenesis we observed in adult mice, we also generated the Cx3cr1CreER
-Tgfbr2fl/fl iKOmouse line (Supplementary Fig. 4A) to not onlymaximize
recombination efficiency but also mitigate the deletion of TGF-β sig-
naling down to just one subclass containing the TGF-β1, 2, and 3
ligands. Following the same experimental timelines, Cx3cr1CreER
-Tgfbr2WT/WT and Cx3cr1CreER -Tgfbr2fl/fl mice were treated with TAM and
harvested at 3 weeks post-TAM (Supplementary Fig. 4A). Our results
are consistent with the MG-Alk5 iKO mice (Figs. 1, 2) in that homeo-
static markers Tmem119 and P2ry12 for microglia are downregulated
(Supplementary Fig. 4B, C, quantification in D–E) and microglia mor-
phology resembles an activated state (Supplementary Fig. 4B, C). We
also confirm that deletion of TβRII in CX3CR1+ cells specifically affects
downstreamsignaling in IBA1+ cells andnot IBA1- cells indicatedby the
nuclear localization of pSMAD3 (Supplementary Fig. 4B, C, F–G). Fur-
thermore, loss of type 2 receptor (TβRII) in CX3CR1+ myeloid cells
recapitulates the same findings of increased DCX+ cells and dendritic
arborization in these Cx3cr1CreER-Tgfbr2fl/fl iKO mice (Supplementary
Fig. 4H–K). In summary, these data suggest that it is not loss of activin,
but specifically TGF-β signaling inmicroglia thatmediates the increase
in adult SGZ neurogenesis. Next, we also generated Cx3cr1CreER-Tgfb1fl/fl

ligand iKO mice which also recapitulate the same phenotype of

Fig. 1 | Deletion of Alk5 gene in adult microglia results in microglial dysho-
meostasis and microgliosis but not astrogliosis in the adult mouse brain. A A
mousemodel and experimental timeline for targetingmicroglialAlk5 and analyzing
microglia homeostaticmarker expression andmicrogliosis 3weekspost tamoxifen.
B,CRepresentative images of the hippocampus stained for IBA1, TMEM119, P2RY12
(BioLegend Ab), and GFAP in B Cx3cr1CreER-ALK5wt/wt or C Cx3cr1CreER-ALK5fl/fl mice
D FACS-sorted GFP+ microglia were analyzed for mRNA levels using qRT-PCR
showing E Alk5 (indicating gene deletion efficiency), F Tmem119, G P2ry12, H Tnf,
and I Igf1 expression levels in control and iKOmicroglia (E–I) (n = 3 for control,n = 3
for Alk5 KO, * p =0.0146 for panel E, *** p =0.0005 for panel F, *** p =0.0004 for
panel G, * p =0.0372 for panel H, * p =0.0167 for panel I, two-sided student’s t-test
was used for statistical analysis for panels E-I). Representative immunohis-
tochemistry images of IBA1, Ki67, and DAPI in the cortex of J Cx3cr1CreER-ALK5wt/wt or
K Cx3cr1CreER-ALK5fl/fl at 3 weeks after TAM treatment. Arrows show Ki67+ cells

(yellow arrows show Ki67+ cells not co-localized with IBA1+ cells and white arrows
show Ki67+ cells co-localizing with IBA1+ cells). Unbiased stereological quantifi-
cation for L Microglia density, M Astrocyte density, N total number of Ki67+ cells,
and O the number of IBA1 + /Ki67+ cells (L–O) (n = 4 for control, n = 3 for Alk5 KO,
** p =0.002, *** p <0.001, and ** p =0.001 for panel L, ns = not significant for panel
M, ** p <0.001, p <0.00, and p =0.011 for panel N, ** p <0.001, *** p <0.001, and
** p =0.006 for panel O, two-sided 2-way ANOVA with Tukey post hoc pairwise
comparison was used for statistical analysis for panels L–O). Each data point
represents the average of a single animal ( > 3 brain sections per mouse for each
brain region). The sex of each animal is represented by open circles (females) and
open triangles (males). Mean± SE. Scale bar as indicated. Panel A was created in
BioRender. Luo, A. (2026) https://BioRender.com/0xildk2. Source data are pro-
vided as a source data file.
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increased SGZ adult neurogenesis compared to control mice at
3 weeks post TAM treatment (Supplementary Fig. 5). Additionally, in
contrast to the recovery of microglia phenotype in the Cx3cr1CreER-Alk5
fl/fl receptor iKO mice, our results show that Cx3cr1CreER-Tgfb1fl/fl ligand
iKO mice maintain the microglia reactive phenotype and loss of
pSMAD3 signal in microglia up to 12 weeks post TAM treatment
(Supplementary Fig. 6). Consistent with the sustained microglia reac-
tive phenotype, DCX+ cells remain increased at 12 weeks after TAM
treatment in the Cx3cr1CreER-Tgfb1fl/fl ligand iKO mice (Supplementary
Fig. 5). Taken together, our data strongly support that microglia

reactivity in the iKO directly contributes to the observed increase in
the DCX+ cells in the adult mouse hippocampus.

P2ry12CreER driver line results in deletion ofAlk5 in bothmicroglia
and choroid plexus macrophages, which leads to similar
increases in immature neurons in the hippocampus as com-
pared to the Cx3cr1 driver line
We and others have shown that the myeloid-specific driver Cx3cr1CreER

mouse line targets peripheralmonocytes andmacrophages in addition
to microglia51,52, which could potentially confound the interpretation

Fig. 2 | Cx3cr1CreER -Alk5 iKO mice show an increase in a cohort of adult hippo-
campal neurogenesis. AMouse model and experimental timeline used to analyze
SGZ adult neurogenesis at 3, 6, and 12 weeks post-tamoxifen. Representative ima-
ges of the hippocampus in Cx3cr1CreER-ALK5wt/wt and Cx3cr1CreER-ALK5fl/fl mice at
B 3 weeks, C 6 weeks, and D 12 weeks post tamoxifen showing staining for DCX
(red), BrdU (green), and NeuN (blue). Quantification for the number of E DCX+
cells, F BrdU+ cells, G BrdU+ /DCX+ cells, H BrdU+ /NeuN+ cells, and I dendritic
arborization of DCX+ cells at each time point. E WT n = 10, 7, 4 and KO n = 9, 4, 4;
FWT n = 5, 11, 4 and KO n = 6, 4, 4;GWTn = 5, 7, 2 and KO n = 6, 4, 2;HWT n = 5, 7, 4
andKOn = 6, 4, 2; IWTn = 10, 7, 4 and KOn = 9, 4, 4. Eachdata point represents the
average of a single animal (3-6 brain sections analyzed per mouse). The sex of each
animal is represented by open circles (females) and open triangles (males).
E (****p <0.0001 (WTvKO3wk),**p =0.007 (WT3wkv 12wk), ***p <0.001 (KO3wk v

12wk) and ns=not significant); F (***p =0.002 (WT v KO 3wk), ****p <0.0001 (WT v
KO 6wk),***p =0.009 (WT v KO 12wk), *p =0.013 (WT 3wk v 6wk), **p =0.002 (WT
3wk v 12wk), ***p <0.001 (KO 3wk v 12wk)); G (***p <0.001 for all comparisons and
ns=not significant); H (*p =0.012 (WT v KO 3wk), ***p <0.001 (WT v KO 6wk),
***p =0.005 (WT v KO 12wk), *p =0.021 (WT 3wk v 12wk), *p =0.017 (for KO 3wk v
6wk), *p =0.038 (KO 3wk v 12wk)); I (****p <0.0001 and ns=not significant). Two-
way ANOVA test, two-sided, with Tukey post hoc pairwise comparison was used for
statistical analysis in all panels. Mean ± SE. “*” for comparison betweenWT and KO,
“#” indicates significance when compared to 3wk WT group, and “&” indicates
significance when compared to 3wk KO group. Scale bar = 100um. Panel A was
created in BioRender. Luo, A. (2026) https://BioRender.com/88i2v5l. Source data
are provided as a source data file.
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of data regarding microglia-specific mechanisms. While the 3-week
timepoint allows for the turnover of circulating monocytes and mac-
rophages via non-recombined CX3CR1-negative bone marrow pro-
genitors, the rapid increase in immature neurons we see at 3 weeks
could potentially be attributed to indirect influences from either CNS
border-associatedmacrophages (BAMs) or the transient gene deletion
in a cohort of KO monocytes or peripheral tissue-resident macro-
phages. It has also been reported that the knock-in/knockout
Cx3cr1CreER mouse lines, where CreER is knocked into the Cx3cr1 locus,
disrupt the endogenous Cx3cr1 gene expression53,54. The reduced gene
expression of Cx3cr1 in microglia is reportedly able to modulate adult
neurogenesis on its own55–57 albeit we used the Cx3cr1CreER-Alk5WT/WT

mice as a control to account for this potential caveat. Nevertheless, to
circumvent these caveats and to further increase the rigor of our
research, we generated the P2ry12CreER/CreERdriver line with the ALK5fl/fl

line51 (Fig. 3A). ThisCre driver line used a P2A sequence to enableCreER
expression under the control of endogenous P2ry12 promoter without
affecting the expression of endogenous P2ry12 gene and our previous
study showed that homozygous CreER in both alleles increased the
efficiency of gene deletion in the Alk5 floxed alleles51 and can achieve
close to 80% reduction in Alk5 gene expression in sorted brain
microglia51. P2ry12CreER/CreER-Alk5fl/fl mice were treated with TAM follow-
ing the same paradigm and harvested at 3 weeks post-TAM (Fig. 3A), a
time point where we observed the robust increase in the DCX+ cells in
SGZ of the Cx3cr1CreER-Alk5fl/fl mice. Even though there is lower recom-
bination efficiency in P2ry12CreER/CreER-Alk5fl/fl compared to theCx3cr1CreER-
Alk5fl/fl51, we still observe a significant decrease in immunoreactivity of
homeostatic markers Tmem119 and P2ry12 in Alk5 iKO microglia when
compared to control (Fig. 3B, C, F–G). Additionally, we show that
Cx3cr1CreER -Alk5 iKO mice show loss of pSMAD3 in parenchymal
microglia, perivascular macrophages, and choroid plexus macro-
phages (Supplementary Fig. 7) while P2ry12CreER/CreER-Alk5fl/fl mice show
reduced pSMAD3 in parenchymal microglia and choroid plexus mac-
rophages but preserve pSMAD3 in perivascular macrophages (Sup-
plementary Fig. 7). These results are consistent with previous studies
showing Cre activity in both microglia and choroid plexus in this
mouse line51,58. Importantly, the number of DCX+ cells at the SGZ
consistently shows an increase in thismicroglia-specific P2ry12CreER/CreER-
Alk5fl/fl mouse model (Fig. 3D, E, H), supporting that reactive microglia
and possibly choroid plexus macrophages but not perivascular mac-
rophages or other myeloid cells are responsible for the observed sti-
mulation of adult neurogenesis. Furthermore, we observed increased
DCX+ dendritic arborization in the hippocampus of the P2ry12CreER/CreER-
Alk5fl/fl mice (Fig. 3D, E, I), consistent with increased DCX+ immature
neuron numbers. Taken together, this suggests that Alk5 deletion in
microglia and/or choroidplexusmacrophages and the resulting loss of
TGF-β signaling in this subset of myeloid cells is sufficient to drive an
increase in adult neurogenesis and may, in turn, impact synaptic
plasticity and functional outcomes.

Evidence of enhanced survival but not proliferation in the
Cx3cr1CreER-Alk5fl/fl mouse line suggests necessity of microglia to
the maturation and survival of adult-born neurons
The increase in immature neurons we observed in various MG-TGF-β
signaling-abolished mouse models raises the question of whether
alteration in microglia profile modulates adult neurogenesis via
enhancedproliferation ofNSCs/intermediate progenitor cells (IPCs) or
enhanced survival of newly born immature neurons. To test this, we
utilized the Cx3cr1CreER-Alk5fl/fl (Fig. 4A, E) mouse line and either post-
labeled (Fig. 4A) or pre-labeled (Fig. 4E) a cohort of newly born cells
with BrdU with respect to TAM treatment (induction of gene knock-
out). The total number of BrdU+ cells at the SGZ line was significantly
increased for both pre-and post-labeling paradigms after harvesting
mice 3-weeks post TAM (Fig. 4B–H). It is important to note that we are
able to analyze these cells by colocalization with either DCX or NeuN

but not with IBA1 to identify the adult-born neurons and not pro-
liferating microglia. These data suggest the mechanism of increased
DCX+ immature neurons at 3-weeks post TAM and the final mature
adult-born neurons (BrdU + /Neun + ) 12-weeks post TAM is at least
partially increased via survival of newly born cells at the SGZ as tracked
in the BrdU pre-labeling paradigm (Fig. 4E–H) because Alk5 gene
knockout was not induced until the newly born cells (BrdU+ ) were
already pre-labeled. This hypothesis is also supported by the increased
percentage of BrdU+ cells that survived in the 3-12-week time window
in KO vs control mice (50% survived in iKO vs 30% survived in control
mice) (Fig. 2). To further test this hypothesis, we further evaluated the
number of proliferating cells at 3-,6-, and 12- weeks post TAM with an
endogenous cell proliferation marker at the SGZ (quantification is for
Ki67 + /IBA1- cells) and foundno significant difference between control
and Cx3cr1CreER-Alk5fl/fl mice at any of the time points examined (Sup-
plementary Fig. 8).

Microglia ablation via PLX5622 does not lead to increased SGZ
adult neurogenesis but repopulation of CNS with Alk5 KO
microglia after PLX5622 ablation increases adult neurogenesis
in the hippocampus
Loss of TGF-β signaling leads to loss of homeostatic signature micro-
glia genes and upregulation of proinflammatory genes such as Tnf and
genes that stimulate proliferation and cell survival, such as Igf136.
Microglia have been speculated to regulate adult neurogenesis via
their secretome or by phagocytosing of apoptotic newborn cells28,29.
To investigate whether the observed changes in SGZ adult neurogen-
esis are due to the loss of a critical homeostatic function of “physio-
logically normal” microglia, we investigated the SGZ adult
neurogenesis in mice that lacked microglia using microglia ablation
agent, PLX562236. To label adult neural stem cells and their progeny,
we crossed the NestinCreER line59 with the Ai9 reporter line (Fig. 5A) so
that upon TAM administration, we can endogenously track a NSC-
specific cohort of adult-born tdTomato+ cells in the SGZ. We treated
NestinCreER-Ai9 mice with TAM and fed the mice either control or
PLX5622 diet for 3 weeks (Fig. 5A), a similar timeline to the loss of Alk5
in microglia in the MG-Alk5 iKO mice. A significant decrease of Iba1+
cells was observed (Fig. 5B, C, G), indicating successful depletion of
microglia in the adult mouse brain. However, we observed no sig-
nificant difference in the number of tdTomato+ (Fig. 5B–D), DCX+
(Fig. 5B, C, E), or tdTomato + /DCX+ cells (Fig. 5B, C, F), suggesting that
the increase in DCX+ cells observed in the Cx3cr1CreER-Alk5fl/fl, P2ry12CreER/
CreER-Alk5fl/fl, Cx3cr1CreER-Tgfb1fl/fl, and Cx3cr1CreER-Tgfbr2fl/fl mouse models
is not due to a loss of “normal”microglia function. In addition to this,
Cx3cr1CreER-Alk5WT/WT and Cx3cr1CreER-Alk5fl/fl mice were subjected to a
control or PLX5622 diet for 3 weeks and administered TAM post-
microglia ablation (Fig. 6A), proceeding the withdrawal of PLX5622
diet to allow the repopulation of these WT or KO microglial cells. Our
previous study has shown that repopulatingCNSmicroglia fromTGF-β
signaling-deficient (via Alk5 gene knockout) microglia after PLX5622
ablation leads to overpopulation of microglia and repopulation of
reactive microglia (Fig. 6 and Bedolla et al.36). This experiment allows
us to evaluate the effects of repopulating KO microglia on adult SGZ
neurogenesis. Repopulated microglia in MG-Alk5 iKO microglia dis-
played less ramified morphology and downregulation of homeostatic
marker Tmem119 and increased CD68 expression (Fig. 6B, C, G, H),
consistent with our previous report36. Importantly, consistent with our
previous report36, TGF-β deficiency in iKO microglia does not lead to
acute neurodegeneration in adultmouse brain (evaluated by unbiased
stereology counts of all layers of cortical neurons Fig. 6E and Bedolla,
et al.36). Interestingly, with this treatment paradigm after Alk5 KO
microglia repopulation, the number of immature neurons in the hip-
pocampus was also significantly increased in MG-Alk5 iKO when
compared to the control mice (Fig. 6D, I, J), with a large effect size
(Cohen’s d = 8.755227 and coefficient r = 0.9748874 for Fig. 6I and
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Cohen’s d = 5.4435 and coefficient r = 0.9386 for Fig. 6J), albeit a small
n number. Taken together, these results suggest that the increased
SGZ neurogenesis is not merely due to loss of a “physiologically nor-
mal” microglia function, but rather, it suggests that the enhanced
neurogenesis in SGZ is likely due to certain gain-of-function mechan-
isms from the KO microglia that occur after the disruption of Alk5-
mediated TGF-β signaling.

Reactive microglia in MG-Alk5 iKO mice enhance SGZ neuro-
genesis not by upregulation of microglial Igf1 or Tnfa but by
upregulation of epilepsy-related genes and downregulation of
PTEN pathway in the neuroblasts at the hippocampus
We next carried out scRNAseq of the dissected whole hippocampus in
control, MG-Tgfb1, and MG-Alk5 iKO mice at 3 weeks after TAM treat-
ment (Fig. 7A, BandSupplementary Fig. 9 forQCplots) in thepresence
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of transcription and translation inhibitors60 to avoid microglia profile
changes during tissue collection. ScRNAseq data identified different
cell clusters, including microglia and neuroblasts/immature neurons
(Fig. 7C). Utilizing known cells markers such as Aif1 (Fig. 7D) and Dcx
(Fig. 7E) alongside Cell Marker 2.0 or Allen Cell Types Database, we
were able to annotate the clusters and determine cell type for further
downstreamanalysis. Themicroglia cluster showed enriched signature
microglia marker genes, such as Aif1(Fig. 7D), TMEM119, P2ry12 (Fig. 7F
and G) but not other cell type markers, such as astrocyte markers
(Aldh1l1 or Gfap, Fig. 7H and I). DEG analysis shows differences in the
gene expression of 360 genes betweenMG-Alk5 iKO vs control (Fig. 7J,
see Supplementary Fig. 9 for split UMAP for all three groups and
complete DEGs listed in Supplementary Data 1). MG-Tgfb1 iKO mice
showed differences in the gene expression of 327 genes in the
microglia cluster (Supplementary Fig. 9F, complete DEGs listed in
Supplementary Data 3 and Supplementary Fig. 9H for 141 overlapping
genes between Alk5 and Tgfb1 iKO microglia DEGs). In the neuroblast
cluster, the expression of 2324 genes are altered in the MG-Alk5 iKO
mice (Fig. 7K, complete DEGs listed in Supplementary Data 2) while
2229 genes are altered in the MG-Tgfb1 iKO (Supplementary Fig. 9G,
complete DEGs listed in Supplementary Data 4, with 1779 overlapping
of neuroblast DEGs between Alk5 and Tgfb1 iKO mice shown in Sup-
plementary Fig. 9I). Interestingly, out of the overlapping neuroblasts
DEGs (Supplementary Fig. 9I), GO:BP gene pathway analysis shows
upregulation of multiple biological processes related to neurogenesis,
neuron development, generation of neurons, neuron projection mor-
phogenesis, neuron projection development, neuron differentiation
and synapse organization (Supplementary Fig. 9J, see full list in Sup-
plementaryData 5)which is consistentwith the observed phenotype in
altered neurogenesis. Biological processes thatweredownregulated in
theGo:BP gene pathway analysis include regulation of cellular process,
localization, and establishment of localization (Supplementary Fig. 9K,
see full list in Supplementary Data 6), consistent with aberrant neu-
rogenesis. Additionally, our analysis using LIANA revealed strong cell-
cell interactions between microglia and endothelial cells and micro-
glia-DCX+ immature neuron population mediated by predicted spe-
cific ligand-receptor interactions (Fig. 7L, see full list in Supplementary
Data 7). Enricher pathway analysis (Elsevier pathway) of the differen-
tially expressedgenes (DEGs) fromneuroblasts isolated frombothMG-
Alk5 iKO and MG-Tgfb1 iKO mice identified several overlapping top
significantly altered disease-related or cellular processes (Fig. 7M,
complete DEGs listed in Supplementary Data 8 for MG-Tgfb1 iKO) and
specific molecular pathways (Fig. 7N) identified from the neuroblasts
derived from either MG-Alk5 iKO or MG-Tgfb1 mice. Among these, we
focused on the TNF-α, IGF-1, and PTEN-PI3K/AKT/mTOR signaling
pathways (Fig. 7N). IGF1 has been shown to increase adult
neurogenesis40,61,62 and oligodendrocyte development63. Interestingly,
our data show that there is also increased OLIGO2+ cells and
OLIGO2 + /NG2 + oligodendrocyte progenitor cells (OPCs) in the hip-
pocampus of MG-Alk5 iKO mice (Supplementary Fig. 10). Peripheral
infusion of IGF-1 increased the amount of progenitors present in the
GCL62. Additionally, increased levels of IGF-1 in the brain have been
found after voluntary exercise, an external method commonly used to

increase neurogenesis64. Interestingly, both Tgfb1 and Alk5 gene dele-
tion lead to increased Igf1 expression in microglia (Fig. 1I and Bedolla
et al.36). To investigate whether increased Igf1 growth factor from iKO
microglia is responsible for the increased adult neurogenesis in the
MG-Alk5 iKO mice, we generated Cx3CR1creERT2-Alk5 fl/fl/Igf1fl/fl double
knockout mouse model (Fig. 8A). Following a similar experimental
timeline, control, Alk5 single iKO, and Alk5/Igf1 double iKO mice were
harvested at 3 weeks post TAM treatment (Fig. 8A). We compared the
Cx3CR1creERT2-Alk5 fl/fl/Igf1fl/flmodel against theCx3cr1CreER-Alk5fl/flmodel to
ensure we had efficient gene deletion of Alk5 in sorted microglia in
both the Alk5 single iKO and the Alk5/Igf1 double iKO (dKO) mice
(Fig. 8H–J). Additionally, in the Alk5/Igf1 dKOmice, the upregulation of
Igf1 inmicroglia is abolished (Fig. 8K). Interestingly, abolishment of Igf1
gene in the Alk5/Igf1 dKOmice does not rescue the downregulation of
homeostatic markers Tmem119 and P2ry12 (Fig. 8B–D). More impor-
tantly, despite the successful abolishment of Igf1 upregulation in the
dKO mice, the phenotype of increased adult neurogenesis (measured
by increased newly born neuroblasts DCX+ cells and dendritic arbor-
ization) remained in the Alk5/Igf1 dKO mice (Fig. 8E–G, L, M). Despite
previous studies reporting the importance of microglial Igf1 in reg-
ulating adult neurogenesis under other contexts and the substantial
upregulation of Igf1 in the Cx3cr1CreER-Alk5fl/fl mouse model, our data
suggests that at least microglial-derived Igf1 growth factor is not likely
the cellular factor that mediate the microglia-NPCs crosstalk in our
MG-Alk5 iKOmousemodel. Similarly, TNF-α has been reported to have
both pro- and anti-neurogenic effects34,65, we therefore generated
double MG-Alk5 iKO on a constitutive Tnfa KO mouse background
(Supplementary Fig. 11) at followed the same experimental paradigm
as our single iKOmouse experiment. Again, to our surprise, Tnf loss of
function did not alter the phenotype of heightened SGZ neurogenesis
(measured by total DCX+ cells and DCX+ dendritic arborization) in the
MG-Alk5 iKO/Tnf dKO mice (Supplementary Fig. 11), suggesting that
upregulatedTnfby itself is alsonot sufficient to explain thephenotype.
Previous studies have shown that while blocking of individual cyto-
kines failed to abolish the effects of reactive microglia on stimulating
neurogenesis in vitro, combined antibodies that block several of the
candidate cytokines had a significant effect, suggesting that synergis-
tic and compensatory effects might be at play between the microglial-
NSC crosstalk66. Given our negative results targeting individual cyto-
kines and the reports fromprevious studiesmentioned above, we then
turned our focus more towards cellular pathways that could poten-
tially have a convergent effect on immature neurons. We next focused
on the PTEN-PI3K/AKT/mTOR pathway. Notably, PTEN, a negative
regulator of the mTOR pathway, was downregulated among the DEGs
of immature neurons (Fig. 7K). Moreover, there was a significant
alteration in the PTEN-dependent cell cycle arrest and apoptosis
pathway (Fig. 7N). Loss of PTEN function in neurons is known to induce
epilepsy and enhance neurogenesis in the adult hippocampus67.
Downregulation of PTEN could lead to enhanced mTOR signaling,
which was one of the identified altered pathways in the neuroblast
cluster in the iKO mice (Fig. 7N). This hypothesis is further supported
by the significant changes observed in the “Proteins involved in Epi-
lepsy” pathway (Fig. 7M) in both MG-Alk5 and MG-Tgfb1 iKO mice. To

Fig. 3 | Alk5 gene deletion in a P2ry12CreER/CreER driver line results in increased
neuroblasts/immature neurons and dendritic arborization in adult SGZ.
A Mouse model for targeting microglial (P2ry12CreER/CreER) Alk5 in adult mice to
examine adult neurogenesis in SGZ. B–C Representative images showing immu-
nohistochemistry staining for IBA1, TMEM119, and P2RY12 (Clone P2YM 1E5) in
B control mice and C P2ry12CreER/CreER-Alk5fl/fl at 3 weeks after TAM administration.
D, E Representative images showing immunohistochemistry staining for DCX and
Ki67 in D control mice and E P2ry12CreER/CreER-Alk5fl/fl at 3 weeks after TAM adminis-
tration. F–I Quantification for F TMEM119 immunoreactivity, G P2RY12 immunor-
eactivity, H DCX+ cells quantification compared to the wildtype mean, and

I quantification of dendritic arborization (% of immunoreactive positive area)
compared to the wildtype mean. F (n = 6 for WT and n = 6 for KO, ****p <0.0001);
G (n = 6 for WT and n = 6 for KO, ****p <0.0001); H (n = 6 for WT and n = 6 for KO,
*p =0.0359); I (n = 6 for WT and n = 6 for KO, ***p =0.0009). Each data point
represents the average of a single animal (3–6 brain sections analyzed per mouse)
and n = 6 for each group (wildtype or knockout). The sex of each animal is repre-
sented by open circles (females) and open triangles (males). Mean± SE. Two-sided
Student’s t-test for all panels exceptWelch’s t-test was used for panelG. Scale bar as
indicated. PanelAwas created inBioRender. Luo, A. (2026) https://BioRender.com/
1834acf. Source data are provided as a source data file.
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test whether a TGF-β-deficient microglia profile in the MG-Alk5 iKO
mice enhances SGZ neurogenesis by downregulation of PTEN and
upregulation ofmTOR pathway, we treated theMG-Alk5 iKOmice with
rapamycin daily, a well-characterized mTOR inhibitor starting from
4 days after TAM administration (Fig. 9A, B) and harvested mice
3 weeks after TAM administration. Interestingly, Rapamycin treatment
reversed the phenotype of increased DCX+ immature neurons and
increased dendritic arborization in SGZ of the MG-Alk5 iKO mice
(Fig. 9C–F) while having no effects on the total DCX+ cell number in

WT mice (Fig. 9C–F). Similarly, dendritic arborization of DCX+ imma-
ture neuronswas decreased following rapamycin treatment inMG-Alk5
iKO but not in WT mice (Fig. 9C–F). Additionally, rapamycin-treated
WT and MG-Alk5 iKO both show the ectopic location of DCX+ neuro-
blasts cells in the outer layer of GCL (Fig. 9C–F) compared to vehicle-
treated mice, suggesting either delayed maturation and failure to
downregulate DCX in migrated newly-born neurons or enhanced
ectopic migration of DCX+ neuroblasts in the GCL by rapamycin
treatment. To examine whether MG-Alk5 results in mTOR pathway

Fig. 4 | Enhanced survival of newly-born adult neurons in the adult mouse
hippocampus following microglial deletion of the Alk5 gene. A Animal model
and experimental timeline for post-TAM BrdU labeling. Representative images
showing (B, C) immunohistochemistry staining of BrdU (green) and DCX (red).
Quantification ofD the number of total BrdU+ , BrdU+ /DCX + , andBrdU + /NeuN+
cells. E An experimental timeline for pre-labeling of dividing cells prior to tamox-
ifen treatment with representative images showing (F–G) immunohistochemistry
staining of BrdU (green) and DCX (red). Quantification of cell number per DG
section with regards to H total BrdU+ cells, BrdU+ /DCX+ , and BrdU + /NeuN+
cells.D (n = 5 forWTand n = 6 for KO, ***p =0.0009 (for Total BrdU), *p =0.180 (for

BrdU + /DCX+ ), and *p =0.0111 (for BrdU+ /NeuN + ));H (n = 4 forWT and n = 4 for
KO, **p =0.0057 (for Total BrdU), **p =0.0055 (for BrdU+ /DCX + ), and
**p =0.0026 (for BrdU+ /NeuN + )). Each data point represents the average of a
single animal (3–6 brain sections permouse). The sex of each animal is represented
by open circles (females) and open triangles (males). Mean± SE. Two-sided Stu-
dent’s t-test for all panels and groups except Welch’s t-test was used for panel
DBrdU + /DCX+group. Scale bar = 100 µm. PanelA and Ewas created inBioRender.
Luo, A. (2026) https://BioRender.com/uxqbssx. Source data are provided as a
source data file.
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upregulation in vivo in SGZ neuroblasts in vivo, we analyzed phos-
phorylated S6 protein (pS6) as a downstream target for the mTOR
pathway specifically in DCX+ immature neuroblasts. pS6 levels in DCX
+ cells increased in MG-Alk5 iKO SGZ, which is abolished by rapamycin
treatment (Fig. 9H and G). Because both DCX+ cells and OPCs
increased in the MG-Alk5 iKO mice at 3 weeks post TAM, to further
investigate whether microglia directly interact with NSCs during neu-
ronal differentiation, we examined WT primary adult NSCs in 3D
neurosphere differentiation when they are co-cultured with either WT
or Alk5 KO primary microglia (Fig. 9I and J). When NSCs undergo
neuronal differentiation (induced by growth factor withdrawal),
compared to those co-cultured with WT microglia, NSCs co-culture
with the Alk5 KO microglia show increased neuronal differentiation,
measured by TUJI immunoreactivity (Fig. 9K, L). Similar to our in vivo

data, rapamycin treatment rescued this phenotype (Fig. 9K, L), sup-
porting a direct interaction of reactive microglia with adult NSCs
during differentiation. To further examine whether rapamycin itself
blocks the reactivity of microglia in Alk5 iKO mice, we also evaluated
the morphology of Alk5 iKO microglia in either the vehicle- or
rapamycin-treated group and found similar reactivity index quantified
by the total length of processes, ramification index, and the area
covered by individual microglia processes. Rapamycin treatment does
not block the reactivity ofmicroglia in theMG-Alk5 iKOmice, nor does
it affect the morphology of microglia in WT mice (Supplementary
Fig. 12). Taken together, our data support a PTEN-mTORaxis that could
mediate enhanced adult SGZ neurogenesis caused by reactivity in
microglia due to silencing of TGF-β signaling (Fig. 9M).

Fig. 5 | Microglia ablation via PLX5622 does not lead to increased SGZ adult
neurogenesis. A Neural stem cell-specific mouse model genetically labeling adult-
born neurons to examine the effects of microglial ablation on DCX+ cells (B, C).
Representative images showing tdTomato, DCX, and IBA1 expression in
B NestinCreER-Ai9 (tdTomato) reporter mice given a control diet or C PLX5622 diet.
D–G Quantification for D the number of tdTomato+ cells E DCX+ cells F the
colocalization of tdTomato + /DCX+ cells in the SGZ, and G the number of IBA1+
cells in control or PLX5622 treatedmice.D (n = 4 for control and n = 6 for PLX, ns =

not significant); E (n = 4 for control and n = 6 for PLX, ns = not significant); F (n = 4
for control and n = 6 for PLX, ns= not significant);G (n = 5 for control and n = 10 for
PLX, ****p <0.001). Each data point represents the average of a single animal (3–6
brain sections per mouse). The sex of each animal is represented by open circles
(females) and open triangles (males). Mean± SE. Two-sided Student’s t-test was
used for all panels. Scale bar = 100 µm. Panel A was created in BioRender. Luo, A.
(2026) https://BioRender.com/k88gw1g. Source data are provided as a source
data file.
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Fig. 6 | Loss of TGF-β signaling viaALK5-dependent signaling inmicroglia leads
to increased neuroblasts in the SGZ during the repopulation ofmicroglia after
PLX5622 ablation. A Animal model and Experimental timeline illustrating Alk5
gene deletion repopulating microglia after PLX5622 ablation. Representative ima-
ges of B Cx3cr1CreER-ALK5WT/WT or C Cx3cr1CreER-ALK5fl/fl showing immunohistochem-
istry staining for IBA1, Tmem119, Ki67, CD68, and GFAP after 3 weeks of
repopulation post PLX 5622 treatment.D Cx3cr1CreER-ALK5WT/WT or Cx3cr1CreER-ALK5fl/fl

representative images showing DCX (red) and DAPI (blue) at SGZ. E Representative
image of NeuN staining in the cortex and unbiased stereological quantification of
F neuronal cell density in each layer, G microglia process length, H terminal end
number, I the number of DCX+ cells, and J dendritic arborization in the hippo-
campus. F (n = 3 for control and n = 2 for KO, ns= not significant); G (n = 3 for

control and n = 4 for KO, **p =0.01); H (n = 3 for control and n = 4 for KO,
**p =0.0072); I (n = 3 for control and n = 3 for KO, ***p =0.0004); J (n = 3 for control
and n = 4 for KO, **p =0.0026). Each data point in panel (G,H) represents one cell,
and each cell is color-coded tomatch the animal it came from (statistical analysis is
carried out by averaging all cells from the same animal as a single n, with n = 3mice
for WT and n = 4 mice for KO). Each data point for I, J represents the average of a
single animal (3–6 brain sections permouse). The sex of each animal is represented
by open circles (females) and open triangles (males). Mean± SE. Two-sided Stu-
dent’s t-test was used for statistical analysis for all panels. Scale bar = 100 µm. Panel
Awas created in BioRender. Luo, A. (2026) https://BioRender.com/j7hbkna. Source
data are provided as a source data file.
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Disruption of microglial TGF-β signaling decreases anxiety-like
behavior in Elevated Plus maze that corresponds to
microglia status
Next, we sought to further explore our findings related to the
increased survival of these newly-born neurons and how their inte-
gration into the neural circuitry may impact behavioral functions.
Given that the receptor (Alk5) and ligand (Tgfb1) iKO mice show

different properties in the recovery of microglia homeostasis after
TAM-induced gene deletion inmicroglia, we are especially interested
in whether the behavioral phenotypesmirror the temporal pattern of
changes in adult hippocampal neurogenesis in these two different
mouse lines. First, we examine the behavioral phenotype in the MG-
Alk5 iKO mice. Cx3cr1CreER-Alk5WT/WT or Cx3cr1CreER-Alk5fl/fl mice
(Fig. 10A) were subjected to behavioral assessments at 7-8 weeks
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post TAM administration (Fig. 10A) to allow sufficient maturity and
integration of adult-born SGZ neurons into the circuitry. Notably,
there were no motor deficits seen in these young adult mice (Fig. 10)
as previously reported by us in the ablation of microglial TGF-β1
ligand in young adult mice36. Adult-born neurons have been impli-
cated in behavioral functions such as anxiety-like and depressive-like
behaviors17. Given the observed increases in a cohort of adult-born
neurons in the SGZof theMG-Alk5 iKOmice, we tested the Cx3cr1CreER-
Alk5fl/fl or Cx3cr1CreER-Alk5WT/WT control mice in an Elevated Plus maze
(EPM, Fig. 10B, C). Interestingly, we did observe both increased time
and distance in the open arm of the EPM test, suggesting decreased
anxiety-like behavior. Alternatively, this could also be attributed to
decreased inhibition in exploratory activities in mice, similar to the
behavioral phenotypes observed in multiple Alzheimer’s disease
models68,69. In addition to affective functional dysregulation, we also
observed spatial memory and learning deficits during the Barnes
maze test (Fig. 10F, G) with mild adverse cues (bright light and fan
above the maze) to motivate learning. Notably, in the MG-Alk5 iKO
mice, the increase in DCX+ neuroblasts returns to baseline levels at
6-12 weeks after TAM. Additionally, adult-born neurons are reported
to show a critical time window when their plasticity (measured by
long term potentiation- LTP) is increased70. We next investigate
whether the phenotype in EPM and BM in the MG-Alk5 iKO mice
persists or recovers with microglial profile recovery at 12 weeks post
TAM, when there is no longer an increase in DCX+ cells or when the
critical window for the increased plasticity has passed for the cohort
of newly integrated neurons. For the 12-week time point, we used
Elevated Zero Maze (EZM) instead of EPM to avoid repeated expo-
sure to the same maze, as anxiety-like or passive avoidance behavior
is sensitive to such repetition71,72. Both phenotypes in the elevated
maze and the BM returned to control levels at 12 weeks post TAM
injection in the MG-Alk5 iKO mice. (Fig. 10D, E, G).

Next, we examine the behavioral phenotype in the MG-Tgfb1
iKO, in whichmicroglia reactivity persists and the adult hippocampus
shows a sustained increase in DCX+ cells both at 3 weeks and at
12 weeks after TAM treatment. In young adult iKOmice, similar to the
MG-Alk5 iKO, general motor learning is not affected as measured by
the accelerating speed rotarod test (Fig. 10P). Cx3cr1CreER-Tgfb1fl/fl iKO
mice showed similar increased activity in the open arm of EPM at
6 weeks post TAM (Fig. 10I–K) and learning/memory deficit in the
Barnes maze, as previously reported by our study36 (Fig. 10N). At
12 weeks post TAM, MG-Tgfb1 iKOmice show a consistent increase in
time and distance spent in the open arm in the EZM and deficits in
the BM, consistent with the sustained microglia reactivity and
increased DCX+ cells in this line. These recapitulated behavioral
deficits in learning/memory and altered anxiety-like behavior from
both the Cx3cr1CreER-Alk5fl/fl and Cx3cr1CreER-Tgfb1fl/fl mice, which corre-
spond to the microglial and adult neurogenesis status, provide fur-
ther support for the functional consequences of impaired microglial
TGF-β signaling in the regulation of adult neurogenesis and neuronal
functions.

Discussion
Adult SGZ neurogenesis is an important biological process that has
recently been implicated in multiple neurological functions, such as
learning and memory, pattern separation, affective behavior, and
forgetting9,73–75. The SGZ, a neurogenic niche in the hippocampus
central to learning andmemory, is a key site for this process and allows
the addition of new information and plasticity in an overall stable
neural network76. Therefore, adult neurogenesis is believed to play a
critical role in modulating neuroplasticity- the brain’s ability to adapt,
learn, and repair10,73,77,78. Understanding intrinsic as well as extrinsic
factors that modulate adult neurogenesis can enhance our knowledge
of neuroplasticity and inform strategies to support the beneficial or
inhibit the aberrant detrimental neurogenesis.

Microglia have been proposed as a potential key regulator of
neurogenesis during early postnatal development and adult neuro-
genesis at the SVZ24–28,35. Microglia ablation in adult mouse brain does
not alter the number of proliferating or DCX+ cells at SVZ at 14 days
post ablation; however, it reduced the migration of newly born neu-
rons to OB24. Additionally, microglia ablation also results in smaller
spines in adult-born neurons in the OB and subsequent weaker exci-
tatory synaptic inputs and reduced odor responses25. These previous
studies support that microglia can modulate SVZ adult neurogenesis,
which can lead to altered olfactory function. In contrast, the role of
microglia in SGZ neurogenesis is less well understood. Evidence that
supports a role of SGZmicroglia includes loss of function inCx3cr1 and
P2ry12 (which are both microglia-specific homeostatic signature
genes) in mice, resulting in reduced SGZ adult neurogenesis under
physiological conditions56 or in epilepsy-induced neurogenesis35.
Microglia have also been shown to phagocytose apoptotic cells29 and
in turn, could regulate SGZ neurogenesis through their phagocytosis-
induced secretome28. However, the underlyingmechanisms of cell-cell
interactions and themolecular pathwaysmodulated in the neurogenic
cascade and the functional relevance of such interactions between
microglia and SGZ neurogenesis are largely unexplored.

Two main challenges hinder the investigation in this line of
inquiry: First, ablation studies, although powerful and providing
valuable information on the overall role of microglia in a biological
process, by completely removing microglia cells, could potentially
abolish both pro and anti-neurogenic mechanisms simultaneously,
making it challenging to interpret study results and dissect specific
pathways in microglia. Additionally, although many conditions can
stimulate neuroinflammation such asCNS injury or neurodegenerative
conditions, these are also accompanied by neuronal loss or other
changes which could also directly affect neurogenesis79,80, making it
difficult to dissect out the specific and causal role of microglia profile
in regulation of neurogenesis. In an effort to overcome these chal-
lenges, in this study, we built on our recent findings that abolishing
TGF-β signaling in adult microglia causes a profile that resembles a
reactive microglia profile without acute neuronal loss36 in young adult
mice, at least during the time frame we are focusing on. This allows us
to specifically evaluate the role of reactivity inmicroglia following loss

Fig. 7 | ScRNAseq analysis of thedissected hippocampus fromcontrol,MG-Alk5
or Tgfb1 iKO mice show microglia-neuroblasts crosstalk and identifies IGF-1,
TNF-α, PTEN/mTOR pathways as mediators for the increased neurogenesis in
the iKO mice. A mouse model used to B micro-dissect the hippocampus and
process for single cell 10x Genomic Flex sequencing. C UMAP clustering of cells
with annotation for immatureneurons andmicroglia.D Featureplot ofAif1 (coding
IBA1 protein) marker to denote microglia cluster. E Feature plot of Dcx to denote
DCX+ immature neuroblasts/neuron cluster. F–I Feature plots of Tmem119, P2ry12,
Aldh1l1 and Gfap to denote enrichment of microglial signature genes but not
astrocytic signature genes in the microglia cluster. J DEGs in MG-Alk5 iKO derived
microglia compared to control microglia presented as a volcano plot. K DEGs in
MG-Alk5 iKO derived neuroblasts compared to control neuroblasts presented as a

volcano plot. L LIANA was used to identify cell-cell interactions and show strong
interaction between microglia-endothelial cells and microglia-neuroblasts with
identified potential ligand-receptor pairs. M, N EnrichR pathway analysis of DEGs
from neuroblasts in MG-Alk5 or Tgfb1 iKO mice with tables denoting top altered
disease/cellular processes and molecular pathways. (DEGs) p values were calcu-
lated using the Wald test with adjustments for multiple comparisons corrected
using the Benjamini-Hochberg method, and (GO Process) p values were calculated
using Fisher’s Exact test with adjustments for multiple comparisons were made
usingBenjamini-Hochbergmethod. PanelA andBwas created in BioRender. Luo,A.
(2026) https://BioRender.com/10eqn6o. Source data are provided as a source
data file.
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of TGF-β signaling in adult neurogenesis. TGF-β signaling is altered in
multiple pathological conditions such as aging, Alzheimer’s disease
(AD), and CNS injury81–85, which makes it relevant to a broad range of
neurological and pathological conditions.

Contrary to the prevailing understanding79,86 that neuroin-
flammation in general is detrimental to neurogenesis, using the indu-
cibleKO systemspecifically targetingmicroglia and inducing a reactive

microglia profile in the adult mouse brain after the development per-
iod, our data show surprisingly that loss of homeostatic profiles and
gain of a “TGF-β-deficient”microglia profile could transiently stimulate
SGZ neurogenesis, which is not only evidenced by increased DCX+
immature neuroblasts at 3 weeks after microglial silencing of TGF-β
signaling, but also demonstrated by an increased number of a cohort
of newly born BrdU+ /NeuN+ neurons at 6 and 12 weeks after TAM
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Fig. 8 | Microglial-derived IGF1 is not required for the increase in immature
neurons present in the hippocampus after deletion of the Alk5 gene. A The
mousemodel for single Alk5 iKO or double Alk5/Igf1 iKO and experimental timeline
(right) for targeting microglial Igf1 and/or Alk5 and analyzing immature neurons 3
weekspost tamoxifen. Representative imagesof immunohistochemistry stainingof
the hippocampus from tamoxifen-treated (3 weeks post) A Cx3Cr1CreER(WT/WT),
B Cx3Cr1CreER-Igf1fl/fl, C Cx3Cr1CreER-Alk5fl/fl,D Cx3CR1CreERT2-Alk5 fl/fl/Igf1fl/fl tissue showing
IBA1, TMEM119, P2RY12 (P2YM 1E5) staining. E–G Representative DCX staining in
SGZ in above mouse lines. Quantification of mRNA levels from Cx3Cr1CreER(WT/WT),
Cx3Cr1CreER-Alk5fl/fl, or Cx3CR1CreERT2-Alk5 fl/fl/Igf1fl/fl sorted microglia (normalized to
Hmbs1) showing levels ofHHprt1, I Iba1, JAlk5, andK Igf1 relative toCx3Cr1CreER(WT/WT)

mice(n = 3 for all groups in panels (H–K)) (ns=not significant (H–I); **** p <0.0001
and ns=not significant J; *** p =0.0001 and p =0.0001 and ns=not significant K).
LQuantification of the number ofDCX+ cells andMdendritic arborization of DCX+
cells compared to WT mean (n = 12 for WT, 4 for Alk5 KO, and 7 for Igf1/Alk5 KO L;
n = 10 forWT, 4 for Alk5 KO, and 7 for Igf1/Alk5 KOM) (** p =0.0071 and p =0.0011
and ns=not significant for panel L; **** p <0.0001 *** p =0.0005 and ns=not sig-
nificant M). The sex of each animal is represented by open circles (females) and
open triangles (males).Mean± SE.One-wayANOVA, two-sided,withTukeypost hoc
pairwise comparisonwas used for statistical analysis in all panels (H–M). Scale bar =
100 µm. Panel A was created in BioRender. Luo, A. (2026) https://BioRender.com/
egkiitm. Source data are provided as a source data file.

Fig. 9 | In vivo and in vitro functional validation of the downregulated PTEN
pathway and upregulated mTOR pathway as key pathway mediating the
increasedneurogenesis in theMG-Alk5 iKOmice.A,B In vivo animalmodels used
and experimental timeline. C Representative images of Cx3cr1CreER-ALK5WT/WT or
Cx3cr1CreER-ALK5fl/fl treated with either Vehicle (VEH) or Rapamycin (RAPA) showing
immunohistochemistry staining for DCX and IBA1 3 weeks after Tamoxifen treat-
ment. Yellow Arrowhead shows DCX+ cells migrated out of the SGZ inner layer.
D Percentage of total DCX+ cells compared to the wildtypemean and E percentage
area of dendritic arborization compared to the wildtype mean. F Percentage of
migrated DCX+ cells relative to the total number of DCX+ cells per mouse.
G, H Representative images of WT or iKO mice treated with either VEH or RAPA
showing immunohistochemistry staining for DCX and pS6 3 weeks after TAM
treatment. D–G WT VEH n = 7, KO VEH n = 4, WT RAPA n = 5, and KO RAPA n = 4
(ns=not significant (D–G); *** p <0.001, ** p =0.01 D; ** p =0.003, *** p <0.001 E; *
p =0.042, *** p <0.001 F; * p =0.048, ** p =0.01, *** p <0.001 G). The sex of each

animal is represented byopencircles (females) andopen triangles (males). I In vitro
experimental model and timeline for primary adult NSCs andmicroglia (P2ry12CreER/
CreER-tdTomato) 3D co-culture. J Representative images of a differentiated neu-
roimmune 3D coculture sphere showing microglial tdTomato, GFAP and TUJI
immunostaining (maximum projection from Z stacked confocal images).
K,L Representative images of the 3D coculture spheres quantification of the TUJI
immunoreactive density in the spheres after differentiation with indicated micro-
glia genotypes and VEH or RAPA treatment (WT VEH n = 4, iKO VEH n = 6,WT RAPA
n = 6, iKO RAPA n = 4) (ns=not significant, * p =0.0352, *** p =0.001 K).M A pro-
posed model of mechanistic action through microglia onto adult-born neurons.
Mean ± SE. Scale bar = 100 µm, Two-way ANOVA test, two-sided, with Tukey post
hoc pairwise comparison was used for statistical analysis for all panels. Panel
A, B,I and M were created in BioRender. Luo, A. (2026) https://BioRender.com/
sxk2w6x. Source data are provided as a source data file.
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treatment. Importantly, this same phenotype is recapitulated in
Cx3cr1CreER-Tgfb1fl/fl ligand and Cx3cr1CreER-Tgfbr2fl/fl type 2 receptor iKO,
as well P2ry12CreER/CreER-Alk5fl/fl iKO mice, all supporting that a TGF-β-
deficient microglia profile is sufficient to drive enhanced adult neu-
rogenesis. One potential caveat of the P2ry12CreER driver is that previous
studies51,58 and our results both show that choroid plexus (ChP) mac-
rophages could be targeted in this Cre line. The potential contribution

of ChP macrophages in the iKO mouse lines cannot be completely
ruled out and should be further investigated if new microglia-specific
Cre driver lines are developed in the future. We propose a model of
feedback regulation based on microglia or choroid plexus macro-
phages sensing neuronal damage (via DAMPs released by dying or
injured neurons), which activates microglia/ ChP macrophages and
subsequently stimulates neurogenesis as a compensatory mechanism
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to repair the injured CNS. Interestingly, some previous studies also
support thisproposedmodel. Itwas reported thatSVZmicroglia adopt
a distinct profile resembling reactive microglia, and inhibition of this
inflammatory-like profile by minocycline treatment leads to reduced
SVZ neurogenesis66. This model also aligns well with the observation
that CNS injuries that stimulate neurogenesis are also accompanied by
neuroinflammation, such as in the case of stroke or TBI15,22,23. Our data
reveals a comprehensive and complex role neuroinflammation could
have in neurorepair, further cautioning the utilization of pan-
immunosuppressant strategies to treat CNS injury87,88. The profile in
MG-Alk5 iKO microglia at 3 weeks of gene deletion might represent a
pro-neurogenic microglia profile, which warrants further investigation
in future studies.

We also explored the potential cell-cell interactions and
mechanisms between the TGF-β signaling-silenced iKO microglia and
the adult neurogenic cascade. Our data suggest a mechanism of
enhanced survival of newly born neuroblasts in the iKO mice. Indeed,
only 30% of the newly born cells in the adult SGZ survive to mature
neurons, a very selective process the purpose of which is still not
clear89 which is consistent with the survival rate of BrdU+ cells in the
SGZ inour controlmice from3wk-12wk post TAMwhile survival rate of
BrdU/NeuN+ cells is increased to ~50% in the iKO mice. Nevertheless,
while strategies to enhance the proliferation of adult NSCs might have
caveats of potential safety issues with cancer risk, strategies to boost
the survival of newly born cells in the SGZ has shown to be effective at
increasing adult born neurons at the SGZ, for example by gene dele-
tion of BAX, the pro-apoptotic factor in adult NSCs using NestinCreER

driver in the iBAX mice. iBAX mice show enhanced SGZ adult neuro-
genesis and reduced anxiety and depression related behaviors in
mice17,90. Interestingly,MG-Alk5 iKO andMG-Tgfb1 iKOmice both show
increased SGZ neurogenesis and increased time/distance in the open
arm in the elevated plus maze, a behavioral test considered a classic
anxiety-related test. Importantly, since MG-Alk5 iKO mice and MG-
Tgfb1 iKO showdifferent temporal profiles in themicroglia phenotype,
with Alk5 iKO recovering at 12 weeks and Tgfb1 iKO remaining reactive
at 12 weeks after TAM treatment, this difference allowed us to inves-
tigate whether the behavioral phenotype is consistent with the
microglia phenotype. Indeed, our data show that both phenotypes in
neurogenesis and behavioral outcome in the elevatedmazes align well
with the microglia phenotype in the two mouse models. In addition,
our previous study using NSC-specific sonic hedgehog silencing
in mice45 showed decreased SGZ neurogenesis and decreased time/
distance in the open arm in the EPM, supporting that adult neuro-
genesis could play an important role in this behavior. The mechan-
ism by which Alk5 iKO microglia recover but Tgfb1 iKO microglia
persist in reactivity at least up to 12 weeks is not known and warrants
further investigation in future studies.

Several important homeostatic signature genes have been impli-
cated in regulating SGZ neurogenesis, such as P2RY1235 and CX3CR156

receptors. However, they are unlikely to be themediator for enhanced

neurogenesis in our model system. MG-Alk5 and MG-Tgfb1 iKO
microglia both downregulate P2ry12 and Cx3cr1 expression, but pre-
vious studies have reported that P2ry12 and Cx3cr1 KO mice show
reduced neurogenesis. ScRNAseq analysis identifies multiple ligand-
receptor pairs that could mediate strong microglia-endothelial and
microglia-DCX+ cell interactions, including multiple TGF-β mediated
signaling pathways (Fig. 7). We chose to focus on cellular processes
and pathways that are directly altered in immature neurons. These
pathways include IGF-1, TNF-α, and PTEN-PI3K/mTOR pathways. It has
been reported that reactive microglia releases IGF-1 and promotes
adult neurogenesis in vitro41. More recently, Mir et al. showed that IGF-
1 mediates neurogenesis via Sox2 activation in an Akt-dependent
manner40. Given that our data show increased Igf1 expression in iKO
microglia and upregulated IGF-1 signaling in neuroblasts derived from
iKO mice, we hypothesized that IGF-1 secreted from TGF-β-deficient
microglia might be the mechanism of enhanced SGZ adult neurogen-
esis. Using Alk5/Igf1 double iKO, we show successful gene deletion of
Alk5 and Igf1 in dKO microglia; however, this does not reverse the
phenotype of enhanced neurogenesis. While peripheral IGF-1
delivery40,62 and overexpression of IGF-1 in mice91 promote neurogen-
esis, these methods could result in systemic effects that are not
restricted to the CNS. It is also possible that other cell types could
upregulate Igf1 which will not be abolished by MG-Igf1 iKO. Future
studies could further interrogate this scenario by utilizingNSC-specific
(NestinCreER)- or Neuroblast-specific DCX-specific (DCXCreER) -Igf1r
receptor KO mice. Alternatively, there might be a species difference
between humans and mice. A recent study shows that human
microglia-derived IGF-1 is critical for the regulation of neuroblasts in
the humanmedial ganglionic eminence, whilemouseMG-Igf1 iKO does
not show a similar effect92. Additionally, our results also show that Tnf
KO does not rescue the phenotype of increased neurogenesis in our
mouse model, suggesting that TNF-α is not required for the observed
phenotype in our mouse model. However, there are many other
growth factors and neurotrophic factors that have been reported to
play an important role in regulating adult neurogenesis, such as brain-
derived neurotrophic factor (BDNF)93, Fibroblast Growth Factor
(FGF)14, Nerve Growth Factor (NGF), and Vascular Endothelial Growth
Factor (VEGF)94. These factors may act synergistically in combination
with other regulatory mechanisms to mediate adult hippocampal
neurogenesis, a possibility that warrants further exploration in future
studies using combinatory blockage or inhibition of downstream
convergent signaling pathways.

The increase in DCX+ cells in Cx3cr1CreER-Alk5fl/fl mice likely results
from enhanced survival rather than increased proliferation. BrdU
labeling three weeks post-TAM showed a sustained increase in BrdU+
cells up to 12 weeks. However, post-labeling these cells after TAMdoes
not allow us to determine if this increased population of DCX+ cells is
due to increasedproliferation or increased survival. To circumvent this
caveat, we showed that pre-labeling cells with BrdU before TAM
treatment reflected an increase in the presence of BrdU+ cells 3 weeks

Fig. 10 | Silencing microglial TGF-β signaling results in altered behavior in
cognitive and affective functional tests. AMouse model used to induce Alk5 KO
in microglia and the experimental timeline depicts behavioral measurements at
early and late time points after tamoxifen. B–G Behavioral measurements in
Cx3cr1CreER-Alk5WT/WT or Cx3Cr1CreER-Alk5fl/fl mice showing elevated plus maze (B, C) at
7 weeks or elevated zero maze (D, E) at 12 weeks after TAM with percentage of
distance in open arms, or percentage of time spent in open arms.F, G Barnes maze
test at 7 weeks or 12 weeks post TAM.H Accelerated rotarod learning test. B, CWT
n = 17, iKO n = 12; (D, E)WT n = 10, iKO n = 9; FWT n = 17, iKO n = 13;GWT n = 8, iKO
n = 6; H WT n = 8, iKO n = 8. (** p =0.0022 B, * p =0.0249 C, ns=not significant
(D, E, G, H), ** p =0.0079 F). I Mouse model (left) used to induce Tgfb1 KO in
microglia and the experimental timeline depicts behavioral measurements at early
or late time points after tamoxifen. J–O Behavioral measurements in Cx3cr1CreER-

Tgfb1WT/WT or Cx3Cr1CreER- Tgfb1fl/fl mice showing elevated plus maze (J,K) at 6 weeks
or elevated zero maze (L,M) at 12 weeks after TAM with percentage of distance in
open arms, or percentage of time spent in open arms. N, O Barnes maze test at
6 weeks or 12weeks post TAM.PAccelerated rotarod learning test36. J,KWT n = 16,
iKOn = 15; (L,M)WTn = 16, iKOn = 10;NWTn = 17, iKOn = 13;OWTn = 8, iKOn = 6;
PWT n = 19, iKOn = 13. (* p =0.0195 J, * p =0.0111K, *** p =0.0004L, ****p =0.0002
M, * p =0.0408 N, * p =0.0428 O, ns=not significant P). Two-sided Student’s t-test
analysis was used for statistical analysis in panels B–G, J–O and Two-way ANOVA
RM, two-sided, with Tukey’s post hoc pairwise analysis was used for statistical
analysis in panels (H,P). Mean ± SE. The sex of each animal is represented by open
circles (females) and open triangles (males). Panel A and I were created Created in
BioRender. Luo, A. (2026) https://BioRender.com/6r2py3z. Source data are pro-
vided as a source data file.
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post-TAM, suggesting that the deletion of Alk5 in microglia enhances
the survival of adult-born neurons in the hippocampus. This is con-
sistentwith the absence of alteredproliferation in theCx3cr1CreER-Alk5fl/fl

mice and highlights the potential role of microglia beyond their tra-
ditional functions in phagocytosis or synaptic pruning, suggesting
they may also play a key role in regulating neuronal survival in the
hippocampus. Additionally, microglia ablation does not alter neuro-
genesis inNestinCreER-tdTomatomice, suggesting this enhanced survival
in the MG-Alk5 iKO mice is not merely due to the loss of an inhibitory
role of microglia on adult neurogenesis.

The mammalian target of rapamycin (mTOR) signaling pathway,
particularly through PTEN, plays a significant role in the survival of
adult-born neurons95. Our scRNAseq analysis from Cx3cr1CreER-Alk5fl/fl

mice indicates reduced PTEN expression and increased PI3K/mTOR
pathway in newly born neuroblasts, supporting our hypothesis that
enhanced survival contributes to increased DCX+ at 3 weeks and
BudU + /NeuN+ new neurons at 6- and 12 weeks after TAM. Here, we
demonstrate that rapamycin treatment in MG-Alk5 iKO mice, admi-
nistered post-TAM treatment, reverses increased adult neurogenesis,
further supporting a survival mechanism through the mTOR pathway.
Loss of function of PTEN and upregulation of mTOR have been
implicated in epilepsy (the top disease-related pathway identified in
both MG-Alk5 and MG-Tgfb1 iKO mice in our study), known to be a
classicmodel of aberrantly enhanced adult SGZ neurogenesis in which
rapamycin treatment could also diminish the elevated neurogenesis
and mossy fiber sprouting96,97. Interestingly, rapamycin has also been
shown to be able to reverse TBI-induced SGZ neurogenesis98, sup-
porting that upregulation of mTOR pathway in the SGZ mediated by
reactive microglia could be a common mechanism for other CNS-
injury induced neurogenesis increase as well. Since OPCs are also
moderately increased in our iKO mice, to test whether microglia
directly interact with differentiating neuroblasts, using 3D primary
NSC-microglia coculture, our data show thatAlk5KOmicroglia directly
increase neuronal differentiation in adult NSCs, which is also rescued
by rapamycin treatment. These data support direct microglia-NSCs
crosstalk via the mTOR mechanism. Importantly, our data show that
the Alk5 iKO microglia treated with rapamycin shows a similar activa-
tion index compared to iKO microglia treated with a vehicle, sup-
porting that the reverse of phenotype in SGZ neurogenesis is not
mediated through inhibition of microglia activation. In addition to the
PTEN-mTOR axis, our data also show changes in PTEN-dependent cell
cycle arrest and apoptosis, which could be a potential mechanism
underlying the increased survival of immature neuroblasts in vivo.
Additionally, GO enrichment analysis from the overlapping DEGs from
both Alk5 and Tgfb1 iKO hippocampus shows upregulation of genes or
other converging pathways (such as sonic hedgehog signaling99 asso-
ciated with GO terms including neurogenesis (GO:0022008), synaptic
organization (GO:0050808), neuron projection development
(GO:0031175), neuronal differentiation (GO:0030182) and neuron
projection morphogenesis (GO:0048812). Some potentially interest-
ing genes include Semaphorin-6B (Sema6b), with proposed functions
in neuronal migration, axonal guidance, and hippocampal
development100,101, and Zinc finger MYND domain-containing protein
11 (ZMYND11), a gene whose function has recently been discovered to
be critical for neurogenesis in humans102. In conclusion, our study
highlights the critical role of microglia-derived TGF-β signaling in
regulating microglia profile and, in turn, regulating adult neurogen-
esis, particularly in neuronal survival and integration into the neural
circuitry. Targeting TGF-β signaling in microglia or targeted modula-
tion of microglia profile may offer potential therapeutic strategies to
enhance neurogenesis in aging or in neurodegenerative conditions.

This study bridges the gap in our understanding of the direct
causal role of microglia on regulating SGZ adult neurogenesis and the
molecular pathwaysmediating the crosstalk between these two critical
cellular processes, shedding light on potential therapeutic strategies

for enhancing neuroplasticity under physiological and neurodegen-
erative conditions.

Limitations of our study include a lack of brain regional manip-
ulation of microglia TGF-β signaling, which is a technical limitation of
the current field. Additionally, we do not show direct functional con-
tributions of the elevated adult neurogenesis to the observed beha-
vioral alterations in EPM. This is difficult to achieve with the
combination of microglia-specific gene manipulation. Two alternative
methods have been traditionally used to target NSC cells, which may
help establish the direct causal contribution of the increased neuro-
genesis to the functional outcome in our mouse models. One of them
is to deliver anti-mitotic agents intracerebrally to transiently inhibit
neurogenesis at SVZ or SGZ. Thismethod will introduce a confound in
our study as iKO microglia are also proliferating and could potentially
be affected by this intervention directly. Another potential method is
to use retroviral-delivered inhibitory Designer Receptors Exclusively
Activated by Designer Drugs (DREADDs) to inhibit the function of
adult-born neurons; however, injecting the virus into the hippocampus
can trigger microglial reactivity, which introduces a confound in stu-
dies of microglia-NSCs crosstalk. Alternatively, if FLP-FRT (Flippase-
Flp Recombination Target sites) models were available for adult NSC
lineage, induced expression of excitatory or inhibitory ion channels
can be achieved in NSCs on an MG-Alk5 iKO background, which could
allow investigation of the direct contribution of elevated neurogenesis
to the behavioral outcome. In addition, the Barnes maze was used to
evaluate general learning/memory functions in the Alk5 and Tgfb1 iKO
mice in our previous36 and this study; however, reverse learning was
not achieved in our study, likely due to the mild aversive cues we used
in our test setting. Previous studies have demonstrated that reverse
learning in tasks such as the Morris Water Maze is sensitive to the
status of neurogenesis in adult mice103,104, which could be included in
future studies. Finally, we included both sexes in our study and
annotated the sex of each animal in all figures. We did not observe an
overall difference in the microglia phenotype or neurogenesis phe-
notype in our experiments; however, our study was not powered or
intended to detect sex differences.

Methods
Animals
Laboratory Animal Medical Services (LAMS), Animal Care and Use
Program (ACUP) and the Institutional Animal Care andUse Committee
(IACUC) are housed at the University of Cincinnati. All animal proto-
cols were approved by IACUC. Approved animal protocol number is
24-02-27-01. Within LAMS, mice are held to a 14 h light/10 h dark cycle.
NestinCreER (JAX:016261)59 and Ai9 R26-CAG-tdTomato (JAX:007909)105

were used to endogenously label and track NSCs. We generated cell-
type-specific inducible knockout models of critical TGF-β signaling
components using Cx3cr1CreER(Jung) (JAX:020940)53, Cx3cr1CreER(Littman)

(JAX:021160)54, and P2ry12CreER (JAX:034727)58, to delete Alk5, Tgfbr2,
Igf1 in microglia or Tnfα constitutive knockout. Alk5 (JAX:028701)106

floxed or Tgfbr2 (JAX:012603)107 floxed mice, and Tnfα KO
(JAX:005540)108 and Igf1 floxed (JAX:016831)109 mice were crossed with
Cx3cr1CreER(Jung), all purchased from the Jackson Laboratory. We crossed
the above microglia CreER lines with ROSA26-YFP (JAX:006148)110 in
some of the experiments to facilitate microglia sorting. All animals
were euthanized by administration of avertin (2.5%) followed by
transcardial perfusion with 4% paraformaldehyde (PFA) (for IHC) or 1x
HBSS (for FACS, RNAseq, and qRT-PCR) as previously described36.
Mice were bred on a C57BL/6 J background and both sexes were used
in all experiments. All animals were used unless tissue quality was poor
as a result of subpar perfusions or inadequate cryoprotection. For all
experiments, bromodeoxyuridine (BrdU) was administered intraper-
itoneally at 100mg/kg per injection (10 µl/g bodyweight, Invitrogen
#000103) during the indicated time frame in each experimental
timeline and harvested between 3-12 weeks post-TAM.
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Tamoxifen administration
3 or 5 consecutive gavage injections of TAM (specified in each
experiment/figure) solution were given to 6-16-week-old male and
female mice, administered at a dosage of 180mg/kg. 900 µL of sun-
flower seed oil and 100 µL of ethanol were sonicated with 30mg of
TAM powder protected from light36. To evaluate the effect of
microglia-mediated TGF-β signaling silencing in adult neurogenesis,
young adult mice were harvested at 3, 6-, or 12-weeks post-TAM to
evaluate microglia phenotype and SGZ neurogenesis.

Microglia ablation PLX5622
Mice were given either the control diet (Plexxikon) or PLX5622 diet
(Plexxikon) as previously described36,111 for the duration of the study.
All animals had unrestricted access to diet and water. For studying the
phenotype of homeostatic microglia on baseline adult neurogenesis,
we administered TAM to NestinCreER-Ai9 mice to label aNSCs and their
progeny, followed by 3 weeks of control or PLX5622 diet. Mice were
harvested 3 weeks post-TAM and brains were harvested for IHC
staining. For assessing the role of repopulatingAlk5KOmicroglia in the
stimulation of adult neurogenesis, mice were treated with a control
PLX5622 diet for 3 weeks, followed by TAM treatment during the last
3 days. These animals were then switched to a standard chow diet to
allow the repopulation of WT or Alk5 KO microglia over the course of
3 weeks, when they were harvested by administration of avertin (2.5%)
followed by transcardial perfusion with 4% paraformaldehyde (PFA).
Brain tissue was harvested for IHC staining.

Fluorescent activated cell sorting (FACS)
Mice were harvested by administration of avertin (2.5%) followed by
transcardial perfusion with cold 1xHBSS for 3–4mins before the brain
was extracted. The brains were mechanically dissociated via a scalpel
before enzymatically dissociated with the papain dissociation system
(9001-73-4, Worthington Biochemical Corporation) while all of the
above processes are carried out in the presence of transcriptional and
translational inhibitors to prevent microglial gene expression changes
during the isolation protocol60. Once the brain is sufficiently dissociated,
37% percoll solution was used to clear any excessmyelin or debris. Cells
were resuspended in FACS buffer (0.5% BSA in PBS) for staining and
sorting using a BD/FACSAria II (BD Biosciences, Franklin Lakes, NJ).
CD11b, CD45, and GFP reporter were used to develop a gating strategy
to enrich microglia. Sorted microglial cells were used for qRT-PCR or
bulk RNAseq for gene expression analysis as described below.

qRT-PCR
Using the RNAqueous- Micro Total RNA isolation kit (AM1931, Thermo
Fisher Scientific), RNAwas isolated from sortedmicroglia aspreviously
described36. Supercript III reverse transcriptase (18080044, Thermo-
Fisher Scientific) or iScript cDNA synthesis kit (1708890, BioRad) was
used to generate cDNA. Following cDNA synthesis, qRT-PCR probes
Hmbs1 (hydroxymethylbilane synthase), Hprt1 (hypoxanthine phos-
phoribosyltransferase 1), Aif1, Alk5, Igf1, Tnf, Tmem119, and P2ry12were
used to analyze cDNA levels using a Roche Light Cycler II 480. Relative
gene expression was calculated using the ΔΔCt method compared to
Hmbs1 as a reference gene and expressed as fold change compared to
the average of control cells for each individual gene.

Immunohistochemistry
Micewere anesthetizedwith avertin (2.5%), then perfusedwith 4%PFA.
The brains were harvested and post-fixed in 4% PFA overnight. In the
following days, brains were switched to 20% and 30% sucrose
respectively until brains sank. Each brain was sectioned at 30 µM
thickness on a cryostat and used for immunohistochemistry (IHC)
staining as previouslydescribed36. Antibodies for BrdU (1:500, Abcam),
DCX (1:1000, Cell Signaling), Ki67 (1:500, Invitrogen), IBA1 (1:1000,
Abcam), TMEM119 (1:2000, GeneTex), P2RY12 (1:200, Biolegend),

GFAP (1:1000, Sigma), pSMAD3 (1:200, Abcam), beta-3 tubulin
(1:2000, Promega), pS6 (1:800, Cell Signaling), Olig2 (1:500, R&D
Systems), MBP (1:250, Biorad), NG2 (1:500, Millipore) were used.
P2RY12 clone: P2YM 17A12112 (1:500), and P2RY12 clone: P2YM 1E5112

(1:500) was generated and validated as previously described. Brain
sections were blocked for 1 h at room temperature in 4% BSA/0.3%
Triton-x100 and incubated in primary antibody solution (diluted in
blocking buffer) on a shaker overnight at 4 °C. Secondary antibodies
conjugated with Alexa fluorescence 488, 555, 647 or 790 (1:500) were
incubated with the brain sections for 4 hours at room temperature.
Confocal imaging of stained brain sections was carried out using a
Leica Stellaris 8. Quantification of cell counts was carried out using
ImageJ (1.53) software. At least 3 coronal sections with the respective
region of interest were quantified for each mouse and averaged to be
used as a single data point.

BrdU Immunohistochemistry
Animals injected with BrdU labeling reagent (10 µl/g bodyweight,
Invitrogen #000103) at various time points after injection were har-
vested following avertin (2.5%) injection and PB/PFA perfusion. As
described previously113, coronal or sagittal cryosections were washed
3x at RT and incubated in pre-warmed freshly made DNA denaturation
solution (50% formamide, 50% 2x SSC buffer) for 2 hours at 60 °Cwith
shaking. After being washed 3x in 2x SSC at 60 °C with shaking, the
tissue was incubated in 2N HCl at 37 °C with shaking. Then, the sec-
tions were incubated 1x in borate buffer (pH 8.5) at RTwith shaking for
10min and washed 1x in PB at RT. The tissue was blocked in blocking
buffer for 1 h at RT and the standard immunofluorescent protocol was
followed (see Immunohistochemistry above).

scRNAseq
Single-cell RNA sequencing was performed at Single Cell Discoveries
(https://www.scdiscoveries.com/) according to the 10x Genomics
Single Cell Gene Expression Flex solution protocol. Mice were anes-
thetized with avertin (2.5%), then perfused with 1x PB before whole
hippocampal pieces were micro-dissected from the brain and flash-
frozen on dry ice. Samples were shipped on dry ice to Single Cell
Discoveries where all Processing of samples was performed by Single
Cell sequencing experts. For each sample, 8000–14,000 cells were
loaded and sequencing libraries were prepared following a standard
10x Genomics protocol.

As similarly described by others114, sample reads were aligned to
the mouse genome GRCm39 (Datasets - 10x Genomics) using Cell
Ranger 9.0.0 Flex pipeline (Flex with Cell Ranger multi - Official 10x
Genomics Support). The data from all samples were loaded in R (ver-
sion 4.3.2) and processed using the Seurat package (5.1.0). Cells
expressing least 200 genes and less than 20% mitochondrial gene
content were retained for analysis. The data of all 10x libraries was
merged and processed together and normalized for sequencing depth
per cell and log transformed. After data cleaning and filtering, datasets
were integrated using Harmony115. Following this, clustering was done
using the FindNeighbors function (dims=1:20) at a resolution of 0.12.
To identify cell types in separate clusters, signature genes for each cell
type were used based on the Cell Marker 2.0 database for mouse
species in brain tissue. To analyze differentially expressed genes
(DEGs) between control and MG-Alk5 or MG-Tgfb1 iKO samples, we
used FindMarkers to filter for genes thatwere expressed in at least 10%
of cells in either of the conditions andhadan adjustedp-valueof <0.05.
DEGs from either neuroblast or microglia cluster were plotted onto a
volcano plot using R packages DESeq2 and EnhancedVolcano. These
DEGs were input into EnrichR for pathway enrichment analysis. Inter-
cellular signaling was profiled using LIANA (v0.2.0). LIANA aggregated
predictions from multiple computational methods (including Cell-
PhoneDB, NATMI, SCA and LogFc) and ranked interactions based
on the consensus mean rank score. The Mouse Consensus
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ligand–receptor database was used as the reference resource. Visua-
lization of significant ligand–receptor pairs was generated using
ggplot2 based on LIANA’s aggregated output.

Rapamycin treatment
To evaluate the contributions of mTOR signaling on adult neurogen-
esis after deletion of microglia-mediated ALK5 signaling, control or
MG-Alk5 iKO mice received TAM for 5 days to delete Alk5 in microglia.
Daily intraperitoneal (I.P.) injections of rapamycin were given starting
from the 4th day of TAM for 21 days to 4-6-month-old male and female
mice, administered at a dosage of 10mg/kg similar to previous
studies96,98. 5% PEG400 and 5%Tween80was diluted intoMQH2Owith
4% rapamycin (diluted in EtOH) or 4% EtOH to generate a working
solution of 1mg/mL. Mice were harvested 3 weeks post-TAM by
administering avertin (2.5%) and then transcardially perfused with 4%
paraformaldehyde (PFA).

Tissue culture
Isolation of primary adult neural stem cells (aNSCs) from C57B6J WT
mice is established as previously described5. Mice (6-week-old) were
culled by cervical dislocation, and the SVZ was microdissected and
dissociated into single cells. Adult NSCs are cultured with neurobasal
media containing heparin, EGF, bFGF, and B-27 as described in our
previous studies5,116,117. Single cells are cultured as neurospheres in the
media above. Neurospheres between passages 5 and 7 were used for
in vitro experimentswhere the disassociated single cells wereplated at
3×10^3 cells/well in a ultra-low attachment 96-well round-bottom
plate. These aNSCs were then given 5 days to form a sphere and pro-
liferate before co-cultured with primary mouse microglia (mMG). The
mMGusedwas obtained fromP3pupswith a P2ry12CreERT/CreERT2-Alk5WT/WT

or P2ry12CreERT2/CreERT2-Alk5fl/fl genotype via a mixed glial culture of the
whole brain (excluding the olfactory bulb and cerebellum). The tissue
collected and processed were put into a poly-D-lysine coated T75 flask
with one flask per pup in glial media (DMEM/F-12, 10% FBS, 1% 100X L-
Glutamate, 1% Pen/Strep). Feeds consisting of glial media were given
every 3 days. On day 11, the flasks were given 1μM4-OHTAMdiluted in
ethanol.Onday 14, theflaskswere then fedwith glialmedia and shaken
on an orbital shaker at 180 rpm for 3 h to collect WT or KOmMG. Alk5
mRNA decrease in the KO mMG was confirmed by qRT-PCR. The col-
lected WT or KO mMG (3000 cells per sphere) was added to the NSC
neutrospheres to establish the 3D co-culture. 3 days after themicroglia
were added to the neurospheres, the media were changed to differ-
entiation media consisting of neurobasal media without growth fac-
tors but with microglia serum (from ScienCell’s microglia medium) to
help maintain the microglia while differentiating the aNSCs. Addi-
tionally, 100 nM rapamycin or vehicle (ethanol) was added to the dif-
ferentiation media. The co-culture was then differentiated for 4 days
before fixation via 4% PFA. The fixed co-culture spheres were then
stained by permeabilizing them via 0.3% 100X Triton in DPBS for
10minutes, blocked with blocking buffer (4% BSA/0.3% 100X Triton)
for 1 hour, incubated in primary antibody solution (βIII-Tubulin
[1:2000, Promega] and GFAP [1:1000, BioLegend]) for 4 days at 4 C,
washedwithDPBS4x, incubated in secondary antibodies (Donkey anti-
Mouse 647 [1:500, Jackson ImmunoResearch] and Donkey anti-rabbit
488+ [1:1000, Invitrogen]) and DAPI diluted in blocking buffer for
3 days at 4 C, and washed 4x for 5mins each. Neurospheres were then
imaged using a Leica Stellaris 8 confocal microscope and quantified in
ImageJ for % area of immunoreactivity.

Behavioral tests
EPM/EZM. Elevated PlusMaze (EPM) or Elevated ZeroMaze (EZM)was
used to assess anxiety-like behavior in mice. The EPM or EZM is ele-
vated ~60 cm off the floor. The EPM consists of a cross-shaped plat-
form that is 5 cm wide and 30 cm long with two opposing arms
containing dark walls that are 15 cm high. The EZM is anO-ring-shaped

platform that is 60 cm in diameter with a 5 cm wide platform. Two
sections of the O-shaped apparatus are enclosed by dark walls 15 cm
high. Black-out curtains surround the testing area to help maintain a
consistent lighting of 18 lux via LED strips45. Animals are habituated to
the room for at least 20minutes before testing. In between each ani-
mal, the apparatus is cleanedwithwarmwater and 10%Conflikt (Decon
Labs). Each animal is allowed to freely explore the apparatus for
5minutes before being returned to their home cage. EPM is the first
behavioral test, and for the second anxiety test, EZM is used to prevent
repeated exposure to the same maze. Data was automatically scored
using AnyMaze (Stoelting Company, Wood Dale, IL).

Barnes maze. To evaluate spatial learning and memory in mice, the
Barnes Maze apparatus (Stoelting Company, Wood Dale, IL) was used
as previously described36. Using a short and challenging paradigm, we
trained the animals in two separate sessions 4 h apart where the ani-
mals were motivated to locate the escape hole during each session
with light and a fan. Animals were tested the following day. In between
each animal, the apparatus was cleaned with warm water followed by
20% ethanol and allowed to dry. Data was automatically scored using
AnyMaze (Stoelting Company, Wood Dale, IL).

Rotarod. Motor coordination and motor learning were assessed in
animals using the Roto-rod Series 8 apparatus (IITC Life Science Inc.,
Woodland Hills, CA) with an acceleration paradigm starting at 5rpm
and reaching a maximum of 20rpm over 300 seconds. Once each
animal reached the end of the 300 seconds or fell off the rotating rod,
they were returned to their cages after 3 consecutive trials with rest in
between. The Roto-rod apparatus was sanitized using 70% ethanol in
between each animal.

Quantification and statistical analysis
All data were analyzed using SigmaPlot (12.0) for statistical sig-
nificance. Results are expressed by mean ± SEM of the indicated
number of experiments. Statistical analysis was performed using the
two-sided Student’s t-test, two-sidedWelch’s t-test, and two-sided one-
or -two-way analysis of variance (ANOVA), as appropriate, with Tukey’s
post hoc tests. A p-value to or less than 0.05 was considered sig-
nificant. When the data did not meet the assumptions of normality or
equal variance, the corresponding nonparametric tests were used. The
significance level was set at α =0.05. Number of animals used in each
experiment plotted as single data point and are indicated in Figure
legends. Graphs weremade in GraphPad Prism (10.6.1) and portions of
figures were created with BioRender.com. The notation for p-values
was as follows: n.s – p ≥0.05, * – p < 0.05, ** – p <0.01, *** – p <0.001,
**** – p < 0.0001.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The scRNA-seq data generated in this study have been deposited in the
BioProject database under accession code BioProject: PRJNA1237411
(http://www.ncbi.nlm.nih.gov/bioproject/1237411). The rest of the data
generated in this study are provided in the Supplementary Informa-
tion/Source Data file. Any requests for information, reagents, and
other resources should be directed to and will be fulfilled by the lead
contact, Yu Luo (luoy2@ucmail.uc.edu). Sourcedata are providedwith
this paper.
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