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SUMMARY

Cranial irradiation (IR) is an effective adjuvant therapy in the treatment of childhood brain tumors but results in
long-lasting cognitive deficits associated with impaired neurogenesis, as evidenced in rodent models. Met-
formin has been shown to expand the endogenous neural stem cell (NSC) pool and promote neurogenesis
under physiological conditions and in response to neonatal brain injury, suggesting a potential role in neuro-
repair. Here, we assess whether metformin pretreatment, a clinically feasible treatment for children receiving
cranial IR, promotes neurorepair in amouse cranial IR model. Using immunofluorescence and the in vitro neu-
rosphere assay, we show that NSCs are depleted by cranial IR but spontaneously recover, although deficits
to proliferative neuroblasts persist. Metformin pretreatment enhances the recovery of neurogenesis, attenu-
ates the microglial response, and promotes recovery of long-term olfactory memory. These findings indicate
that metformin is a promising candidate for further preclinical and clinical investigations of neurorepair in

childhood brain injuries.

INTRODUCTION

Cranial irradiation (IR) is commonly used as an adjuvant therapy
in the treatment of childhood primary brain tumors. Although the
use of cranial IR has led to improved patient survival rates, it is
associated with late cognitive impairments affecting attention,
memory, and academic performance.’™ Furthermore, cranial
IR-associated cognitive impairments typically worsen over
several years and arise more rapidly in children who receive cra-
nial IR at younger ages.>® There are presently no effective pro-
phylactic measures or treatments available for mitigating these
cognitive impairments following childhood IR.

Studies using preclinical animal models have suggested that
the cause of cranial-IR-induced cognitive impairments is associ-
ated with neural stem cell (NSC) dysfunction and deficits to neu-
rogenesis.”® In the postnatal mammalian brain, NSCs predomi-
nantly reside in the subependymal zone (SEZ) adjacent to the
ependymal cell layer lining the lateral ventricles (also known as
the subventricular zone), as well as in the subgranular zone of
the hippocampal dentate gyrus, where they contribute to neuro-
genesis throughout life.®'° Although hippocampal neurogenesis
has been implicated in various forms of learning, memory, and
affective behaviors that are relevant to cranial-IR-associated
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cognitive impairments, several discrepancies persist among
correlative and ablation studies, making it critical to assess the
function of hippocampal neurogenesis using a battery of cogni-
tive tests.'® Under normal physiological conditions, SEZ NSCs
give rise to progeny that generate neuroblasts, which migrate
along the rostral migratory stream (RMS) to the olfactory bulb
(OB),""'? where they mature to become inhibitory GABAergic
interneurons that underlie olfactory memory.'®'* Importantly,
NSCs and their progeny (together termed neural precursor cells)
interact with their niche to effectively regulate their behavior
under homeostatic conditions, in aging, and in response to
injury.15’18

The significant roles of endogenous NSCs and neurogenesis
in the postnatal brain underlie the importance of ensuring they
are maintained throughout life. Notably, neural precursor cells
are particularly vulnerable to IR-induced DNA double-stranded
breaks and apoptosis due to their proliferative activity in vivo.'%?°
Cell death occurs within hours following IR doses as low as 2
Gy,?"**? and surviving NSCs undergo cellular senescence remi-
niscent of NSCs in the aging SEZ that have reduced proliferative
and neurogenic capacity.?*>° Cranial IR also perturbs the neuro-
genic niche, resulting in acute and sustained microglial activa-
tion, increased oxidative stress, and disrupted microvascular
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angiogenesis.”*®?” Neuroinflammation alone is sufficient to
reduce neurogenesis and may play a significant role in the
response to cranial IR.?®?° Indeed, changes to the neurogenic
niche may be paramount in determining the rate or extent of re-
covery, as studies have shown that hippocampal neurogenesis
does not recover following cranial IR, although SEZ NSCs repo-
pulate over time despite persistent deficits to OB neurogene-
sis.>%*" Finally, numerous studies have demonstrated that
cranial-IR-induced depletion of NSCs and their proliferating
progeny is associated with cognitive impairments, including def-
icits to long-term olfactory memory.®** Together, these results
suggest that therapeutic interventions should aim to promote
neurogenesis in an irradiated neurogenic niche, mitigate or repair
damage to the niche, or both.

To promote brain repair and functional recovery, activation
of endogenous neural precursor cells has demonstrated some
success.® The antidiabetic drug metformin has recently been
shown to increase the size of the NSC pool and promote neuro-
genesis in mice, resulting in improved spatial memory formation
under homeostasis,** as well as promoting cognitive and motor
functional recovery following neonatal stroke.*>¢ Further, as an
activator of AMP-activated protein kinase,*”*® metformin has
pleiotropic effects in the central nervous system, acting on
various cell types, leading to increased angiogenesis, anti-in-
flammatory microglia activity,>*~*' as well as the inhibition of nu-
clear factor kappa B (NF-«kB)-mediated inflammation and mTOR
signaling.*>™**

Herein, we investigated the effects of metformin pretreatment
(preTx) in a model of juvenile cranial IR® that involves a clinically
relevant dose of IR (8 Gy)*® and age (postnatal day 17 [P17]).>“°
Using an in vitro NSC colony-forming assay (neurosphere assay),
we assessed the effects of metformin preTx and cranial IR on the
activated NSC (aNSC) pool (i.e., colony-forming NSCs in vitro)*’
and quantified neurogenesis and microglia activation along
the SEZ-OB neurogenic axis in vivo. Additionally, we assessed
behavioral outcomes following cranial IR and metformin preTx
using a long-term olfactory memory task. We identified acute
deficits in the size of the SEZ NSC pool, which were partly attrib-
uted to a disrupted neurogenic niche. Although the size of the
NSC pool recovered spontaneously over time, deficits to neuro-
blast proliferation persisted following cranial IR. Notably, metfor-
min preTx enhanced neuroblast proliferation over this same time
period, leading to a rescue of newborn neurons in the OB. Most
strikingly, metformin preTx led to a complete recovery of long-
term olfactory memory post-cranial IR. Overall, the cellular and
behavioral recovery were associated with decreased microglial
activation along the RMS. Together, these findings demonstrate
that metformin preTx is a promising strategy to minimize neural
impairments that result from juvenile cranial IR.

RESULTS

Metformin transiently expands the neonatal, but not the
juvenile, SEZ NSC pool

With the goal of administering metformin to enhance recovery in
a model of juvenile cranial IR, we first sought to determine an
optimal administration window for metformin in the prepubes-
cent mouse. Because neurogenesis and functional recovery

2 Cell Reports Medicine 2, 100231, April 20, 2021

Cell Reports Medicine

following neonatal brain injury has been correlated with an
expansion of the NSC pool,®**® we hypothesized that expanding
the endogenous NSC pool would provide an effective means by
which to protect and/or rescue neurogenesis following cranial
IR. We administered metformin via subcutaneous injection
once daily (200 mg/kg/day) for 7 days in both male and female
mice, beginning on P9 or P18, ages that reflect a potential preTx
(P9) and post-treatment (P18) start date in a model of juvenile
cranial IR.? The neurosphere assay was performed 1 day after
the final metformin injection, and the number of clonally derived
neurospheres was quantified (Figure 1A). Similar to previous
findings, 7 days of metformin administration starting on P9 signif-
icantly increased the number of SEZ-derived neurospheres
formed relative to phosphate-buffered saline (PBS)-treated con-
trols in both male (~49% increase [Ctrl = 47.41 + 2.99; Met =
71.44 + 9.36 neurospheres]) and female (~42% increase [Ctrl =
54.54 +5.95; Met = 78.29 + 8.23 neurospheres]) mice (Figure 1B).
Administration of metformin for 7 days starting on P18 did not
significantly expand the size of the NSC pool (Ctrl = 42.06 +
2.84; Met = 50.83 = 6.09 neurospheres; Figure 1C).°

We next asked whether the NSC pool expansion was transient
or persisted after metformin administration was complete. The
neurosphere assay was performed on P16, P19, P25, or P47
following P9-P15 metformin treatment (Figure 1D). The metfor-
min-induced increase in neurosphere formation was significantly
elevated (~28% increase) until P19 and returned to baseline by
P47 (Figure 1E). Based on the observation that metformin treat-
ment from P9 to P15 promoted an increase in neurosphere for-
mation, and that this expansion persisted beyond the date of
cranial IR (P17), this preTx paradigm was used for subsequent
experiments.

Metformin pretreatment does not affect the acute
depletion or recovery of SEZ NSCs following juvenile
cranial IR
Metformin preTx has been shown to confer neuroprotection
against both stroke and spinal cord injury.*****® Most impor-
tantly, administration prior to cranial IR is a feasible approach
in a clinical setting. Hence, we examined the efficacy of a metfor-
min preTx paradigm whereby mice receive metformin from P9 to
P15 and juvenile cranial IR on P17. First, to characterize the
acute and chronic effects of juvenile cranial IR on the SEZ NSC
pool, mice were sacrificed for the neurosphere assay 2, 8, or
30 days post-IR and compared with age-matched non-irradiated
controls (P19, P25, and P47, respectively; Figure 2A). A signifi-
cant reduction in SEZ-derived neurosphere formation was
observed 2 days post-IR relative to non-irradiated controls
(~51% reduction), and the number of neurospheres partially
recovered at 8 days post-IR (~21% reduction). By 30 days
post-IR, there was no significant difference in neurosphere for-
mation between irradiated and non-irradiated mice, indicating
that the NSC pool spontaneously recovered over time (Fig-
ure 2B). Interestingly, metformin preTx did not prevent the acute
deficit to neurosphere formation 2 days post-IR or enhance neu-
rosphere formation at 8 or 30 days post-IR relative to untreated
mice (Figure 2B).

We also examined neurosphere formation following metformin
preTx extending until 1 day post-IR (Figure S1A) or following
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Figure 1. Metformin transiently expands the neonatal, but not the juvenile, SEZ NSC pool

(A) Experimental timeline for assessing SEZ NSC pool size following 7-day metformin administration in neonatal (P9—-P15) or juvenile (P18-P24) mice.

(B and C) Fold change in the number of SEZ-derived neurospheres 1 day after (B) P9-P15 metformin administration (n = 7-9 mice/group; *p < 0.05; unpaired t test)
and (C) P18-P24 metformin administration (n = 8-9 mice/group; p = 0.195; unpaired t test).

(D) Experimental timeline for assessing the longitudinal effects of P9-P15 metformin administration on SEZ NSC pool size.

(E) Fold change in the number of SEZ-derived neurospheres at various endpoints following P9-P15 metformin administration (n = 7-17 mice/group; P16:

**p < 0.01; P19: *p < 0.05; P25: p = 0.062; P47: p = 0.293; unpaired t test).
Data are presented as mean + SEM.

7 days of metformin treatment starting 1 day post-IR (Fig-
ure S1C). Neither treatment paradigm rescued the IR-induced
deficits to neurosphere formation (Figures S1B and S1D). Hence,
metformin treatment is insufficient to rescue the loss or accel-
erate the spontaneous recovery of the SEZ NSC pool following
cranial IR.

To assess the effect of metformin preTx on the activation state
of NSCs following cranial IR, GFAP::GFP mice*® were sacrificed
2 days post-IR to quantify the ratio of GFAP::GFP*CD133"
EGFR™ quiescent NSCs (gNSCs) and GFAP::GFP*CD133"
EGFR™ activated NSCs (aNSCs) via fluorescence-activated cell
sorting (FACS) (Figures S2A-S2C).*” Approximately 60% of
NSCs were activated in control mice, and no significant differ-
ences were observed in cranial IR mice, regardless of metformin
preTx (Figure S2D).

Metformin pretreatment enhances the recovery of
neuroblast proliferation in the SEZ and RMS

We next asked whether metformin preTx could prevent the def-
icits and/or enhance the recovery of proliferating neuroblasts
post-IR. Proliferating neuroblasts in the SEZ were quantified 2
and 30 days post-IR using the neuroblast marker doublecortin
(DCX) and the proliferation marker Ki67 (Figures 3A and 3B).
We observed a complete loss of DCX*Ki67* neuroblasts in the
SEZ at 2 days post-IR and a near-complete loss in metformin
preTx mice (Figures 3B and 3C). DCX*Ki67* cells were observed
in both treated and untreated mice by 30 days post-IR; however,
although a significant ~33% reduction persisted in untreated
mice, metformin preTx completely rescued this deficit (Fig-

ure 3D). A similar rescue of DCX*Ki67" cells was observed along
the RMS at 30 days post-IR in metformin preTx mice (Figures 3E
and 3F). Interestingly, metformin preTx did not significantly alter
the total number of neuroblasts (DCX*) or proliferating (Ki67*)
cells in the SEZ (Figure S3), suggesting that metformin preTx
specifically supported the recovery of proliferating neuroblasts
following cranial IR.

Metformin pretreatment enhances OB neurogenesis

and rescues long-term olfactory memory

To ask whether the recovery of proliferating neuroblasts resulted
in OB neurogenesis and was associated with functional recov-
ery, we performed a long-term olfactory memory (LTOM) task.
We used a sand-digging-based olfactory discrimination/learning
assay to assess both the acquisition of an odor-reward associa-
tion and retention (memory) of this association and quantified
newborn neuroblasts and neurons in the OB at the end of the
LTOM assessment (Figures 4A and 4B). Briefly, to assess
these behaviors, mice were trained for 8 days (8 trials/day) to
associate an odorant with a sugar reward at 30 days post-IR
(P47-P54)."4%° Mice from each group that correctly chose the
reward-associated odorant at an average rate of >80% over
the final 2 acquisition days were subsequently tested in the
LTOM task 30 days following acquisition (P84). This cutoff was
to ensure that only mice that acquired the task would later be
tested for retention. As shown in Figure 4C, mice that received
cranial IR alone displayed a deficit on the 6™ day of training, sug-
gesting a delay in the acquisition of the task, but importantly, no
significant differences were observed in the final 2 acquisition

Cell Reports Medicine 2, 100231, April 20, 2021 3




¢ CellPress

OPEN ACCESS

A 8 Gy cranial IR
Neurosphere
;E assay
PO 9 15 17 +2 +8 +30

B 1.5+
=8 1.0 I
0 2 I
(=Y
cw L
28
[Eam=1
s € 0.54
O uy=
w o
- Ctl =+ IR -~ IR+Met
0.0
2 8 30
Days post-IR

Figure 2. Metformin preTx does not affect the acute depletion or
recovery of SEZ NSCs following juvenile cranial IR

(A) Experimental timeline for assessing the effects of metformin preTx and P17
cranial IR on SEZ NSC pool size.

(B) Fold change in the number of SEZ-derived neurospheres following met-
formin preTx and P17 cranial IR (2 days post-IR: n = 11-18 mice/group [Ctrl
versus IR ***p < 0.0001; Ctrl versus IR+Met ***p < 0.001; one-way ANOVA with
Tukey’s test]; 8 days post-IR: n = 13-18 mice/group [Ctrl versus IR *p < 0.05,
unpaired t test]; 30 days post-IR: n = 7-10 mice/group).

Data are presented as mean + SEM.

See also Figures S1 and S2.

days between any of the groups. Despite the ability to acquire
the task, mice that received juvenile cranial IR alone did not
perform significantly greater than chance (50%) levels upon
LTOM testing at P84. Most strikingly, this deficit was completely
rescued by metformin preTx (Figure 4D).

We examined neurogenesis in these same cohorts. Mice
received daily injections of 5-ethynyl-2’-deoxyuridine (EdU) at
the end of the acquisition phase (P54-P57), and the number
of label-retaining EdU*DCX* neuroblasts and EdU*NeuN*
newborn neurons were subsequently quantified following
LTOM assessment on P84. Interestingly, mice that received met-
formin preTx displayed a ~96% increase in EAU*DCX" neuro-
blasts relative to untreated irradiated mice (Figures 4E and
4F). Furthermore, we observed a significant 33% reduction
(p = 0.021) in EAU*NeuN" newborn neurons following cranial
IR, although there was no significant reduction (p = 0.396) in
mice that received metformin preTx (Figure 4G). Together, these
data reveal that metformin preTx rescues SEZ-OB neurogenesis
and LTOM following juvenile cranial IR.

Cranial IR and metformin-induced changes in the
microenvironment are sufficient to regulate neural
precursor cell behavior

We next asked whether factors from the juvenile irradiated SEZ
niche were sufficient to reduce neurosphere formation and

4 Cell Reports Medicine 2, 100231, April 20, 2021

Cell Reports Medicine

whether metformin preTx was able to alter the potential environ-
mental impact on neurosphere formation at early times post-IR.
To address this question, neurospheres derived from the SEZ of
non-irradiated juvenile mice were grown in conditioned media
that was generated from the SEZ of non-irradiated or cranially
irradiated mice with or without preTx (Figure 5A). We found
that conditioned media derived from SEZ cultures of cranially
irradiated mice significantly reduced neurosphere formation
(Figure 5B), suggesting that irradiation-induced changes in the
niche are sufficient for regulating NSC behavior. Consistent
with the finding that metformin preTx did not rescue neurosphere
depletion following cranial IR (Figure 2), conditioned media from
metformin-pretreated irradiated mice did not rescue neuro-
sphere numbers.

Although the depletion and recovery of neurospheres were not
altered by metformin preTx, we observed an effect on the neural
stem cell progeny at later times, most notably along the RMS
(Figure 3F). Cranial IR has been reported to induce neuroinflam-
mation associated with reduced hippocampal neurogene-
sis; ?%®! hence, we predicted that cranial IR-induced deficits
along the RMS would be associated with increased inflamma-
tion. We quantified the number of Iba1*CD68* activated micro-
glia and Iba1*Ki67* proliferating microglia along the RMS at
30 days post-IR (Figure 5C), where we saw the greatest deficit
to neuroblast proliferation (Figure 3F). Cranial IR induced a signif-
icant increase in activated (~10-fold) and proliferating (~13-fold)
microglia compared to non-irradiated controls, and most inter-
estingly, this increase was absent in mice that received metfor-
min preTx (Figures 5D-5F). Hence, metformin preTx significantly
attenuates the inflammatory response along the RMS, which is
associated with enhanced SEZ-OB neurogenesis and long-
term olfactory memory following juvenile cranial IR.

DISCUSSION

The findings presented in this study advance our understanding
of IR-induced changes in neurogenesis and behavioral deficits in
rodents.”*%%52 Most importantly, our findings support a pro-
phylactic role for metformin in attenuating neurogenic deficits
and promoting functional recovery following juvenile cranial IR
in a clinically relevant rodent model. Although the SEZ NSC
pool recovered spontaneously following juvenile cranial IR, the
proliferative behavior of NSC progeny was impaired along the
SEZ-OB neurogenic axis. Importantly, metformin preTx was suf-
ficient to rescue these deficits to neuroblast proliferation,
enhance neuroblast arrival in the OB, and completely rescue
LTOM. In addition, we demonstrated that secreted factors in
the irradiated SEZ niche are sufficient to induce deficits to the
NSC pool in vitro and that IR-induced deficits to neuroblast pro-
liferation in the RMS are strongly associated with increased mi-
croglial proliferation, which is also attenuated with metformin
preTx. These findings highlight metformin’s pleiotropic effects
and demonstrate the importance of understanding how stem
cell niches regulate stem cell behavior.

Our observation that neonatal, but not juvenile, metformin
administration caused an expansion of the SEZ NSC pool con-
firms recent findings of age-dependent effects on NSCs and
their neurogenic niche, whereby metformin administration for
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Figure 3. Metformin preTx enhances the recovery of neuroblast proliferation in the SEZ and RMS

n = 3-4 mice/group).
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A) Experimental timeline for assessing the effects of metformin preTx and cranial IR on DCX*Ki67* neuroblasts.

B) (i) Representative tiled images of the dorsolateral corner of the SEZ at 2 and 30 days post-IR (scale bar represents 100 um; blue, DAPI; green, Ki67; red, DCX).
ii) High-power images of white box in (i) (solid arrow, DCX*Ki67* cell; empty arrow, DCX*Ki67~ cell; scale bar represents 10 um).

C and D) Fold change in the number of DCX*Ki67* neuroblasts in the SEZ following metformin preTx and cranial IR at (C) 2 days post-IR and (D) 30 days post-IR

E) Representative images of the RMS at 30 days post-IR (arrows, examples of DCX*Ki67* cell; i, scale bar represents 200 um; ii, scale bar represents 50 pm).

(F) Fold change in the number of DCX*Ki67* neuroblasts in the RMS at 30 days post-IR (n = 3 mice/group). *p < 0.05; **p < 0.01; one-way ANOVA with Tukey’s
test. Data are presented as mean + SEM. CC, corpus callosum; LV, lateral ventricle; Str, striatum.

See also Figure S3.

up to 25 days did not expand the SEZ NSC pool in juvenile
mice.®""* Interestingly, we observed that expansion of the
pool is transient in vivo, which was not predicted based on pre-
vious studies revealing continued expansion of passaged neuro-
spheres in the absence of metformin derived from primary
neurospheres initially exposed to metformin.*® The differences

observed in the expansion of the NSC pool likely highlight the
different effects of in vivo versus in vitro metformin exposure
on NSCs. Indeed, it has recently been shown that NSCs in the ju-
venile SEZ undergo high levels of consuming symmetric divi-
sions, giving rise to progeny that generate OB neurons at the
expense of the NSC pool.>* Hence, it is possible that, during
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Figure 4. Metformin preTx enhances OB neurogenesis and rescues LTOM
(A) Experimental timeline for assessing the effects of metformin preTx and cranial IR on LTOM and the arrival of neuroblasts in the OB that were generated at the

end of LTOM acquisition/training.
(B) Schematic of LTOM task setup.

(C and D) Percentage of trials in which mice correctly chose the isoamyl acetate (IAA)-scented dish containing the odor-paired reward during (C) LTOM acquisition
(n=15Ctrl, 141R, and 13 IR+Met mice; *p < 0.05 Ctrl versus IR, repeated-measures ANOVA with Tukey’s test) and (D) LTOM testing (n = 10 Ctrl, 6 IR, and 9 IR+Met
mice; **p < 0.01, one-way ANOVA with Tukey’s test; dotted line = chance [50%]). Only mice that scored >80% over the final 2 acquisition days (C) were tested (D).
(E) Representative images of the OB (scale bar represents 100 um; blue, DAPI; green, NeuN; red, DCX; white, EdU). (i) Single channel images of white box in (i)
(solid arrow, EAU*NeuN™ cell; empty arrow, EQU*DCX" cell).

(F and G) Fold change in the number of (F) EQU*DCX* neuroblasts in the OB core (RMS) and (G) EAU*NeuN* newborn neurons in the OB granule cell layer (GCL)

30 days after the end of LTOM acquisition (n = 5 mice/group; *p < 0.05; one-way ANOVA with Tukey’s test).

Data are presented as mean + SEM.

juvenile development, the neurogenic niche is more conducive to
NSC lineage progression than self-renewal, resulting in the tran-
sience of metformin’s expansion of the neonatal NSC pool.
Expansion of the NSC pool in response to metformin treatment
has been reported to be due to TAp73-dependent proliferation,
as well as attributed to enhanced cell survival.>® Alternatively,
metformin administration may increase neurosphere formation
by stimulating the conversion of qNSCs to aNSCs.*’ Interest-
ingly, our findings demonstrate that the ratio of gqNSCs and
aNSCs at P19 is not altered by P17 cranial IR (with or without
metformin preTx). This finding supports the hypothesis that

6 Cell Reports Medicine 2, 100231, April 20, 2021

both the gNSC and aNSC pools are diminished to similar extents
following IR. Previous reports show that NSCs self-regulate their
activation through negative feedback,”>*® and numerous
studies report niche-mediated effects on NSC quiescence and
activation,””®" thereby implicating multiple mechanisms that
may contribute to, or compete with, metformin’s effects on
NSC behavior.

Our observation that SEZ-derived neurosphere formation
spontaneously recovered 30 days post-IR is in agreement with
previous studies that used putative SEZ NSC markers in vivo
and similarly show the spontaneous recovery of the NSC pool.
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Figure 5. Juvenile cranial IR induces the secretion of factors that reduce SEZ-derived neurosphere formation and increases microglial
proliferation in the RMS

(A) Experimental timeline for assessing the effects of conditioned media from the irradiated SEZ, with and without metformin pretreatment, on neurospheres
derived from the non-irradiated SEZ.

(B) Fold change in the number of SEZ-derived neurospheres grown in normal growth media (serum-free media [SFM] + epidermal growth factor + basic fibroblast
growth factor + heparin [EFH]), conditioned media (CM) from non-irradiated controls (Ctrl), CM from cranially irradiated mice (IR), and CM from cranially irradiated
mice that received metformin pretreatment (IR+Met) (n = 4-9 mice/group; *p < 0.05; ****p < 0.0001; one-way ANOVA with Tukey’s test).

(C) Experimental timeline for assessing the effects of metformin preTx and cranial IR on proliferating Iba1*Ki67* and activated Iba1*CD68* microglia in the RMS.

(legend continued on next page)
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Notably, spontaneous NSC recovery is not correlated with the
proliferation, migration, and differentiation of NSC progeny,
which fail to migrate through the irradiated RMS and generate
neurons in the OB, even following the transplantation of healthy
NSCs into the irradiated SEZ.”26-°:52:5% Herein, we demonstrate
that metformin preTx was able to rescue neuroblast proliferation
in both the SEZ and RMS, suggesting that metformin directly en-
hances neuroblast survival or proliferation or that metformin at-
tenuates IR-induced niche perturbations to maintain a microen-
vironment that supports neuroblast survival and proliferation.
Indeed, the dramatic inhibition of microglia proliferation along
the RMS supports the hypothesis that metformin’s anti-inflam-
matory properties may regulate neural precursor behavior. Inter-
estingly, metformin is known to inhibit NF-kB, and the absence of
NF-kB-dependent expression of C-C chemokine receptor 2
(CCR2) or its ligand CCL2 is sufficient to reduce chronic micro-
glial activation and rescue both hippocampal neurogenesis
and cognitive impairments following cranial IR.%"* It is plausible
that metformin’s inhibitory effects on NF-kB have a priming ef-
fect on microglia, reducing their activation capacity and secre-
tion of proinflammatory cytokines or reactive oxygen species
in the presence of an injury, such as cranial IR. Therefore, further
investigation into metformin’s direct effects on microglia are
warranted.

It is well recognized that the neurogenic niche plays a funda-
mental role in regulating NSC behavior and neurogenesis, '®'®
and our findings reveal that factors in the irradiated niche were
sufficient to reduce in vitro neurosphere formation. Although
the specific factors in the conditioned media from the irradiated
SEZ were not identified in this study, others have identified
factors secreted by vascular endothelial cells and microglia
following IR that promote apoptosis and reduced neurogenesis,
such as transforming growth factor-f (TGF-B) and interleukin-6
(IL-6), respectively.”®®*5° Importantly, metformin preTx has
been shown to reduce in vivo microgliosis, NF-kB activity, and
levels of tumor necrosis factor alpha (TNF-a), IL-6, and IL-1B in
a rodent stroke model,** as well as in vitro microglial secretion
of TNF-a and IL-6 in the presence of lipopolysaccharide or
S100 calcium-binding protein A8.°¢%” Thus, understanding the
specific factor(s) that regulate NSC behavior has important impli-
cations for neuro-regenerative strategies.

Finally, this study demonstrates that metformin preTx pro-
motes functional recovery in a clinically relevant model of juve-
nile cranial IR.® Accordingly, improved function was correlated
with a metformin preTx-induced rescue of neuroblast prolifera-
tion in the SEZ and RMS, an increase in neuroblast arrival in
the OB, and rescue of newborn neurons in the OB. Although
there is controversy around the extent of neurogenesis in adult
humans, with studies suggesting that human neurogenesis de-
clines after early childhood,®®"° recent findings support the the-
ory that neurogenesis persists late into adulthood, at least in the
hippocampus.”"’? In rodents, it is well recognized that the pri-
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mary function of NSCs in the SEZ is OB neurogenesis, likely play-
ing a necessary role in important behaviors related to reproduc-
tive success, such as mate selection and recognition, as well as
paternal recognition of offspring.”*™"°

The implications of SEZ-derived neurogenesis on olfactory
discrimination remains controversial, and careful consideration
of the impact of the neurogenic manipulations may provide
insight into the disparate study outcomes. Our use of whole-
brain cranial IR affects not only neurogenesis in the SEZ but
also other brain regions implicated in olfactory information pro-
cessing. Importantly, Kouremenou et al.”® provided a compre-
hensive summary of studies that have examined the role of neu-
rogenesis in olfactory discrimination tasks and highlighted the
conclusion that impairing adult neurogenesis generally dimin-
ishes fine odor discrimination. Although several studies suggest
that neurogenesis is required for long-term olfactory memory,
there is no consensus, which may be attributed to differences
in neurogenic manipulations, ranging from more-specific genetic
ablation strategies to broader approaches, such as antimitotic
treatment and cranial IR.*>"%"" QOverall, the paucity of studies
done in juvenile models of injury is notable and worthy of further
investigation, as neuroplasticity is well documented to be modi-
fied through aging.”®

Various brain injuries, including stroke, also elicit a neurogenic
response from the SEZ, suggesting that SEZ NSCs play an
important role not only in OB neurogenesis but in neurore-
pair.'”%7980 Thys, this study provides strong rationale for
further investigation of metformin’s potential to stimulate or
enhance neurorepair both in other injury models and in clinical
trials. Important next steps include assessing metformin’s ef-
fects in models of primary brain tumors and fractionated doses
of cranial IR, as well as in combination with other anti-inflamma-
tory drugs.

Limitations of study

A limitation of this study includes the use of whole-brain, single-
dose cranial IR rather than fractionated doses with a focal boost.
Future studies investigating the effects of different IR dose
schedules are warranted to improve translational outcomes.
Similarly, whole-brain irradiation rather than targeted ablation
of SEZ-OB neurogenesis precluded our ability to distinguish
the direct effects of cranial IR versus indirect effects of inflamma-
tion and secondary damage to surrounding tissue, when assess-
ing olfactory memory.

This study investigated the effects of neonatal metformin
administration, which has reported age-dependent effects on
NSCs.*® However, given our findings revealing that metformin
mitigates cranial-IR-induced deficits by attenuating the inflam-
matory response and/or enhancing neuroblast migration to the
OB, rather than by expanding the NSC pool, future efforts should
investigate metformin’s effects in the brain throughout aging and
as a post-treatment strategy.

(D) Representative images of the anterior RMS 30 days post-IR (solid arrow, Iba1*Ki67* cell; empty arrow, Iba1*Ki67 ~ cell; i, scale bar represents 200 um; ii, scale

bar represents 50 um; blue, DAPI; green, Ki67; red, Ibal).

(E and F) Fold change in the number of (E) Iba1*Ki67* and (F) Iba1*CD68* microglia 30 days post-IR (n = 3-4 mice/group; **p < 0.01; ***p < 0.001; one-way ANOVA

with Tukey’s test).
Data are presented as mean + SEM.
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SOURCE

IDENTIFIER

Antibodies

Rat monoclonal anti-CD133 (13A4), Biotinylated
Streptavidin PE-Cyanine7 Conjugate
Mouse monoclonal anti-Doublecortin (E-6)
Rabbit polyclonal anti-NeuN

Rabbit polyclonal anti-Ki67

Goat polyclonal anti-AlF-1/Iba1

Rabbit polyclonal anti-lba1

Rat monoclonal anti-mouse CD68 (FA-11)
Donkey anti-mouse Alexa 568

Goat anti-rabbit Alexa 488

Donkey anti-rabbit Alexa 488

Donkey anti-goat Alexa 568

Donkey anti-rat Alexa 594

Thermo Fisher
Thermo Fisher
Santa Cruz Biotechnology
Sigma-Aldrich
Abcam

Novus Biologicals
Wako Chemicals
Bio-Rad

Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher

Cat# 13-1331-82; RRID: AB_466591
Cat# 25-4317-82; RRID: AB_10116480
Cat# sc-271390; RRID: AB_10610966
Cat# ABN78; RRID: AB_10807945
Cat# ab15580; RRID: AB_443209
Cat# NB100-1028; RRID: AB_521594
Cat# 019-19741; RRID: AB_839504
Cat# MCA1957; RRID: AB_322219
Cat# A10037; RRID: AB_2534013
Cat# A11034; RRID: AB_2576217
Cat# A21206; RRID: AB_2535792
Cat# A11057; RRID: AB_2534104
Cat# A21209; RRID: AB_2535795

Chemicals, peptides, and recombinant proteins

2,2,2-tribromoethanol

Metformin (1,1-dimethylbiguanide hydrochloride)
DAPI

EdU (5-ethynyl-2’-deoxyuridine)

EGF-Alexa 647 Conjugate

Sigma-Aldrich
Sigma-Aldrich
Thermo Fisher
Thermo Fisher
Thermo Fisher

Cat# T48402

Cat# D150959

Cat# D1306; RRID: AB_2629482
Cat# E10187

Cat# E35351

Isoamyl acetate Sigma-Aldrich Cat# W205508
Citralva (3,7-dimethyl-2,6-octadienenitrile) Sigma-Aldrich Cat# W512508
Critical commercial assays

Click-iT EdU Alexa 647 Flow Cytometry Assay Kit Thermo Fisher Cat# C10424

Experimental models: Organisms/strains

C57BL/6
FVB/N-Tg(GFAPGFP)14Mes/J

Charles River Laboratories
The Jackson Laboratory

RRID: IMSR_CRL:27
RRID: IMSR_JAX:003257

Software and algorithms

BD FACSDiva BD Biosciences https://www.bdbiosciences.com/en-us/instruments/
research-instruments/research-software/flow-cytometry-
acquisition/facsdiva-software

FlowJo 9.3 FlowJo LLC https://www.flowjo.com/

Zen Zeiss https://www.zeiss.com/microscopy/int/products/
microscope-software/zen.htmi

Fiji Schindelin et al.?’ https://imagej.net/Fiji

Prism 6 GraphPad Software https://www.graphpad.com/scientific-software/prism/

Other

20mg sucrose pellets

Bio-Serv

Cat# F05550

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Cindi

Morshead (cindi.morshead@utoronto.ca).
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Materials availability
This study did not generate new unique reagents or materials.

Data and code availability
The published article includes all data generated or analyzed during this study. There was no new code developed as part of this
study.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Young adult (6-week-old) C57BL/6 mice were purchased from Charles River (Montreal, Canada) for breeding. For FACS experi-
ments, transgenic hGFAP::GFP mice expressing green fluorescent protein (GFP) under the control of the human GFAP promoter
were purchased from The Jackson Laboratory (#003257; Maine, USA). Male and female mice were used for all experiments and
were randomly allocated to experimental groups. All mice were group-housed and maintained on a 12-hour day/night light cycle.
Food and water were available ad libitum, except for mice undergoing the LTOM task, in which food was restricted as described
below. Mice were euthanized via anesthetic overdose using an intraperitoneal (IP) injection of avertin (2,2,2-tribromoethanol,
Sigma-Aldrich), followed by cervical dislocation and decapitation for neurosphere assay and FACS experiments, or transcardial
perfusion with 4% paraformaldehyde (PFA). All animal work was performed in accordance with institutional guidelines and approved
by the University of Toronto Animal Care Committee.

METHOD DETAILS

Metformin and EdU administration

Metformin (1,1-dimethylbiguanide hydrochloride, Sigma-Aldrich, D150959) was dissolved in sterile PBS (20mg/mL) and adminis-
tered once daily via subcutaneous injection at 200mg/kg body weight,*® a dose that has been reported to be safe for long-term rodent
administration.®” PBS was administered as a vehicle control. EJU (50mg/kg, Thermo Fisher, E10187) was administered via single
daily IP injections for 4 days starting on the final day of LTOM acquisition (P54-57).

Cranial irradiation

Cranial irradiation was performed as previously described.® Briefly, mice were anaesthetized on P17 via IP injection of avertin
(250mg/kg body weight 2,2,2-tribromoethanol), secured inside a lead shield exposing only the head, and placed in a cesium-137
gamma irradiator (Best Theratronics, Gamacell 40 Exactor). Mice received 8 grays (Gy) of whole brain cranial IR at a rate of
~1 Gy/minute. Following cranial IR, mice were returned to their home cage where they recovered under a heat lamp.

Neurosphere assay

Mice were sacrificed as described and brains were removed and placed in ice cold artificial cerebrospinal fluid (@CSF). The SEZ of
both hemispheres was dissected as previously described.*>®® Tissue was treated with an enzyme solution consisting of 1.33mg/mL
trypsin (Sigma-Aldrich, T1005), 1245 units/mL (~0.76mg/mL) hyaluronidase (Sigma-Aldrich, H6254), and 0.13mg/mL kynurenic acid
(Sigma-Aldrich, K3375) in aCSF. During enzymatic digestion, samples were incubated on a rocker at 37°C for 25 minutes and then
centrifuged for 5 minutes at 1500rpm. The supernatant was removed and replaced with a trypsin inhibitor solution consisting of
0.67mg/mL ovomucoid (Worthington, LS003086) in serum-free media (SFM). Samples were triturated 30x with a P1000 micropipette
to dissociate tissue into single cells and centrifuged for 5 minutes at 1500rpm. Cells were resuspended in SFM supplemented with
mitogens (20ng/mL epidermal growth factor (EGF; GIBCO, PMG8041), 10ng/mL basic fibroblast growth factor (bFGF; GIBCO,
PHG0266), and 2 pg/mL heparin (Sigma-Aldrich, H3149); EFH) and triturated 10x with a P1000 micropipette. Samples were centri-
fuged, resuspended in SFM+EFH, plated at 10 cells/uL®* in SFM+EFH, and incubated at 37°C with 5% CO,. Neurospheres were
counted after 7 days of undisturbed incubation.

For conditioned media experiments, mice were euthanized on P18, and brains were isolated and dissected as described. The SEZ
tissue from 3 brains per group (Control, IR, and IR+Met) was pooled, digested, and suspended in SFM+EFH at 40 cells/uL for 24
hours. Samples were collected, centrifuged for 5 minutes at 1500rpm, and supernatant was collected and filtered for use as condi-
tioned media. Conditioned media was not re-supplemented with mitogens. SEZ tissue was isolated from P19 non-irradiated control
mice and processed as described. Cells were plated in SFM+EFH alone, control conditioned media (from non-irradiated mice), IR
conditioned media (from cranially irradiated mice), or IR+Met conditioned media (from cranially irradiated, metformin pre-treated
mice) at 10 cells/uL and incubated at 37°C for 7 days before neurospheres were counted.

Fluorescence-activated cell sorting (FACS)

GFAP::GFP mice were sacrificed on P19 and the SEZ tissue from 5 mice per treatment group was pooled in order to obtain a
sufficient number of SEZ cells per FACS run as previously described.*” Wild-type mice were used for generating single color and
fluorescence minus one (FMO) controls. Tissue was dissociated with papain (Worthington, LS003127) for 10 minutes at 37°C and

Cell Reports Medicine 2, 100231, April 20, 2021 e2




¢ CelPress Cell Reports Medicine

centrifuged for 5 minutes at 1300rpm at 4°C. The supernatant was replaced with DMEM/F12 (DMEM from GIBCO, 12100046; F12
from GIBCO, 21700075), which was supplemented with ovomucoid solution (7mg/mL; Worthington, LS003086) and DNase (15mg/
mL; Worthington, LK003172). Samples were triturated 50x with a P200 micropipette and centrifuged through a 22% Percoll (Sigma-
Aldrich, P4937) gradient for 10 minutes at 1800rpm at 4°C. Upon removing myelin residuals and Percoll, samples were resuspended
in staining solution and centrifuged for 5 minutes at 1300rpm at 4°C.

5 single color controls (unstained, DAPI, PE-Cy7, A647, GFP) and 3 FMO controls (GFAP::GFP, CD133-PE-Cy7, EGF-A647) were
prepared for adjusting compensation parameters and setting gates, respectively. CD133 (prominin-1) was labeled using an anti-
CD133-biotin antibody (Thermo Fisher, 13-1331-82) at a concentration of 1:300 in staining solution. Samples were incubated on
ice for 15 minutes, washed with staining solution, and centrifuged for 5 minutes at 1300rpm at 4°C. The supernatant was replaced
with staining solution, and Streptavidin-PE-Cy7 (Thermo Fisher, 25-4317-82) at 1:1000 was added to bind anti-CD133-biotin, while
EGFR was labeled by EGF conjugated to Alexa Fluor 647 (EGF-A647; Thermo Fisher, E35351) at 1:300. Upon adding streptavidin-PE-
Cy7 and EGF-A647, samples were incubated on ice for 15 minutes, washed with staining solution, and centrifuged for 5 minutes at
1300rpm at 4°C prior to resuspension in staining solution. DAPI (Thermo Fisher, D1306) was added at 1:10,000 and samples were
strained through 40 um nylon cell strainers (Fisher Scientific, 22-363-547).

FACS was conducted using a BD FACS Aria Illu (BD Biosciences, California, USA) with a sheath pressure of 13psi and 100 um
nozzle aperture. FMO controls were used to set gates and single color controls were used to adjust compensation parameters.
BD FACSDiva software (BD Biosciences, California, USA) was used for equipment setup and data acquisition, while FlowJo 9.3
(FlowJo LLC, Oregon, USA) was used for data analysis. Cells were first gated to exclude debris and doublets, followed by DAPI exclu-
sion to gate for live cells. FMO controls were then used to set gates for GFAP::GFP*, CD133*, and EGFR* populations, allowing isola-
tion of GFAP::GFP*CD133*EGFR™ gNSCs and GFAP::GFP*CD133"EGFR* aNSCs, and data was presented using biexponential
scaling.

Immunohistochemistry

Mice were sacrificed as described and transcardially perfused with ice cold 4% PFA on P19, P47, or P84. Brains were removed and
post-fixed in 4% PFA at 4°C for 4-5 hours and cryoprotected in 30% sucrose solution at 4°C until sectioned (20 um thick) on an
HM525 NX Cryostat (Thermo Scientific, 956640). Coronal sections were rehydrated in PBS prior to antigen retrieval (95°C for 15 mi-
nutes) in citrate buffer (pH 6.0). Slides were incubated in a blocking solution comprised of 5% normal donkey serum (Sigma-Aldrich,
D9663), 10mg/mL bovine serum albumin (Sigma-Aldrich, A9647), and 0.3% Triton X-100 (Sigma-Aldrich, T9284) for 1 hour at room
temperature. Primary antibodies were prepared in the same blocking solution and applied to slides for overnight (16 hours) incubation
at 4°C. Neuroblasts were labeled using mouse anti-DCX (1:400; Santa Cruz Biotechnology, sc-271390), neurons were labeled using
rabbit anti-NeuN (1:250; Sigma-Aldrich, ABN78), proliferating cells were labeled using rabbit anti-Ki67 (1:500; Abcam, ab15580), and
microglia were labeled using goat anti-lba1 (1:200; Novus Biologicals, NB100-1028) for Iba1*Ki67* labeling (Figure 5E), or rabbit anti-
Ibal (1:500; Wako Chemicals, 019-19741) and rat anti-CD68 (1:500; Bio-Rad, MCA1957) for Iba1*CD68" labeling (Figure 5F) . The
next day, slides were incubated in secondary antibodies (1:750) and 1:10,000 DAPI (Thermo Fisher, D1306) for 90 minutes at room
temperature prior to applying mounting medium (Dako, S302380-2) and coverslips. DCX was labeled using donkey anti-mouse Alexa
Fluor 568 (Thermo Fisher, A10037), NeuN was labeled using goat anti-rabbit Alexa Fluor 488 (Thermo Fisher, A11034), and Ki67 was
labeled using donkey anti-rabbit Alexa Fluor 488 (Thermo Fisher, A21206). For Iba1*Ki67* labeling, Ibal was labeled using donkey
anti-goat Alexa Fluor 568 (Thermo Fisher, A11057). For Iba1*CD68" labeling, Iba1 was labeled using goat anti-rabbit Alexa Fluor 488
(Thermo Fisher, A11034) and CD68 was labeled using donkey anti-rat Alexa Fluor 594 (Thermo Fisher, A21209). For EdU staining,
slides were additionally incubated in 0.3% Triton X-100 for 20 minutes and a Click-It reaction cocktail containing 1:400 Alexa Fluor
647 azide (Thermo Fisher, C10424) for 30 minutes after antigen retrieval.

Imaging was performed on an Axio Observer Z1 inverted motorized microscope (Zeiss, Germany) with a high-speed spinning disk
CSU-X1 confocal scanner unit (Yokogawa, Texas, USA). Zen (Zeiss, Germany) and Fiji®' software were used for image acquisition
and processing. Three sections per animal were quantified based on their rostral-caudal location. For the OB, 3 sections separated
by 300um intervals were counted, with the accessory OB as the posterior limit. For the RMS, 3 sections separated by 300um intervals
were counted, with the frontal pole (rostral tip of cerebral cortex) as the anterior limit. For the SEZ, 3 sections extending from the
crossing of the genu of the corpus callosum to the crossing of the anterior commissure were counted. Three regions of interest
(ROls) in the SEZ were analyzed and pooled from each LV. Images of the SEZ (Figure 3B) were tiled upon acquisition using Zen soft-
ware with 10% overlap between tiles in order to capture the entire lateral ventricle. The dorsolateral corner, the midpoint of the lateral
wall, and the ventral corner were analyzed in 150x50 um ROls. The total number of DCX*Ki67* cells in each ROl was counted and
expressed as a proportion of DAPI* cells. All cells were manually counted using the Fiji Cell Counter plugin.

Long-term olfactory memory (LTOM) task

A sand-digging based olfactory discrimination/learning assay was utilized to measure LTOM, in which an odor cue is paired with a
food reward.*® Mice were food restricted prior to and during behavioral training/acquisition (from P37-54) and testing (from P81-84) to
maintain 85%-90% of baseline body weight. Prior to acquisition and test sessions, mice were acclimated to a clean, empty cage with
bedding for 30 minutes, which was used as the acquisition and testing arena. From P41-43, mice underwent daily acclimation ses-
sions to sugar reward pellets (Bio-Serv, F05550) and the reward/sand delivery apparatus, in which 3 sugar pellets were placed in the
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base of a 35x10mm Petri dish atop the reward/sand delivery apparatus. Dishes were filled with autoclaved sand (Canadian Tire, 059-
4557-4) for all trials after P41-43 acclimation. From P44-46, mice underwent daily pre-training sessions to learn to dig and retrieve
sugar pellets from the sand. The left or right location of the sand-filled dish with a sugar pellet was randomized among the trials.

Following pre-training, mice were trained to associate the reward with isoamyl acetate (IAA; Sigma-Aldrich, W205508), while Cit-
ralva (3,7-dimethyl-2,6-octadienenitrile; Sigma-Aldrich, W512508) was used to scent the non-reward dish. Training/acquisition took
place for 8 days (P47-54) with 2 blocks of 4 trials per day (1 minute inter-trial interval, 4 hour inter-block interval). On the reward/sand
delivery apparatus, both dishes were filled with sand. The dish containing the reward was scented with 100 uL 10mM IAA and the
non-reward dish with 100 uL 10mM Citralva. The location of the reward dish containing a buried sugar pellet was randomized be-
tween trials. If a mouse dug in the reward dish, the trial was recorded as correct, while digging in the non-reward dish was recorded
as incorrect (mice were not permitted to dig in both dishes). Scores were quantified as a percentage of correct trials relative to total
acquisition trials on each day.

Mice that correctly chose the reward-associated dish at an average rate of > 80% over the final two acquisition days (P53-54)
passed the acquisition phase and were tested 1 month after the final acquisition day (P84). Testing on P84 involved a single block
of 4 trials (1 minute inter-trial interval) with no reward in either of the scented dishes. As in the acquisition phase, the location of the
scented dishes was randomized between trials and mice were only permitted to dig in one dish. Scores were quantified as a percent-
age of correct trials relative to total testing trials.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimenters were blinded to groups. All raw data was recorded using Microsoft Excel (Microsoft, Washington, USA). Statistical
analyses and graphing were performed using Prism 6 (GraphPad Software, California, USA). All quantified values were presented
as group mean = standard error of the mean (SEM). Column analyses between 2 groups were performed using unpaired t tests,
or multiple unpaired t tests when comparing 2 groups over multiple time points. Column analyses between 3 groups were performed
using one-way ANOVA with Tukey’s test for multiple comparisons. Grouped analysis for LTOM acquisition was performed using two-
way ANOVA with Tukey'’s test for multiple comparisons. A p value < 0.05 was considered statistically significant. The tests used and
sample sizes are designated in the figure legends.
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