Neuro-Oncology

23(9), 1523-1536, 2021 | doi:10.1093/neuonc/noab131 | Advance Access date 27 May 2021

Metformin effects on brain development following
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Abstract

Background. Cranial radiation therapy (CRT) is a mainstay of treatment for malignant pediatric brain tumors and
high-risk leukemia. Although CRT improves survival, it has been shown to disrupt normal brain development and
result in cognitive impairments in cancer survivors. Animal studies suggest that there is potential to promote brain
recovery after injury using metformin. Our aim was to evaluate whether metformin can restore brain volume out-
comes in a mouse model of CRT.

Methods. C57BL/6J mice were irradiated with a whole-brain radiation dose of 7 Gy during infancy. Two weeks
of metformin treatment started either on the day of or 3 days after irradiation. In vivo magnetic resonance im-
aging was performed prior to irradiation and at 3 subsequent time points to evaluate the effects of radiation and
metformin on brain development.

Results. Widespread volume loss in the irradiated brain appeared within 1 week of irradiation with limited subsequent
recovery in volume outcomes. In many structures, metformin administration starting on the day of irradiation exacer
bated radiation-induced injury, particularly in male mice. Metformin treatment starting 3 days after irradiation improved
brain volume outcomes in subcortical regions, the olfactory bulbs, and structures of the brainstem and cerebellum.
Conclusions. Our results show that metformin treatment has the potential to improve neuroanatomical out-
comes after CRT. However, both timing of metformin administration and subject sex affect structure outcomes, and
metformin may also be deleterious. Our results highlight important considerations in determining the potential bene-
fits of metformin treatment after CRT and emphasize the need for caution in repurposing metformin in clinical studies.

Key Points
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Importance of the Study

At present, there are no treatments available to prevent
or ameliorate radiation-induced cognitive impairments
in pediatric brain cancer survivors. Previous studies
demonstrate that radiation-induced cognitive impair-
ments are associated with neuroanatomical changes.
Early intervention aimed at normalizing outcomes by
promotion of post-irradiation recovery is needed as
CRT will continue to remain an important component of
cancer treatment. In this study, we treated irradiated

Cranial radiation therapy (CRT) is a mainstay of treatment
for primary pediatric brain tumors that have a propensity
for dissemination and for cancers metastatic to the brain.
Although CRT improves long-term survival, it has been
shown to disrupt normal brain development and is a major
contributor to neuropsychological late effects, adverse out-
comes that impair cognition months to years following
treatment. Affected cognitive domains include memory,
processing speed, attention, and executive function.'®
Neuropsychological impairments negatively impact aca-
demic performance, social function, and future vocational
opportunities.38 Prevention or amelioration of late effects is
thus of great importance to enhance childhood cancer sur-
vivors’ quality of life.

The activation of endogenous neural precursor cells
(NPCs) is an attractive strategy for promoting repair of
the injured brain,” an effect explored most extensively in
the NPC niche of the dentate gyrus of the hippocampus.
Radiation treatment induces decreased proliferative
and altered differentiation activity in NPCs of the hippo-
campus in mouse models,® an effect that seems evident
in the human hippocampus as well.? However, despite
the high sensitivity of NPCs to radiation,' several reports
support the idea that sparing of NPCs or promotion of
neurogenesis after injury may improve or preserve cog-
nitive function.”-"3 For instance, anti-inflammatory treat-
ment with indomethacin or knockout of genes encoding
immunomodulating inflammatory cytokine or their recep-
tors can modulate neurogenesis in animal models.'16
Since neurogenesis in the human hippocampus is ex-
tensive at birth but decreases substantially over the first
decade of life, childhood may provide a unique and lim-
ited window of opportunity to realize the benefits of such
neurogenic interventions.'”'® While various agents have
been examined for their ability to enhance this neurogenic
response,’ there has been particular interest in the oral
antidiabetic medication metformin.

Metformin has multiple effects that may be ben-
eficial for the brain. It has been shown to promote
neurogenesis,’-1319-22 gligodendrogenesis,?'?3?* and an-
giogenesis?%?225 and has been reported to reduce inflam-
mation, attenuate brain atrophy, and improve functional
recovery in rodent models of stroke.'?19-22.2526 |t may act
as a radioprotector when administered close to the time
of radiation?”?® and has thus been explored for limitation
of cardiac, pulmonary, and skin toxicities.2? More recently,

mice with metformin and demonstrated that, under
the right circumstances, metformin can be effective
at improving neuroanatomical outcomes. However, its
benefit is limited (or even detrimental for males) when
administered immediately after irradiation. Our findings
highlight the need to distinguish conditions in which
metformin is beneficial from conditions in which it may
pose a risk for individual childhood cancer survivors.

metformin administration starting 1 day after radiation
was found to promote recovery of the endogenous neural
progenitor cell population in the dentate gyrus, which
translated to improvements in working memory."® A con-
current clinical study suggested improvements in memory
encoding in children treated with metformin starting at
least 2 years post-CRT."®

In this study, our aim was to evaluate the impact of
metformin on brain structure through development in a
mouse model of pediatric CRT. Magnetic resonance im-
aging (MRI) measurements enable high-throughput in
vivo measurements that cover the whole brain, correlate
with behaviour®%3' and have relevance across species.3?-3
These structural analyses supplement previous studies by
characterizing the longitudinal progression of treatment
effects through development and by evaluating impact
across the whole brain.

Materials and Methods
Animals and Treatments

C57BL/6J mice (Centre for Phenogenomics in-house
colony, Toronto, ON, Canada) were used for all experi-
ments. Animal protocols were approved by the Centre for
Phenogenomics Animal Care Committee. Juvenile mice
were either sham-treated (0 Gy) or irradiated (7 Gy) at
postnatal day 16 (P16), which corresponds to early child-
hood in humans. In preparation, mice were anesthetized
with an intraperitoneal (IP) injection of ketamine (75 mg/
kg) and xylazine (5 mg/kg). Control mice (sham-treated,
0 Gy) were also anesthetized but otherwise left to re-
cover. A single dose of 7 Gy was delivered to the head
at 0.678 Gy/min using a Cs-137 source (Gammacell® 40
Extractor, Best Theratronics Ltd., Ottawa, ON, Canada).
Lead shielding was used to cover the body.3* Assuming
a fractionation sensitivity of a/ff = 2 Gy, this dose is ap-
proximately equivalent to a dose of 16 Gy delivered in
2-Gy fractions.3®

Two different metformin treatment paradigms were
explored. In both cases, mice were injected subcuta-
neously with 100 mg/kg metformin (Sigma-Aldrich, St.
Louis, MO, USA) once daily for 14 days. This dose was
based on previous reports indicating 20-200 mg/kg can



promote neurogenesis and brain repair,2®2" and on
pilot studies that showed it was well tolerated. The first
group (MET16) of mice received metformin starting on
the day of irradiation (immediately following CRT) and
continuing for 2 weeks. Based on our own initial find-
ings in the MET16 mice and motivated by reports that
metformin effects are dependent on timing of drug de-
livery,'®26 a second group of mice (MET19) was pre-
pared that received metformin by the same procedure
but starting at P19.The 3-day delay was considered suffi-
cient to allow acute effects of radiation to pass, including
apoptosis of NPCs and oligodendrocytes (~24 hours re-
turn to baseline)'36 and elevations of pro-inflammatory
mediators (48-72 hours return to baseline).3’” For both
groups, vehicle-treated mice (VEH) were injected with
phosphate-buffered saline (PBS, Sigma-Aldrich).

The total number of mice (females = F) in the cohorts
included:

e MET16: 21 (0 Gy-VEH, 10 F), 23 (7 Gy-VEH, 12 F), 20 (0
Gy-MET16, 11 F), and 22 (7 Gy-MET16, 12 F);

e MET19: 21 (0 Gy-VEH, 10 F), 23 (7 Gy-VEH, 12 F), 21 (0
Gy-MET19, 10 F), and 24 (7 Gy-MET19, 11 F).

The VEH control groups were pooled after confirming
no difference between them. Figure 1 summarizes the
time course of experiments and study parameters for both
paradigms.

In Vivo Longitudinal MRI

In vivo MRI scans were acquired on a 7-Tesla scanner
(Bruker BioSpin, Ettlingen, Germany) with a T1-weighted
gradient-echo sequence. Up to 4 mice were scanned si-
multaneously at an isotropic resolution of 75 um, TE/
TR = 8.1/32 ms, flip angle = 26°, 2 averages, and a total
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scan time of 1 hour. To enhance contrast, mice received
0.4 mmol/kg MnCl, (Sigma-Aldrich) via IP injection 24
hours prior to scanning.® Throughout the scan, mice were
anesthetized with a constant source of 1% isoflurane.
Imaging was performed at P14 (prior to irradiation), P23,
P42, and P98.The P14 time point provided baseline volume
measures to account for variability between mice.The P23
time point measured early volume loss following irradia-
tion.The P42 and P98 time points evaluated developmental
trajectories into adulthood.

Image Analysis

To quantify anatomical differences between images, an au-
tomated registration process®®4° was used to align them
in a consensus average space with point-by-point cor-
respondence between images. An atlas containing seg-
mentations of 159 structures*'~*3 was then aligned to the
consensus average. The Jacobian determinants of the in-
dividual deformation fields were used to calculate voxel-
wise volume differences relative to the average. Volumes
for individual anatomic structures for each image were
then calculated by summation of the volume of all voxels
within each structure. In vivo volumes were fit for each
structure using a linear mixed-effects model.** Fixed-effect
coefficients were included to account for: age, sex, post-
irradiation volume change, irradiation-induced change in
growth (modeled as linear in age), metformin treatment-
induced volume change, metformin treatment-induced
change in growth (linear in age), and interactions between
them. The sex coefficient was defined so that volume esti-
mates were referenced to the average male-female values.
The reference age of the linear terms was adjusted for con-
venience so that the intercept coefficients represented dif-
ferences at either the P23 or the P98 time point. A random
offset was included in the model for each mouse to

P98

Childhood Adolescence Adulthood
P14 P23 P42
| Ll | | ]
I
IHC
MET19

MET16 = 14 days of metformin starting at P16
MET19 = 14 days of metformin starting at P19
Metformin Dosage = 100mg/kg/day

A MRI timepoint

A Irradiation (7Gy)

BrdU = 7 days of BrdU starting at P28

Fig.1 Timeline for studying the effect of radiation and metformin-induced neuroanatomical changes. Approximate human-equivalent ages are
depicted above the timeline. Mice were irradiated at P16. Metformin MET16 or MET19 was administered for 14 days, starting on P16 or P19, re-
spectively. In vivo MRI was performed on P14, P23, P42, and P98. BrdU was administered for 7 days, starting on P28, and mice were perfused on
P42 in preparation for inmunohistochemistry (IHC). Abbreviations: MET16, treated with metformin starting at P16; MET19, treated with metformin
starting at P19; MRI, magnetic resonance imaging.
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account for biological variability. The full model is shown
explicitly in the Supplementary material. P values were
calculated for each coefficient by estimating degrees of
freedom using the Satterthwaite approximation,*® and the
influence of multiple comparisons was controlled through
the false discovery rate (FDR).*® Although statistical signif-
icance in all cases was established based on this model,
the following plots were utilized for visualization purposes:
volume vs age (showing full-time course), volume differ-
ence between P23 and P14 (showing early treatment ef-
fects, 1 week after CRT), volume difference between P98
and P23 (emphasizing volume change due to growth), and
final volume at P98 (emphasizing adult outcomes).

Histopathology and Immunohistochemistry

Hippocampal neurogenesis and oligodendrogenesis
were studied by birth-dating using a BrdU injection para-
digm. BrdU (50 mg/kg, Sigma-Aldrich) was administered
through IP injection once daily starting on P28 for 7 days,
overlapping with the end of metformin treatment. One
week after the last injection, mice were perfused using sa-
line and 4% paraformaldehyde under deep anesthesia as
previously described.** Mouse brains were fixed in 4%
paraformaldehyde and cryoprotected in a 30% sucrose
solution.

For BrdU and NeuN histochemistry, coronal sections
that contained the hippocampus between -1.34 mm and
-3.40 mm, relative to the bregma,*® were cut at 40-um
thickness and collected in tissue cryoprotectant solution
in 96-well plates and stored at —-20°C. Floating sections
were washed in PBS, treated with 2 N HCI and 0.1 M bo-
rate buffer (pH 8.5). They were then incubated with anti-
bodies against BrdU (1:100; Abcam, Cambridge, MA, USA;
cat# ab6326) and NeuN (1:400, Millipore, Billerica, MA,
USA; cat# MAB3777) in 2% donkey serum in PBS at 4°C
overnight. BrdU and NeuN labeling was revealed by sec-
ondary antibodies conjugated to Alexa Fluor 488 (1:200,
Thermo Fisher Scientific, Ontario, Canada; cat# A-11006)
and Alexa Fluor 568 (1:200, Thermo Fisher Scientific; cat#
A-11004), respectively. Sections were counterstained with
4',6-diamidino-2-phenylindole (DAPI). Co-localization of
BrdU and NeuN was evaluated using a confocal laser scan-
ning microscope (Zeiss LSM 510, Oberkochen, Germany).

To evaluate newly born and proliferating oligodendro-
cytes or oligodendrocyte precursor cells, BrdU and Olig2
histochemistry was conducted in a floating section from
each mouse at —1.34 mm relative to the bregma. Sections
were washed with PBS buffer 3 times for 5 minutes each
in 24-well plates, followed by treatment in 2 N HCI at room
temperature for 45 minutes, and then in 0.1 M borate
buffer for 10 minutes. After washing in PBS, the sections
were incubated with antibodies for BrdU (1:200, Abcam,
Cambridge, MA, USA) and Olig2 (1:25, Novus Biologicals,
Oakville, ON, Canada) at 4°C overnight and then at room
temperature for 2 hours. Antibodies conjugated to Alexa
Fluor 488 (1:200, Life Technologies, Burlington, ON,
Canada) and Alexa Fluor 568 (1:200, Life Technologies)
were used to reveal immunoreactivity, and sections were
counterstained with DAPI.

Stereological Analysis

BrdU- and BrdU/NeuN-labeled cells were counted within
the granular cell layer of the right and left dentate gyrus in-
cluding a 50-um hilar margin of the subgranular zone.2 Cell
counting was performed using Zeiss Imager M1 micro-
scope with Stereo Investigator software (MicroBrightField,
Williston, VT, USA). The observer was blinded to treatment
condition. Cells were counted using a counting frame and
a sampling grid of 75 x 75 pm at a magnification of x63. Six
sections at every seventh section interval from each animal
were used as the periodicity of sections sampled.The esti-
mated number of the target cells in at least 3 animals was
calculated as the mean of the number of cells in the right
and left dentate gyrus of the mouse brain.The coefficient of
error was 0.03-0.06 in all stereological studies.The number
of Olig2-positive cells labeled with BrdU was estimated
within the corpus callosum®® using a counting frame and
sampling grid of 75 x 75 pm. Estimated cell density was
derived from the mean of the number of target cells in the
corpus callosum per cubic millimeter. Two-way analysis
of variance (ANOVA) followed by a post hoc Bonferroni-
corrected Student t test was used to compare counts and
establish the significance of treatment. Statistical analyses
of histological data were performed using GraphPad Prism
4 (GraphPad Software, San Diego, CA, USA).

Results

Irradiation Leads to Widespread Volume Loss in
the Brain

Following CRT at P16, neuroanatomical development in
mice was assessed through in vivo longitudinal imaging
on P14, P23, P42, and P98, with results summarized graphi-
cally in Figure 2A. An early volume difference was observed
between sham and irradiated mice already by P23 (Figure
2A, left) and was considered significant in 107 of the 159
segmented structures (FDR <10%), constituting a majority
of the brain. Comparisons for all structures are provided
in Supplementary Table S1. We further evaluated changes
in growth rate and volume outcomes at P98 (Figure 2A,
middle and right columns, respectively). A decrease in
growth rate, resulting in a progressive volume deficit, was
also observed in the mammillary bodies, subependymal
zone, lateral olfactory tract, olfactory bulbs, and regions of
the cingulate and entorhinal cortices.

Figure 2B-I show sample plots for the corpus callosum
and olfactory bulbs. The corpus callosum (Figure 2B-E),
demonstrated a significant early volume loss as visual-
ized by the P23-P14 volume difference (Figure 2C) but
no long-term change in growth over the P23-P98 period
(Figure 2D), resulting in persistent volume deficits at
P98 (Figure 2E). Most structures showed this pattern, re-
sulting in volumes smaller than controls through P98.
The olfactory bulbs (Figure 2F-I) exhibited the greatest
volume change, finishing at an 8% smaller total volume
in 7-Gy mice than in 0-Gy controls (Figure 2l), with both
a P23 volume loss (Figure 2G) and decreased growth
between P23 and P98 (Figure 2H) contributing to the
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Fig. 2 Widespread volume reduction in the mouse brain after irradiation at P16. In (A), an average in vivo MRI image is shown at left, with a
color overlay indicating the early volume change (ie, the volume difference between 7 Gy and 0 Gy observed at P23) in all regions considered sta-
tistically significant (FDR <10%). Green lines indicate the location of orthogonal slices shown in the subsequent columns, which show the early
volume change, the total change in growth rate over the post-irradiation (75-day) period, and the P98 change (ie, the difference between 7 Gy
and 0 Gy observed at P98). Individual plots show the volume of the corpus callosum and olfactory bulbs over time (B, F), along with plots likewise
demonstrating the early volume change as the volume change between P23 and P14 (C, G) and long-term volume change as the volume change
between P98 and P23 (D, H). To visualize the endpoint volume outcomes, the final P98 volumes were plotted (E, I). Annotations in B indicate the
relationships between the plots. The individual points in (B, F) and black means in (C-E, G—I) represent averages across sex. Points and error bars
represent the mean volume and bootstrapped 95% confidence intervals. Smaller colored dots (C-E, G—I) represent structure volumes from indi-
vidual mice. Abbreviations: 0 Gy, sham-treated; 7 Gy, irradiated; CC, corpus callosum; DG, dentate gyrus; OB, olfactory bulbs; SEZ, subependymal
zone; VEH, vehicle-treated mice (ie, no metformin treatment).

outcome. Regions dependent on adult neurogenesis,
namely the dentate gyrus, subependymal zone, and ol-
factory bulbs, were prominently affected at P98. We also
observed increased female vulnerability to radiation, as

evidenced by slightly larger volume loss at P23 in fe-
males for some structures (Supplementary Figure S1),
consistent with risk factors noted in patients and pre-
vious results.3?
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Metformin Promotes Growth in the
Unirradiated Brain

To investigate metformin influences on brain develop-
ment, 100 mg/kg/d was delivered subcutaneously at P16
(MET16) or P19 (MET19) for 14 days. For the 0 Gy-MET16
treatment group, metformin treatment resulted in no
significant volume changes at P23 (Figure 3A, B, and
E). Over the course of development, metformin treat-
ment enhanced the growth rate of some brain regions,

MET16 early volume change

ﬂ” Pfl E i

MET16 growth rate change

including the paraflocculus of the cerebellum (0.08%/d,
+6% at P98, Figure 3B-D) and the basal forebrain
(0.04%/d, +3% at P98, Figure 3E-G). Additional volume
increases in the midbrain and olfactory bulbs became
evident at P98, suggesting that metformin treatment
produced a sustained change into early adulthood. More
restricted and smaller magnitude trends were observed
when metformin treatment was started on P19 (MET19,
Supplementary Figure S2).
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Figure 2. There was no effect of MET16 on the brain in 0-Gy mice at P23 (early). Subsequently, enhanced growth rate was observed in regions of
the cerebellum, basal forebrain, and piriform cortex, leading to increased volumes by P98 (A). Representative plots of the paraflocculus (B-D)
and basal forebrain (E-G) show no significant early volume change as visualized by the P23-P14 volume difference in (B, E). Growth rate and P98
change (A) is significantly increased in both structures, as shown by the P98-P23 volume differences (C, F). This results in increased volume by
the final P98 time point (D, G). Treatment effects within the fitted model are represented as the average of males and females. Black points and
error bars represent the mean volume and bootstrapped 95% confidence intervals. Smaller colored dots represent structure volumes from indi-
vidual mice. Abbreviations: BF, basal forebrain; MET16, treated with metformin starting at P16, for 14 days; Pfl, paraflocculus.
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Metformin Treatment Can Exacerbate Volume and radiation treatment. After metformin treatment
Loss or Promote Recovery in the Irradiated Brain starting at P16 (MET16), P23 volume losses induced by
radiation were exacerbated in 40 of the 159 segmented
structures (Figure 4A). Affected regions were widespread
radiation-induced volume changes, we investigated the  and included the cortex, prominent white matter regions,
volume time course in metformin-treated, irradiated and regions linked with neurogenesis (the dentate gyrus,
mice and evaluated the interaction effect of metformin  subependymal zone, and olfactory bulbs). This finding

To determine the effect of metformin treatment on
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controls (FDR of 10%). In (C, D, E), plots depict volumes of the olfactory bulbs, stratum granulosum, and stria terminalis, over time in unirradiated
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dose; MET16, treated with metformin starting at P16; MET19, treated with metformin starting at P19; 0B, olfactory bulbs; SG, stratum granulosum
of hippocampus; ST, stria terminalis.
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indicates a potentially detrimental effect of metformin
when administered at the time of irradiation. The volume
loss persisted in many structures through P98 (Figure
4A, right column).

In contrast to the MET16 group, the MET19 group
showed several regions where metformin treatment
was considered beneficial. In this group, the exacer-
bated volume loss after radiation observed was largely
eliminated. A few regions even exhibited an improved
P23 volume outcome (Figure 4B, left column), such as
the stria terminalis (Figure 4B and E). More extensive
volume increases were observed at P98, with volume
increases in regions impacted by neurogenesis such as
the stratum granulosum of the hippocampus and the
olfactory bulbs. Representative plots (Figure 4C, D, and
E) show that MET19 treatment partly mitigated the sig-
nificant volume loss induced by CRT in the olfactory
bulbs (Figure 4C), stratum granulosum (Figure 4D), and
stria terminalis (Figure 4E). These findings indicate that
metformin treatment, if administered with appropriate
timing, promotes enhanced structural development after
irradiation in some brain regions.

Metformin Treatment Effects Following
Irradiation Are Strongly Sex-Dependent

To investigate the role that biological sex plays in volume
time courses after metformin and radiation treatment,
the effect of a sex-radiation-metformin interaction term
in our mixed-effects model was evaluated. This revealed
that several regions were relatively smaller at P23 in ir-
radiated metformin-treated male mice compared to the
irradiated metformin-treated female mice (Figure 5A and
B). This was true for both timings of metformin adminis-
tration, although the MET16 timing (Figure 5A) appeared
to show more widespread differences. On the other hand,
several affected structures also showed greater growth
rates in metformin-treated, irradiated males compared to
females (Figure 5A and B, right column). Representative
plots of the primary somatosensory cortex (forelimb
region) and stratum granulosum are provided in Figure
5C-F When separated by sex, the early exacerbation of
radiation-induced volume loss by metformin was found
to be predominantly present in male 7 Gy-MET16 mice
(Figure 5D and F), driving the appearance of the average
behavior (Figure 5C and E). This effect is largely mitigated
in the 7 Gy-MET19 group, where near normal volume is
achieved by P98 (both for males and females). Together,
these findings indicate that the increased volume loss
caused by metformin delivered immediately after ra-
diation is more prominent in males and only partially
mitigated by an increased sex-dependent growth rate.
However, both sexes benefited in the MET19 group and
showed improved P98 volume outcomes after radiation.

Metformin Enhances Hippocampal Neurogenesis
and Oligodendrogenesis in the Normal Brain

Because our structural data indicated that metformin in-
creased the growth of some brain regions, including the

neurogenic regions of the hippocampus, we investigated
the impact of metformin on neurogenesis. At P28, a co-
hort of mice representing each experimental group re-
ceived BrdU injections for 7 days before perfusion at P42.
Immunostaining of dentate gyrus sections (Figure 6A-G)
showed that MET16 treatment significantly increased
the number of double BrdU/NeuN-positive newly born
neurons (Figure 6B and H) as well as the total number of
proliferative cells (BrdU-positive cells, Figure 6B and 1),
consistent with enhanced neurogenesis and cell prolifer-
ation. MET19 treatment did not have a significant effect
on neurogenesis or cell proliferation in unirradiated mice
(Figure 6C, H, and 1), consistent with volumetric findings
showing more extensive growth in the 0 Gy-MET16 group
than the 0 Gy-MET19 group.

Radiation significantly depleted hippocampal cells
double-labeled for BrdU and NeuN (Figure 6D and H) as
well as all BrdU-labeled cells (Figure 6D and 1). Neither
metformin treatment condition had a significant effect
on the number of double BrdU/NeuN-positive cells in
radiation-treated mice (Figure 6E, F and H). A significant
decrease was observed in the total BrdU-labeled cell pop-
ulation of the 7 Gy-MET16 group relative to the 7 Gy-VEH
group (Figure 6E and 1). In both BrdU-positive and BrdU/
NeuN-positive cell populations, the 7 Gy-MET19 condition
shows similar cell counts to 7 Gy-VEH controls (Figure 6F,
H, and I). A similar pattern is observed in BrdU-positive/
NeuN-negative cell counts (Supplementary Figure S3).

Similarly, we evaluated newborn/proliferating oligo-
dendrocytes and oligodendrocyte precursor cells by
quantifying cells double-labeled for BrdU and Olig2 in the
corpus callosum. Mirroring the NeuN counts, an increased
density of BrdU/QOlig2-positive cells was observed as a re-
sult of MET16 treatment but not after MET19 treatment (0
Gy, Supplementary Figure S4). Irradiation substantially de-
creased both BrdU-positive and BrdU/Olig2-positive cell
density and was not restored by either MET16 or MET19
treatments. Collectively, these findings suggest that the
volume recovery after MET19 treatment is not solely the
result of neurogenesis or oligodendrogenesis—at least not
as evaluated at P42 after BrdU labeling from P28 through
P35.

Discussion

There has been considerable interest in repurposing
metformin for brain injury repair, due to its potential to en-
hance neurogenesis and improve memory."'® Given that
a majority of radiation-treated pediatric brain cancer sur-
vivors experience impairment in at least 1 neurocognitive
domain,®" benefits of metformin treatment could have
enormous impact. Our findings in this study replicate
previous work3*%2 showing that radiation-induced alter-
ations in brain structure proceed through 2 stages: first,
a widespread early volume loss that appears in the first-
week post-irradiation and second, a longerterm deficit
caused by slowed growth (restricted to a few structures).
Metformin treatment after radiation can increase growth
through development, with benefits especially apparent in
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Fig.5 Sex modulates the effects of metformin in the irradiated brain. We tested for the impact of biological sex on the MET16 and MET19 inter-
actions with radiation treatment by evaluating the 3-way interaction term of sex, radiation condition, and metformin treatment (denoted as
SEX:7Gy:MET16 and SEX:7Gy:MET19). In (A, B), the color map shows all structures that had a significant difference in the radiation-metformin
interaction between males and females (FDR of 10%). Slice positions in (A) match those in Figure 2. Many regions were relatively larger in the early
(P23) irradiated metformin-treated female brain compared to the irradiated metformin-treated male brain. However, a greater growth rate was ob-
served in metformin-treated irradiated males compared to metformin-treated irradiated females, particularly for MET16. In (C, E), representative
plots averaged over males and females show the time course of structure volumes for the primary somatosensory cortex (forelimb region) and
stratum granulosum of the hippocampus in unirradiated vehicle-treated mice (0 Gy-VEH), irradiated vehicle-treated mice (7 Gy-VEH), unirradiated
MET16- or MET19-treated mice (0 Gy-MET16 or 0 Gy-MET19) and irradiated MET16- or MET19-treated mice (7 Gy-MET16 or 7 Gy-MET19). The plots
are repeated in (D, F), with panels separated by sex to show sex-dependent differences. Points and error bars represent the mean volume and
bootstrapped 95% confidence intervals. Abbreviations: 0 Gy, unirradiated; 7 Gy, irradiated with a 7-Gy dose; MET16, treated with metformin starting
at P16; MET19, treated with metformin starting at P19; S1, primary somatosensory cortex (forelimb region); SG, stratum granulosum of hippocampus.
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the olfactory bulbs (at P98 in MET19 mice), a region that re-
quires the supply of NPCs throughout the lifespan.53

One unexpected finding in this study was that irradiation
followed by metformin treatment resulted in significantly
more volume loss than radiation alone, particularly in male
mice. We found that a post-radiation delay of 3 days prior
to commencement of metformin treatment (ie, MET19
group) was extremely beneficial for brain structure out-
comes. Dependence of metformin treatment outcomes
on timing has been observed previously; for example, in
a stroke model, administration 3 days prior to middle ce-
rebral artery occlusion exacerbated stroke damage and re-
sulted in metabolic dysfunction whereas administration 3
weeks prior to injury was neuroprotective.?® Interestingly,
recent work has also demonstrated that metformin treat-
ment prior to CRT (from P9 to P15 before irradiation at P17),
promoted a rescue of neurogenesis after CRT, though it did
not prevent radiation-induced neural stem cell depletion.%*
Although the details of the timing, age of treatment, and
type of insult in these studies vary, it is clear that adminis-
tration timing requires careful selection to ensure benefit
is achieved with minimal risk of exacerbating injury; ini-
tiation of metformin administration too close to the time
of injury—a common feature in at least this and the stroke
study?®—may be detrimental.

Another notable finding that we observed was a
strong sex dependence of metformin effects in irradi-
ated mice, despite limited sex effects in unirradiated mice
(Supplementary Figures S5 and S6). This result builds
upon a recent study demonstrating an increase in neuro-
blasts and improved cognitive outcomes in juvenile CRT-
treated females, but not males.”® In that work, radiation (8
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Gy) delivered at P17 resulted in functional deficits in the
Y-maze task or novel place recognition task for females
and males, respectively. Metformin treatment commenced
1 day after irradiation resulted in improved task perfor-
mance for females but not males. Consistent with these re-
sults, our data indicate better metformin-linked outcomes
for females, even though females were moderately more
sensitive to radiation. It is not clear why young irradiated
male mice exhibit increased sensitivity to metformin treat-
ment. In humans, patterns of vulnerability for early-onset
neuropsychiatric disorders show a male preponderance.®®
Interestingly, recent work in mice has also shown that sex-
ually dimorphic areas in mice that are relatively larger in
males emerge relatively early compared to areas larger in
females.®® Subtle sex differences in sensitivities/dynamics
may have much broader consequences in the presence of
appropriate stressors. Sex differences in stress or immune
response, mitochondrial function, microglia numbers, and
cell death pathways may manifest in differential responses
to brain injury and confer sexual differences in windows of
metformin vulnerability after radiation.5%58

One exciting finding in this study is that metformin treat-
ment can promote a partial recovery of volume after irradi-
ation. Although there were substantial long-term volume
improvements in the olfactory bulbs and the stratum
granulosum of the hippocampus, our histological find-
ings showed that MET19 did not substantively alter neuro-
genesis in irradiated mice. Effects of metformin treatment
on oligodendrogenesis also appeared to be quite limited
over the timescale investigated, suggesting other mechan-
isms are likely involved in determining outcome. Indeed,
metformin is pleiotropic. For instance, in an adult mouse
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MET19, 0 Gy
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Fig. 6 Metformin enhances neurogenesis and proliferation in the unirradiated brain. Representative confocal images (A-F) of BrdU, NeuN,
and DAPI immunostaining in the dentate gyrus of the hippocampus for unirradiated (VEH-0 Gy, n = 9; MET16-0 Gy, n = 3, MET19-0 Gy, n = 4) or
irradiated (VEH-7 Gy, n = 8; MET16-7 Gy, n = 4, MET19-7 Gy, n = 4) mice at P42 (after BrdU labeling from P28-P35). Confocal images show cells
with immunoreactivity for BrdU (first column), NeuN (second column), DAPI (third column), and merged (fourth column). Arrows indicate BrdU-
positive, NeuN-positive cells and arrowheads indicate BrdU-positive and NeuN-negative cells (G). Scale bars represent 100 and 10 pm (A-F and
G, respectively). BrdU- and BrdU/NeuN-positive cell counts within the dentate gyrus (H, I) demonstrate a significant radiation-induced loss in
proliferative cells and new neurons at 42 days of age (P < .05, 2-way ANOVA; H, I). In unirradiated mice, an increase in the number of BrdU- and
BrdU/NeuN-positive cells is observed with MET16 treatment compared with VEH controls. In irradiated mice, a significant decrease in double
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(Continued) BrdU/NeuN-positive cells is observed with MET16 treatment compared to VEH controls (I). MET19 treatment, on the other

hand, was not different from VEH in either irradiated or unirradiated mice for any cell counts. Colored bars represent means, whereas small black
circles and triangles represent individual male or female mice, respectively. Error bars are SEM. Abbreviations: 0 Gy, unirradiated; 7 Gy, irradiated
with a 7-Gy dose; MET16, treated with metformin starting at P16; MET19, treated with metformin starting at P19; VEH, vehicle-treated mice. *P <

.05, **P< .01, Student ttest.

model of ischemic stroke, chronic metformin treatment
resulted in reduced infarct volume, decreased expression
of pro-inflammatory cytokines, and decreased ICAM-1 (in-
tercellular adhesion molecule 1) expression with the re-
sult of reduced neutrophil infiltration and inflammation.%®
Metformin has also been shown to promote angiogen-
esis in the injured brain.2%2225 CRT is known to increase

inflammation and can affect vasculature,®”%° therefore,
metformin may be exerting beneficial effects in these
aspects of brain response.

Since metformin has been used for decades to treat dia-
betes, novel applications using metformin have the poten-
tial to be readily translated into clinical practice. Processes
of neurogenesis, myelination, and synaptic pruning are



ongoing in children and adolescents. While this is likely to
increase CRT toxicity in children compared to adults, it also
creates an opportunity for interventions such as metformin
that support or promote these endogenous processes for
enhanced recovery. However, our study emphasizes that
caution is warranted. Metformin acts on numerous biolog-
ical pathways, raising broad potential for heterogeneous
effects by region and differential effects in individuals. Our
results show that metformin’s effects on radiation out-
comes are dependent on sex and timing of administra-
tion. Although metformin can improve neuroanatomical
outcomes after irradiation under the right circumstances,
there is also risk of exacerbating outcomes so that careful
implementation is warranted.

Supplementary Material

Supplementary material is available at Neuro-Oncology
online.
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