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A B S T R A C T

Hypoxia-ischemia (HI) injury is a leading cause of neonatal death and long-term disability, and existing treatment
options for HI offer only modest benefit. Early intervention with the drug metformin has been shown to promote
functional improvement in numerous rodent models of injury and has pleiotropic cellular effects in the brain. We
have previously shown that 1 week of metformin treatment initiated 24 h after HI in neonatal mice resulted in
improved motor and cognitive performance, activation of endogenous neural precursor cells (NPCs), and
increased oligodendrogenesis. While promising, a limitation to this work is that immediate pharmacological
intervention is not always possible in the clinic. Herein, we investigated whether delaying metformin treatment to
begin in the subacute phase post-HI would still effectively promote recovery. Male and female C57/BL6 mice
received HI injury postnatally, and metformin treatment began 7 days post-HI for up to 4 weeks. Motor and
cognitive performance was assessed across time using behavioural tests (cylinder, foot fault, puzzle box). We
found that metformin improved motor and cognitive behaviour, decreased inflammation, and increased oligo-
dendrocytes in the motor cortex. Our present findings demonstrate that a clinically relevant subacute metformin
treatment paradigm affords the potential to treat neonatal HI, and that improved outcomes occur through
modulation of the inflammatory response and oligodendrogenesis.
1. Introduction

Neonatal hypoxia-ischemia (HI) is a leading cause of childhood brain
injury, and results in profound physical and cognitive consequences
including seizures, cerebral palsy, and even death (Kurinczuk et al., 2010).
HI occurs when there is an interruption of blood flow to the brain around
the time of birth, and can result from fetal asphyxia or perinatal stroke
(Gunn and Thoresen, 2019). Consequently, excitotoxicity, inflammation,
and oxidative stress leads to the death of neurons and oligodendrocytes
and subsequent motor and cognitive impairments (Volpe, 2009). Pres-
ently, the standard practice to treat HI is therapeutic hypothermia, which
is only successful when administered within the first hours of insult. This
treatment offers only modest benefits, leaving many patients with
long-term deficits (Adstamongkonkul and Hess, 2017; Wassink et al.,
2018). Hence, there is a critical need for novel strategies to improve repair
and recovery following HI, especially during the subacute period.
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Metformin, a commonly prescribed type II diabetes medication, has
been shown to have pleiotropic effects in the central nervous system
(CNS) (Dadwal et al., 2015; Jin et al., 2014; Liu et al., 2014; Ruddy et al.,
2019; Venna et al., 2014). It has been shown to enhance neural precursor
cells (NPCs) in the subependymal zone (SEZ) lining the lateral ventricles
and in the dentate gyrus of the hippocampus. Specifically, metformin can
activate NPCs within the SEZ, increase their migration into the brain
parenchyma, and promote their differentiation into new neurons and
oligodendrocytes after injury (Dadwal et al., 2015; Ruddy et al., 2019).
Furthermore, metformin has been shown to reduce inflammation in adult
and neonatal models of brain damage (Fang et al., 2017; Tao et al., 2018).
Acute administration of metformin (starting within 24 h after injury) has
been shown to improve motor (Dadwal et al., 2015; Ruddy et al., 2019)
and cognitive (Ruddy et al., 2019) function, and reduce brain injury
(Fang et al., 2017). Therefore, metformin represents a promising treat-
ment strategy following HI.
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Table 1
Summary of puzzle box trials. The test took place over three days, wherein
mice had to solve increasingly difficult tasks to access the goal box (Abdallah
et al., 2011). The latency to enter the box was recorded.

Day Trial Task Function

1 1 Pass through unimpeded doorway over tunnel Test acclimation
2 Pass through tunnel; doorway closed off Test acclimation
3 Pass through tunnel; doorway closed off Test acclimation

2 4 Pass through tunnel; doorway closed off Long term memory
5 Pass through tunnel; bedding impediment Problem solving
6 Pass through tunnel; bedding impediment Short term

memory
3 7 Pass through tunnel; bedding impediment Long term memory

8 Pass through tunnel; cardboard plug
impediment

Problem solving

9 Pass through tunnel; cardboard plug
impediment

Short term
memory
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With the goal of clinical translation, it is important to take into ac-
count factors that more closely reflect clinical realities (Vexler et al.,
2006). A key consideration in establishing treatments for HI is timing of
the intervention. It is not always feasible to initiate therapies immedi-
ately following injury, particularly due to the time of hospital admit-
tance, the need to identify and diagnose a condition, and the time
required to stabilize the patient. Moreover, HI injury involves patho-
physiological processes that take place over hours and days following the
initial insult (Wassink et al., 2018) and which affect the efficacy of a
given treatment over time. Hence, it is important to investigate the
window of opportunity in which metformin treatment is effective.

Herein, we delayed metformin treatment to the subacute phase
following HI injury in order to investigate its efficacy as an intervention
during a time at which deleterious pathophysiological processes are
largely complete (Wassink et al., 2018). We examined cognitive and
motor behaviour, as well as the cellular response to delayed adminis-
tration. We observed improved functional outcomes, which were
concomitant with reduced inflammation, and increased oligodendro-
genesis at 7 weeks post-injury. Our results demonstrate positive out-
comes similar to those seen with acute treatment and indicate a broader
window of opportunity within which metformin administration can
improve outcomes following HI.

2. Methods

2.1. Animals

A total of 109 C57/BL6 male and female mice (from a total of 27
litters; bred in-house) were used in this study. Animals were group-
housed in standard laboratory conditions under a 12:12 h light:dark
cycle with ad libitum access to food and water. All procedures were
approved by the University of Toronto Animal Care Committee and were
performed in accordance with guidelines from the Canadian Council for
Animal Care.

2.2. Surgery and drug administration

Mouse pups received HI injury using a modified Rice-Vannucci model
(Rice et al., 1981) on postnatal day (P) 8 as previously described (Dadwal
et al., 2015; Ruddy et al., 2019). Briefly, animals were anesthetized with
isoflurane, and a ventral midline incision was made on the neck. The left
common carotid artery was carefully separated from surrounding tissue
and ligated using 6-0 silk sutures then transected, resulting in irreversible
ischemia. The woundwas treated with bupivacaine and sutured using 6-0
silk, and pups were returned to their mother for 90 min. Pups were then
placed into a hypoxia chamber with 8% oxygen for 60 min on a 37 �C
heating pad then returned to their home cage. Each litter contained sham
controls animals that did not receive the HI procedure.

Metformin (20 mg/kg dissolved in sterile PBS; Sigma-Aldrich, ON)
treatment began on P15 and continued for 4 weeks. Administration was
achieved via daily subcutaneous injections until mice reached at least 10
g body mass (by P28; in accordance with institutional animal care
guidelines), and then subcutaneously via implanted mini osmotic pumps
(Alzet, USA) for the remaining time. Vehicle control animals received
sterile PBS.

2.3. Functional assessments

Functional assessments took place in a dedicated behavioural testing
room, and animals were allowed to acclimate to the room for at least 30
min before testing. Data were analyzed by an experimenter blinded to
group.

2.3.1. Cylinder test
The cylinder test was performed at P22 to measure spontaneous

forelimb use during exploration. Uninjured animals use both forelimbs
2

equally, while following injury, they rely more heavily on the unimpaired
limb. Mice were placed into a clear plastic cylinder and allowed to
explore for 8 min while being video recorded. The number of times the
mice used each forelimb was analyzed. Ipsilesional forelimb use (relative
to the ischemic insult) was determined using the following formula:
[(#ipsilesional touches - # contralesional touches)/(# touches total)].

2.3.2. Foot fault
The foot fault test was performed at P42 to assess motor function and

coordination while mice traversed a grid. Uninjured animals demon-
strate good coordination and slip minimally during this task. Mice were
placed on a metal grid (1 cm spaces) suspended 12 inches above a table
surface and video recorded while exploring for 3 min. The number of
steps and the number of foot slips made with the hindlimbs were counted
and the difference in foot slip ratio was calculated as (#contralesional
slips/#contralesional steps)-(#ipsilesional slips/#ipsilesional steps).

2.3.3. Puzzle box
The puzzle box test was performed over 3 days beginning on P53, as

previously described, to assess performance on short- and long-term
memory, and problem-solving (Abdallah et al., 2011; Nusrat et al.,
2018; Ruddy et al., 2019). Mice were placed into a box comprised of a
brightly lit open area and a dark covered area (goal box), connected by a
passageway. Animals were given 3 trials per day, during which they had
to solve increasingly difficult tasks to enter the goal box (Table 1). On the
first day, animals were acclimated to the task by being placed in the box
with the opportunity to move unimpeded from the bright area to the goal
box through an open doorway, followed by accessing it through a
closed-off doorway (requiring traveling beneath the doorway through
the open passageway) for two trials. The following day, animals had to
repeat the task from the last two trials the previous day (long-term
memory). Following a 2 min inter-trial interval, they were then placed
back in the box, this time with bedding blocking the passageway that had
to be removed to gain access (problem-solving). Following another 2 min
inter-trial interval, they were subjected to the same task (short-term
memory). On the last day, animals were presented once more with the
same task (long-term memory), followed by a 2 min inter-trial interval
and the application of a cardboard plug blocking access to the goal box
(problem-solving). This task was repeated once more following a 2 min
interval (short-term memory). Animals were excluded from analysis if
they did not enter the goal box within the first 3.5 min during any
acclimation trial on the first day (n¼ 1; sham control). Uninjured animals
are able to complete this progression of tasks with relatively low la-
tencies, while those with cognitive deficits take longer, or are sometimes
unable to solve the tasks.

2.4. Neurosphere assay

Following metformin treatment from P15-21, a subset of animals was
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sacrificed on P22 to quantify stem cell number in vitro using the neu-
rosphere assay. Mice were anesthetized with isoflurane and euthanized
by cervical dislocation. The brains were removed and the SEZ was
microdissected and incubated in an enzyme solution containing trypsin
(1.3 mg/ml), hyaluronidase (0.76 mg/ml), and kynurenic acid (0.12 mg/
ml) (Sigma-Adrich, Missouri, USA) for 30 min at 37 �C, then centrifuged
(1500 rpm for 5 min). The supernatant was discarded and cells were
resuspended in a trypsin inhibitor solution (0.67 mg/ml; Worthington
Biochemical Corporation, NJ, USA), triturated and centrifuged. Cells
were resuspended in serum-free media (SFM) containing l-glutamine (2
mM, Invitrogen), penicillin/streptavidin (100 U/0.1 mg/ml, Invitrogen),
mitogens (epidermal growth factor; EGF, 20 ng/ml; Peprotech, QC;
fibroblast growth factor; FGF, 10 ng/ml; Gibco, NY, USA; heparin, 2 μg/
ml, Sigma), triturated, centrifuged and resuspended in 1 ml of SFM. The
total number of cells was assessed on a hemocytometer and plated at 10
cells/ul in 24 well plates (ThermoFisher, PA) in SFM with growth factors
at 37OC and 5% CO2. The number of neurospheres (>80 μm) were
counted in 6 wells per animal after 7 days in vitro.

2.5. Immunohistochemistry

At the time of sacrifice, animals were injected with an overdose of
tribromomethanol (Avertin; Sigma-Aldrich, Missouri, USA) and perfused
with 30 ml of ice-cold 1 X PBS, followed by 4% paraformaldehyde. Brains
were removed and post-fixed for 4 h, then transferred to 30% sucrose in
PBS until saturation. Tissue was embedded with OCT compound (Ther-
moFisher, PA) and frozen. Brains were cryosectioned (20 μm) and
collected onto SuperfrostPlus slides (ThermoFisher, PA), and stored at
�20 �C until use.

At the time of staining, slides were thawed at room temperature. For
Ki67 and Dcx staining, slides were placed into citric acid and heated for
15 min at 95�C, cooled and rinsed 3 � 5 min in 1 X PBS. For all staining,
slides were incubated with 5% donkey serum in 1 X PBSþ0.3% Triton-X
[PBS-T; collectively, blocking solution (BS)] for 1 h at room temperature.
BS was replaced with primary antibodies to assess markers for microglia/
macrophages [1:500 Iba-1 (Wako, Japan)]; cell proliferation [1:1000
mouse Ki67 (BD Biosciences, ON)]; neuroblasts [1:200 mouse double-
cortin (Dcx; Santa Cruz, CA)]; and oligodendrocytes and oligodendrocyte
precursor cells [1:500 rabbit Olig2 (Millipore, MA)] in BS, and incubated
overnight at 4�C. The following day, slides were rinsed 3 � 5 min in 1 X
PBSþ0.2% Tween, followed by incubation with secondary antibody
(1:400 goat-anti-mouse 488, 1:400 goat-anti-mouse 568; 1:400 goat-anti-
rabbit 568, Invitrogen, CA) and incubation for 5 min in the presence of
1:10,000 DAPI (Invitrogen, CA). Following a final 3 � 5 min rinse in 1 X
PBS, slides were cover slipped using Dako fluorescent mounting media
(ThermoFisher, PA).

Imaging was performed using Zeiss microscopes (Axiovert 200 M or
spinning disc confocal; Zeiss, Germany). Immunopositive cells were
counted from an average of 12 sections per animal spaced 200 μm apart
encompassing the motor cortex between APþ1.18 and �0.8 from
bregma, an average of 6 sections encompassing the dentate gyrus region
of the hippocampus from between AP-1.46 to �2.46, and an average of 7
sections encompassing the SEZ between APþ1.18 and þ 0.14 from
bregma. The number of positive cells for each marker is reported relative
to the average of sham controls.

2.6. Statistical analyses

All statistical analyses were conducted using SPSS (v. 23; IBM) and
Prism (v. 6; GraphPad) software. Cylinder and foot fault were analyzed
by one-way analysis of variance (ANOVA) followed by Bonferroni post-
hoc tests. Puzzle box was analyzed using repeated-measures ANOVA
followed by Bonferroni post-hoc tests. Immunohistochemical and neu-
rosphere data were transformed into fold change compared to the
average value of respective sham animals and analyzed using two-tailed
unpaired t-tests. A p-value of <0.05 was considered significant.
3

3. Results

3.1. Metformin treatment rescues motor and cognitive deficits

To determine whether delaying metformin treatment to the subacute
phase after HI could promote functional recovery, mice received HI
injury on P8, and metformin treatment was initiated 1 week later (P15).
Periodic behavioural testing was performed throughout the study
(Fig. 1A). Motor function was assessed at an early time point (P22) using
the cylinder test, which measures spontaneous limb use during explor-
atory movement. This test revealed a significant deficit in HI animals
(ratio of ipsilesional forelimb use in shams ¼ �0.01 � 0.07; HI ¼ 0.61 �
0.36; p< 0.001; Fig. 1B), which was rescued in animals who had received
metformin (HI þ Met ¼ 0.17 � 0.08; p ¼ 0.094). Motor function was
tested at a chronic timepoint (P42) using the foot fault task, which as-
sesses coordinated motor function while traversing a grid. This test
revealed a significant deficit in HI animals (% slip difference shams ¼
0.22 � 0.52; HI ¼ 2.066 � 0.71; p ¼ 0.026; p ¼ 0.008; Fig. 1C), which
was recovered following metformin treatment (% slip difference 0.00 �
0.50; p ¼ 0.821).

Neonatal HI results in cognitive deficits that are apparent in adult-
hood (Muntsant et al., 2019; Ruddy et al., 2019). We assessed cognition
using the puzzle box task starting on P53. The puzzle box tests cognitive
domains including problem solving and short- and long-term memory
(Table 1) (Abdallah et al., 2011). As predicted, the HI injured mice were
impaired compared to sham mice, with significant deficits observed on
trials 7, 8, and 9 (p ¼ 0.030, 0,003, and 0.0006, respectively) which test
long-term memory, problem-solving, and short-term memory, respec-
tively. Strikingly, the HI injured mice that received metformin for 4
weeks were not impaired on these trials (all p> 0.05 compared to shams;
Fig. 1D).

Taken together, these results show that delayingmetformin treatment
to the subacute phase post-HI is effective in improving functional
outcome. We next investigated cellular outcomes to determine potential
mechanisms of metformin’s action.

3.2. Metformin treatment reduces inflammation following hypoxia
ischemia

Metformin has been shown to have anti-inflammatory effects in the
adult brain following injury (Tao et al., 2018). In neonates, there is ev-
idence that immediate metformin administration has similar effects 24 h
after injury (Fang et al., 2017), but the long-term effects following
neonatal ischemia, and following delayed administration, have not been
examined. We identified microglia/macrophages, the inflammatory cells
of the CNS (Fern�andez-Arjona et al., 2017; Zhang et al., 2014), using
ionized calcium-binding adaptor molecule 1 (Iba-1). These were quan-
tified in the motor cortex and hippocampus, areas that underlie the
functional deficits observed in the HI-injured brain (Rumajogee et al.,
2016), in subsets of animals at P28, following 1 week of subacute met-
formin treatment (Fig. 2A). We observed a significant increase in Iba1þ
cells in the motor cortex of HI injured brain (shams ¼ 1.00 � 0.36-fold;
HI ¼ 4.48 � 1.05-fold increase compared to shams; p ¼ 0.009; Fig. 2B
and C). HI injured mice that received metformin treatment did not have a
significantly different number of Iba1þ cells compared to shams (0.67 �
0.29-fold decrease compared to shams; p ¼ 0.007; Fig. 2B and C).

Similar findings were observed in the hippocampus, where HI-injured
mice showed increased Iba1þ cells at P28 (sham ¼ 1.00 � 0.23-fold; 6.9
� 0.97-fold increase compared to shams; p ¼ 0.002; Fig. 2D and E).
Metformin treatment led to significantly fewer Iba1þ cells compared to
injured mice, and not significantly different from sham (1.90� 2.46-fold
increase; p ¼ 0.008).

By day 63, irrespective of the brain region, the number of Iba1þ cells
returned to control (uninjured) levels in both HI (treated and untreated)
groups (p > 0.05 for all groups; Supplemental Fig. S1A), with no further
effects resulting from metformin treatment. These data suggest that the



Fig. 1. Metformin treatment improves motor and cognitive outcomes following hypoxia-ischemia. (A) Experimental timeline (B) Following HI, there was a
significant increase in the ratio of unimpaired limb use at P22 when assessed using the cylinder task. This effect was reversed by metformin treatment. (C) Following
HI, animals made significantly more foot slips at PID42 when assessed using the foot fault task. This impairment was rescued in animals that received metformin
treatment. (D) Following HI, animals demonstrated an increased latency to perform the puzzle box task on trials 7, 8, and 9. This effect was rescued following
metformin treatment. Data are presented as mean � SEM; n ¼ 14–24/group; *p < 0.05.

Fig. 2. Metformin treatment reduces inflammation following hypoxia-ischemia. (A) Experimental timeline. The relative number of Iba1þ cells was significantly
increased in the motor cortex (B–C) and hippocampus (D–E) following HI at P28 and exhibited a more amoeboid shape (solid arrowheads). There were significantly
fewer Iba1þ cells, and Iba1þ cells demonstrated a more ramified morphology following metformin treatment in both brain regions (empty arrowheads). Data are
presented as mean � SEM; n ¼ 3–5/group.
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early inflammatory response is reduced by metformin treatment, an ef-
fect that was associated with functional improvements, while inflam-
mation is resolved in vehicle-treated mice by 8 weeks post-injury.
3.3. Metformin treatment increases oligodendrogenesis

Previous work, including our own, has shown that metformin in-
creases the size of the neonatal neural stem cell pool when administered
in vivo (Dadwal et al., 2015; Ruddy et al., 2019), and exposure in vitro
enhances neurogenesis and oligodendrogenesis from neural precursor
cells. Notably, this neural stem cell expansion is age-dependent, and not
observed in pre-pubescent (juvenile) mice that receive the same duration
of metformin treatment (from P15-21) (Ruddy et al., 2019). Herein, we
Fig. 3. Metformin treatment does not alter proliferation in neurogenic regions.
of the stem cell pool following metformin treatment (n ¼ 12/group over 3 independ
(arrowheads) in the subependymal zone (SEZ) were also unaffected by metformin t
effect of metformin treatment on Ki67þ cells in the hippocampus. Data are represen

5

asked whether NPC activation, neurogenesis, and/or oligodendrogenesis
were associated with the functional improvements observed in HI injured
mice that received delayed metformin treatment.

We first assessed the stem cell pool using the in vitro neurosphere
assay. There was no change in the size of the neural stem cell pool in mice
that received HI and 7 days of vehicle or metformin treatment (from
P15–P22) (Veh ¼ 1.10 � 0.12-fold versus Metformin ¼ 1.03 � 0.12-fold
change; p¼ 0.637; Fig. 3A and B). Proliferation in the SEZ was examined
using the marker Ki67 at P28, the time at which motor recovery was
observed on cylinder test (Fig. 3A). We observed no difference in Ki67þ
cells in the SEZ as a result of metformin treatment (sham ¼ 1.00 � 0.04-
fold; HI ¼ 0.917 � 0.05-fold, HI þMet ¼ 0.862 � 0.09-fold compared to
shams; p ¼ 0.333; Fig. 3C and D). A similar analysis in the hippocampus
(A) The neurosphere assay revealed no significant differences in the relative size
ent experiments). (B) Experimental timeline. (C–D) The number of Ki67þ cells
reatment (LV; lateral ventricle). (E) Experimental timeline. (F–G) There was no
ted as mean � SEM; n ¼ 3–5/group.
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at P63 (Fig. 3E), at a time when cognitive function had improved,
revealed no change in the number of proliferating cells in the dentate
gyrus following HI, with or without metformin treatment (sham ¼ 1.00
� 0.31-fold; HI ¼ 0.66 � 0.16-fold; HI þ Met ¼ 1.94 � 0.94-fold
compared to shams; Fig. 3F and G; p ¼ 0.651).

Given the reported pro-neurogenic effects of metformin (Dadwal
et al., 2015; Jin et al., 2014; Liu et al., 2014) we assessed potential
long-term changes in neurogenesis. We examined the neurogenic regions
of the brain at P63, a time when long-term metformin treatment was
sufficient to promote functional recovery across domains, using the
neuroblast marker Dcx (Fig. 4A). We found no significant difference in
6

Dcx þ cells following metformin treatment in the SEZ (sham ¼ 1.00 �
0.14-fold; HI ¼ 0.91 � 0.04-fold; HI þ Met ¼ 0.63 � 0.06-fold decrease
compared to shams; p¼ 0.138; Fig. 4B and C), and no difference between
groups in the dentate gyrus (sham ¼ 1.00 � 0.21-fold; HI ¼ 1.07 �
0.24-fold; HI þ Met ¼ 0.52 � 0.06-fold change compared to shams; p ¼
0.212; Fig. 4D and E). Based on the observed trend of fewer Dcxþ cells in
both regions, we hypothesized that metformin treatment may be leading
to neuroblast migration into the brain parenchyma. However, virtually
all of the Dcx þ cells were confined to the neurogenic germinal zones in
all groups.

Metformin has been shown to promote oligodendrogenesis in the
Fig. 4. Metformin treatment alters neural
cell fate in a brain region-specific
manner. (A) Experimental timeline. (B–C)
Metformin treatment did not significantly
reduce the number of neuroblasts (arrow-
heads) in the subependymal zone. (D–E) No
significant reduction in neuroblasts was
detected in the hippocampus. (F–G) Metfor-
min treatment significantly increased the
number of Olig2þ cells in the motor cortex
of metformin-treated animals. (H–I) The
number of Olig2þ cells in the hippocampus
was unaffected (n ¼ 3–5/group). Data are
presented as mean � SEM; *p < 0.05.
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naïve (Wang et al., 2012) and injured brain (Dadwal et al., 2015);
therefore we examined the numbers of Olig2-expressing cells in the
motor cortex and hippocampus. Interestingly, we found a significant
increase in the number of Olig2þ cells in the motor cortex of
metformin-treated animals, but not vehicle-treated animals, after HI
(sham ¼ 1.00 � 0.15-fold; HI ¼ 1.027 � 0.11-fold; HI þ Met ¼ 1.45 �
0.16-fold increase compared to shams; p ¼ 0.034; Fig. 4F and G). There
was no difference in the number of Olig2þ cells in the hippocampus
(sham ¼ 1.00 � 0.14-fold; HI ¼ 1.50 � 0.22-fold; HI þ Met ¼ 1.53 �
0.18-fold compared to shams; p ¼ 0.187; Fig. 4H and I), revealing
regionally distinct effects of metformin’s actions.

Metformin administration in naïve animals (20 mg/kg daily from
P15-42) did not have a significant effect on Ki67þ, Dcxþ, or Olig2þ cells
present at P63 (Supplemental Figure S1C-G), suggesting that a combi-
nation of injury and metformin treatment is necessary for the increased
oligodendrogenesis observed.

4. Discussion

HI is a devastating injury that leads to the loss of neurons and oli-
godendrocytes and results in chronic motor and cognitive impairments.
With few treatment options available, alternative therapeutic approaches
to treat HI are required. Metformin has gained much attention for its
pleiotropic effects in the CNS. We have previously shown that metformin
treatment, when initiated as early as 1 day post-HI in neonatal mice,
improves recovery (Dadwal et al., 2015; Ruddy et al., 2019). Here, we
explored whether there is an extended therapeutic window in which this
recovery is possible. Our data indicate that delayingmetformin treatment
to the subacute stage post-injury results in motor and cognitive recovery.
Further, metformin treatment results in a profound reduction in the
number of microglia in the injured brain and an increase in oligoden-
drogenesis in the motor cortex. These findings highlight metformin’s
pleiotropic effects and suggest that there are regionally distinct responses
that are coincident with the functional recovery observed (Ayoub et al.,
2020).

Microglia and infiltrating macrophages become activated following
injury and express both pro-inflammatory (e.g.; TNF-α, IL-1β and IL-6)
and anti-inflammatory (e.g.; IL-10, TFGβ) cytokines (Fern�andez-Arjona
et al., 2017). The extent and time course of the microglia response is
dependent on the type of injury, age and sex (Kerr et al., 2019; Li et al.,
2013; Villa et al., 2018; Wofford et al., 2019). After neonatal HI,
microglia/macrophages increase in number as early as 6 h post-injury,
and remain elevated for at least a week (Hellstr€om Erkenstam et al.,
2016; Serdar et al., 2019) with concomitant increases in the release of
pro-inflammatory cytokines, creating a hostile environment and further
tissue damage (Mifsud et al., 2014). It is postulated that neuro-
inflammation is more detrimental to pathological progression than the
primary injury itself (Patterson and Holahan, 2012; Wofford et al.,
2019). We demonstrate that neonatal HI leads to increased numbers of
microglia/macrophages for at least 21 days after injury, and that met-
formin decreases this response. Moreover, the metformin-induced
change in the inflammatory response post-injury was correlated with
functional recovery in motor tasks at early and late times post-injury. In
vitro and in vivo metformin treatment increases phosphorylation of
adenosine monophosphate-activated kinase (AMPK) in microglia (Pan
et al., 2016). This process inhibits inflammatory detection and micro-
glial activation and leads to a reduction in the release of
pro-inflammatory cytokines. As a result, the environment is shifted to a
more anti-inflammatory state, conducive to oligodendrogenesis (Wu
et al., 2010; Liu et al., 2019).

Recent work has shown that the effect of metformin on the size of the
SEZ-derived NPC pool is age-dependent. These cells are responsive to
metformin when administered to neonatal (starting at P9), but not ju-
venile (starting at P18), mice (Ruddy et al., 2019). Herein, we extend
these findings and establish that metformin is ineffective at expanding
the size of the neural stem cell pool as early at P15. These data are
7

consistent with metformin regulating the differentiation/survival of
NPC-derived cells, rather than expansion of the NPC pool.

In the absence of an expansion in the NPC pool, the observed increase
in Olig2þ cells in the motor cortex suggests a possible increase in survival
of NPCs directed toward an oligodendroglial lineage. Alternatively, the
target of metformin’s actions could include oligodendrocyte precursor
cells that exist throughout the parenchyma and comprise approximately
5% of the CNS (Dawson et al., 2003). These cells, also known as NG2þ
cells, can be inhibited by microglia following injury (Wu et al., 2010),
hence the reduction in microglia we observed following metformin
treatment may support the proliferation, differentiation, and survival of
these cells. Future research involving the lineage tracking of this popu-
lation will further elucidate whether parenchymal NG2 cells demonstrate
a response to metformin treatment.

Our results revealed an increase in the number of oligodendrocytes in
the motor cortex, but not the hippocampus. This was in line with the lack
of effect on cell proliferation or neuroblast production in this brain re-
gion, and is perhaps not surprising given that NPCs in the dentate gyrus
do not normally differentiate into oligodendrocytes, in striking contrast
to those originating from the SEZ (Braun et al., 2015). Nonetheless, we
observed cognitive recovery using the puzzle box task. This task requires
the contribution of several areas of the brain, and it is possible this effect
was mediated by compensation involving non-hippocampal brain re-
gions. Indeed, we detected an impairment when mice were challenged
with a problem-solving task, which involves input from the medial pre-
frontal cortex (Abdallah et al., 2011).

Our findings are consistent with the cellular basis for the functional
recovery being related to oligodendrogenesis. Enhancing oligoden-
drocyte formation and myelination has been associated with improved
functional recovery following ischemic injury in the adult (Sun et al.,
2013) and neonatal (Iwai et al., 2010) brain, as well as following
cranial irradiation (Ayoub et al., 2020). Oligodendrocytes can provide
protection for existing neuronal axons from degradation, and/or
remyelinate axons for appropriate signal conductance (Iwai et al.,
2010). There is increasing emphasis on therapeutic strategies that
target oligodendrocytes (Mifsud et al., 2014), Taken together, our
findings show that delaying metformin treatment in a clinically rele-
vant paradigm effectively facilitates functional recovery following HI.
Delayed metformin treatment was associated with an altered inflam-
matory response and increased oligodendrogenesis, further demon-
strating the therapeutic potential of metformin treatment following
neonatal HI in patients who are in the subacute injury phase. We
anticipate that these findings will be important to guide the develop-
ment and implementation of novel interventions in the clinic involving
subacute metformin treatment to accelerate and/or augment
post-injury recovery, to ultimately improve pediatric outcomes in a
wider patient population.
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