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Abstract

Spinal cord injury (SCI) results in devastating patient outcomes with few treatment options. A promising approach to improve outcomes fol-
lowing SCI involves the activation of endogenous precursor populations including neural stem and progenitor cells (NSPCs) which are located
in the periventricular zone (PVZ), and oligodendrocyte precursor cells (OPCs) found throughout the parenchyma. In the adult spinal cord, resi-
dent NSPCs are primarily mitotically quiescent and aneurogenic, while OPCs contribute to ongoing oligodendrogenesis into adulthood. Each of
these populations is responsive to SCI, increasing their proliferation and migration to the site of injury; however, their activation is not sufficient
to support functional recovery. Previous work has shown that administration of the FDA-approved drug metformin is effective at promoting
endogenous brain repair following injury, and this is correlated with enhanced NSPC activation. Here, we ask whether metformin can promote
functional recovery and neural repair following SCI in both males and females. Our results reveal that acute, but not delayed metformin ad-
ministration improves functional outcomes following SCI in both sexes. The functional improvement is concomitant with OPC activation and
oligodendrogenesis. Our data also reveal sex-dependent effects of metformin following SCI with increased activation of NSPCs in females and
reduced microglia activation in males. Taken together, these findings support metformin as a viable therapeutic strategy following SCI and high-
light its pleiotropic effects in the spinal cord.

Key words: spinal cord injury; neural stem cells; oligodendrocyte precursor cells; metformin; microglia; sex characteristics.

Graphical Abstract

+ Metformin )

C
Pl ©® ¢

[f Funtion ] [f .Nsm] [V;.é iy }

micro@lia activation
f OPCs

OPC maturation

/ )/ ’ x \\\ Spinal Cord Injury ‘// k
A — €
Ao / \\

4

LEGEND neural stem/ iﬁA oli i 7\‘{5 i i S spi ini
igodendrocyte ®,  oligodendrocyte ependymal cell 7L % microglia (s spinal cord inju
. progenitor cell precursor cell ;& g 2 _ St A g N 7 S

. -

Received: 12 November 2022; Accepted: 20 April 2023.

© The Author(s) 2023. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://creativecommons.org/licenses/by/4.0/
mailto:cindi.morshead@utoronto.ca?subject=

416

Stem Cells Translational Medicine, 2023, Vol. 12, No. 6

Significance Statement

We found that acute metformin treatment leads to behavioral recovery following spinal cord injury (SCI) in both females and males.
Metformin elicited sex-dependent effects on microglia and spinal cord stem and progenitor cells with activation of oligodendrocyte
precursors and enhanced oligodendrocyte maturation across both sexes. This work identifies metformin as a promising therapeutic to
treat SCI in males and females when delivered in the acute phase following injury.

Introduction

Over 200000 spinal cord injuries (SCI) occur worldwide each
year, and millions of individuals are currently living with the
consequences of SCL.!® Efforts to improve post-SCI recovery
include the use of neurotrophic factors, reduction of inhibi-
tory signals, and approaches to enhance neuroplasticity in-
cluding cell transplantation and cellular reprogramming.*'°
To date, recovery remains limited, highlighting the need
for novel therapeutic interventions to improve functional
outcomes. One potential repair strategy involves the mobi-
lization of resident neural stem and progenitor cells (NSPCs)
found in the periventricular zone (PVZ) lining the central
canal of the spinal cord, reviewed in ref.!" In species capable
of spinal cord regeneration (eg, teleost fish, urodeles, and
some lizards), resident Sox2+ NSPCs are activated following
injury and contribute to the repair of the damaged spinal
cord through proliferation, migration, and differentiation to
reconstitute the injured or lost tissue.'”'* In mammals, SCI
also leads to NSPC expansion and migration into the injured
parenchyma, but the NSPC response is insufficient to pro-
mote functional recovery.'®® Considering their multipotency
and responsiveness following injury, harnessing the potential
of endogenous NSPCs is a promising approach to promote
neural repair and functional recovery in mammals following
SCI‘15,17-20

Inadditionto NSPCs,oligodendrocyte precursor cells (OPCs)
represent a potential target population for enhancing repair
following SCI. Chondroitin sulfate proteoglycan (CSPG)-
and neural/glial antigen (NG2)-expressing OPCs are found
throughout the parenchyma of the spinal cord, comprising
5%-10% of the parenchymal cells and acting as a source
of new myelinating oligodendrocytes into adulthood.*'*
Following SCI, OPCs proliferate and migrate to the site of in-
jury where they contribute to oligodendrogenesis.>> However,
like the response of NSPCs, the response of OPCs to SCI is
insufficient for functional recovery.

Metformin is a safe, FDA-approved drug that is com-
monly used to treat type II diabetes mellitus.?* Metformin
has pleiotropic effects in the brain including increased ac-
tivation of NSPCs and OPCs and reduced microglia acti-
vation following injury.?”3! Specifically, metformin enhances
the proliferation and survival of brain-derived NSPCs in
a sex- and age-dependent manner and promotes increased
neurogenesis and oligodendrogenesis through its actions on
atypical protein kinase C (aPKC)-mediated phosphorylation
of CREB-binding protein (CBP).2”3235 Metformin also has
anti-inflammatory effects in the CNS when administered
following brain injury*® including reducing microglia ac-
tivation following cranial radiation and neonatal hypoxia
ischemia.’*3¢ Administration of metformin also leads to
improved cognitive and motor outcomes following neonatal
StrOke.27’29’35’36

In the spinal cord, metformin administration can reduce
neuropathic pain through activation of (p)-AMPK and

suppression of p-STAT3 signaling in the dorsal horn®” with
effects on microglia activation that were sex-dependent.’®
In a model of SCI, metformin administration resulted
in improved motor outcomes that were associated with
increased autophagy**** and reduced caspase 3 activation.*
Following SCI, it is well described that metformin can reduce
NF-kB-mediated inflammation, shifting microglia from a
pro- to anti-inflammatory state and improving their ability to
clear myelin debris.?**>* Most recently, metformin has also
been shown to enhance angiogenesis following SCI, where it
drives increased endothelial cell proliferation and higher den-
sity of new blood vessels in the spinal cord.** Overall, while
metformin’s effects on neural precursor cells have been well
described in the brain, metformin’s effects on spinal cord pre-
cursor pools have not been clearly established.

Herein, we examined the potential for metformin to pro-
mote functional recovery following SCI when administered
in both the acute and subacute (delayed) phase post-SCI
and examined the neural precursor response that correlated
with improved functional outcomes. Given the described sex
differences in SCI outcomes* and the sex-dependent effects of
metformin in the brain,?” we examined all outcomes in both
males and females.

Materials and Methods

Mice

Mice 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. Male and female cohorts were
used and analyzed separately. C57bl6 mice between the ages
of 6 and 8 weeks were used (Charles River Laboratories)
for in vitro studies. Sox2CreER™ and NG2CreER™
mice crossed with homozygous tdTomato reporter mice
(Sox2CreER™tdTomato or NG2CreER™tdTomato) and
C57bl6 mice (10-12 weeks of age) were bred in-house and
used for in vivo studies.

Drug Administration

Metformin (1,1-dimethylbiguanide hydrochloride; D150959,
Sigma-Aldrich, ON, Canada; 200 mg/kg) was dissolved in
sterile phosphate-buffered saline (PBS) and mice received
daily intraperitoneal (i.p.) injections for 7 days for all in vitro
studies. For in vivo studies, metformin was delivered via sub-
cutaneous (s.c.) mini osmotic pumps (200 mg/kg, 1007D,
Alzet, CA, USA) at a rate of 0.5 pL/h for 14 days. Pumps
were implanted beginning at the time of SCI (acute) or at 7
days post-SCI (delayed studies). Control mice received sterile
PBS via injections (in vitro studies) or mini-pumps (in vivo
studies). TdTomato expression was induced 9 days prior
to injury via tamoxifen (TAM) chow (250 mg/kg of chow;
Envigo, USA).



Stem Cells Translational Medicine, 2023, Vol. 12, No. 6

Spinal Cord Injury

Mice were anesthetized using isoflurane and given 1 mL
lactated ringers, slow-release buprenorphine (1.0 mg/kg), and
meloxicam (2.0 mg/kg) prior to SCL##” A laminectomy was
performed to remove T8/9 vertebrae and expose the spinal
cord. Using a surgical microscope, a 25-gauge sterile needle,
bent 45° from the shaft, was manually inserted into the cord
using the dorsal vein as a landmark. The needle was inserted
bilaterally at an oblique angle 0.5 mm lateral to the mid-
line and moved 2 mm parallel to insertion in the rostral di-
rection. The soft tissue overlying the laminectomy site was
closed with 6-0 absorbable sutures and the skin was closed
with 4-0 silk sutures. Mice were placed on a heating pad and
maintained with pain medication (as above) for 48 h. Sham
mice were anesthetized using isoflurane and received fluids
and pain medication. An incision was made to expose the
bony structures and a mini-pump containing sterile PBS was
implanted.

Neurosphere Assay

Mice were anesthetized with isoflurane and euthanized by cer-
vical dislocation. The spinal cord and the PVZ were carefully
dissected under a Stemi 2000 microscope (Zeiss, Germany),
minced and incubated in papain (Worthington Biochemicals,
NJ, USA) dissolved in sterile Earle’s Balanced Salt Solution
(EBSS, Worthington Biochemicals). Cells were triturated and
spun and then resuspended in a solution containing DNase
Ovomucoid protease inhibitor (Worthington Biochemicals),
in EBSS and centrifuged. Cells were resuspended in
Neurobasal-A media (NBM, Thermo Fisher Scientific, PA,
USA) containing l-glutamine (2 mM, Invitrogen, CA, USA),
penicillin/streptavidin (100 U/0.1 mg/mL, Invitrogen), ep-
idermal growth factor (EGF, 20 ng/mL; Peprotech, QC,
CA); fibroblast growth factor (FGF, 10 ng/mL; Gibco, NY,
USA); and heparin (2 pg/mL), Sigma-Aldrich, MI, USA) and
centrifuged. Cells were resuspended in culture media in the
absence or presence of metformin (0.1, 1, 10, 50, 100, 250,
and 500 ng/mL). Cells were plated at a density of 10 cells/
pL in 24-well plates (Thermo Fisher Scientific) in media for 7
days at 37 Cand 5% CO,. The numbers of neurospheres (>80
pm) were counted in 6 wells of a 6 well plate (Sigma-Aldrich)
and averaged per animal.

Neurosphere Differentiation

Individual neurospheres were collected and plated into
laminin-coated wells in a 48 well plate (Sigma-Aldrich). Each
sphere was plated in NBM containing 1% fetal bovine serum
(FBS; Wisent Bioproducts, QC, Canada) and 100 ng/mL
metformin for 7 days at 37 °C and 5% CO, then fixed using
ice-cold 4% paraformaldehyde (PFA) for 20 min, rinsed in PBS
and stored at 4 °C until processed for immunohistochemistry.

Table 1. Antibody information.
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In Vitro Immunohistochemistry

Cells were washed in PBS and then blocked for 1 h in 10%
blocking solution (normal goat serum (NGS) in PBS). Cells
were incubated in primary antibody O4 (oligodendrocytes;
1:1000; R&D Systems, MAB1326; see Table 1) in blocking
solution, overnight at 4 °C. The following day cells were
washed in PBS and incubated in secondary antibody (goat anti-
mouse 568 IgM, 1:400; Thermo Fisher Scientific, A21043) in
blocking solution, for 1 h followed by PBS washes. Cells were
permeabilized using 0.3% Triton-X-100 in PBS for 20 min
prior to PBS washes and exposed to blocking solution for 1
at room temperature then incubated in primary antibodies
TUJ1 (for neurons; 1:1000; Sigma-Aldrich, T8660), GFAP
(for astrocytes; 1:500; Sigma-Aldrich, G9269); see also (Table
1) in blocking solution overnight at 4 "C. The next day, cells
were washed in PBS and incubated with secondary antibodies
(goat anti-mouse 488 IgG, 1:400; Thermo Fisher Scientific,
A11034 and goat anti-rabbit 647 IgG; 1:400; Thermo Fisher
Scientific, A21247). Following PBS washes the nuclear stain
DAPI (1:10000; Thermo Fisher Scientific, D1306) was added
for 5 min then cells were rinsed in PBS.

Imaging was performed using a Zeiss microscope (Axiovert
200 M). To quantify the relative proportions of neurons,
oligodendrocytes, and astrocytes from 4 separate images were
counted from 5 individually plated neurospheres across each
biological replicate. Percentages of differentiated cells were
calculated as a proportion of the total DAPI+ cells within
each image.

EdU Administration

5-Ethynyl-2’-deoxyuridine ((EdU); E10187, Fisher Scientific,
Pittsburgh, PA, USA) was administered (50 mg/kg) via i.p.
injections once daily on days 4-6 following SCI.

Tissue Processing and Immunohistochemistry

At the time of euthanasia, mice were injected with an over-
dose of Avertin (Sigma-Aldrich) and transcardially perfused
with ice-cold PBS, followed by 4% PFA. Spinal cords were
removed and post-fixed in 4% PFA and then transferred to
30% sucrose in PBS. Tissue was embedded with OCT com-
pound (Thermo Fisher Scientific, MA, USA) and frozen.
Spinal cords were cryosectioned (10 pm), collected onto
SuperfrostPlus slides (Thermo Fisher Scientific), and stored at
-20 °C until use.

Slides were rinsed in PBS and then treated in 0.3% Triton
X-100 in PBS and then rinsed in PBS. Slides were blocked in
0.1% bovine serum albumin and 5% NGS in 0.3% Triton
X-100 PBS. Slides were then incubated in primary antibodies
as shown in Table 1 overnight at 4 °C. The following day,
slides were rinsed in PBS and incubated with secondary an-
tibody (goat anti-mouse 488 IgG; 1:400 Thermo Fisher

Antigen Supplier Cat# Host Dilution RRID

04S R&D systems MAB1326 Mouse 1:1000 AB_357617

TUJ1 Sigma-Aldrich T8660 Mouse 1:1000 AB_477590

GFAP Sigma-Aldrich G9269 Rabbit 1:500 AB_477035

IBA-1 Wako 019-19741 Rabbit 1:500 AB_839504

APC EMD Millipore OP80 Mouse 1:50 AB_2057371
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Scientific, A11001 or goat anti-rabbit 488 IgG; 1:400 Thermo
Fisher Scientific, A11034), rinsed in PBS and then incubated
in nuclear stain (DAPI, 1:10000; Thermo Fisher Scientific,
D1306). Slides were rinsed again in PBS and cover slipped
using fluorescent mounting media (Agilent, $302380-2).

To detect Edu+ cells, the Click-it kit was used (Thermo
Fisher Scientific, C10634) following the manufacturer’s
instructions. Slides were placed in 0.3% Triton X-100
(Sigma-Aldrich, ON, Canada) for 20 min and incubated with
the Click-It reaction cocktail for 30 min which was composed
of Tris-buffered saline (6.05 g Tris (17 926, Thermo Fisher
Scientific) + 8.76 g NaCl (SOD001.1, BioShop, Canada) +
800 mL ddH,0; pH of 7.5), Copper Sulfate (2411A, Sigma-
Aldrich), 647 Azide (A10277, Thermo Fisher Scientific) and
1X reaction buffer (C10634, Thermo Fisher Scientific). Slides
were rinsed in PBS and incubated in nuclear stain (DAPI,
1:10000; Thermo Fisher Scientific, D1306). Slides were rinsed
again in PBS and cover slipped using fluorescent mounting
media (Agilent, $302380-2).

Imaging was performed using Zeiss microscopes (Axiovert
200 M or spinning disc confocal; Zeiss, Germany) or an
EVOS M5000 imaging system (Thermo Fisher Scientific,
USA). Immuno-positive cells were counted from 6 to 8 trans-
verse sections per mouse bilaterally through the lesion site in
the dorsal columns or the PVZ. One section per 50 um from
the core of the lesion outwards, both rostrally and caudally,
was quantified. Across all cellular analyses, the region of in-
terest (ROI) was 450 um? (unit area). For each of the 6-8
sections/animal, we averaged 12-16 ROI’s to get one value per
spinal cord/mouse.

Functional Assessments

Functional assessments took place in a dedicated behavioral
testing room. Mice were acclimated to the behavioral suite
for at least 30 min before testing. Behavior was analyzed by
an experimenter blinded to group assignment (Supplementary
Table S1). Baseline performance was established and mice
were tested weekly following SCI.

Raised Horizontal Ladder

The horizontal ladder test was used to evaluate skilled coor-
dination. Mice were acclimated in a goal box for 2 min and
then crossed unevenly spaced rungs on a raised ladder for 3
consecutive trials. The number of hind limb steps and slips
were counted and the percentage of slips was calculated.

Gait Analysis

Gait analysis was performed prior to using the Noldus
Catwalk-XT (Noldus, The Netherlands). Mice were
acclimated in the goal box for 2 min and then prompted to
cross a glass walkway for 3 consecutive trials. A maximum
speed variation of 60% was allowed for each run. Various
gait parameters were analyzed using Noldus Catwalk-XT
software. The fold change in each parameter of interest was
calculated by normalizing experimental data to the average
of controls.

Statistical Analyses and Exclusions

All statistical analyses were conducted using SPSS (v. 23;
IBM) and Prism (v. 9; GraphPad) software. Neurosphere data
from dose-response curves were transformed into fold change
compared to the average control (vehicle treated) value and
analyzed using a one-way analysis of variance (ANOVA)
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followed by Bonferroni post hoc tests. Neurosphere data
from in vivo metformin studies was transformed into fold
change compared to the average Sham value and analyzed
using a 2-way ANOVA followed by Sidak’s multiple compar-
ison test. In vitro cellular differentiation data were analyzed
using unpaired #tests. Catwalk data were transformed
into fold change compared to Sham controls, and Catwalk
and horizontal ladder data were analyzed using repeated-
measures ANOVA followed by Sidédk’s or Dunnett’s post hoc
tests comparing back to baseline performance. All in vivo
immunohistochemical data were analyzed using a one-way
ANOVA followed by Tukey’s post hoc tests. A P-value of <.05
was considered significant. For cellular analyses, a subset of
animals from each group was sampled. Mice that did not dis-
play functional impairments following SCI were excluded
from the behavioral analyses (7 = 4 mice in the delayed
metformin studies that showed no deficit on PID7 before drug
or vehicle treatment).

Results

Acute Metformin Treatment Improves Outcomes
Following SCI

We first sought to determine whether metformin treatment
could improve functional outcomes following SCI. To per-
form these studies, we utilized a previously described mini-
mally invasive model of SCI (Fig. 1A)." Mice received a SCI
and were implanted with subcutaneous pumps to deliver
metformin for 14 days beginning at the time of SCI (“acute”)
(Fig. 1B). Functional assessment was examined using 2
motor tasks: the raised horizontal ladder and the Noldus
Catwalk-XT system. Mice were tested on both tasks prior
to injury (baseline) and on post-injury day (PID) 7 and PID
14 (Fig. 1B). Given the reported sex-dependent responses to
SCI*¥* and sex-dependent responses to drug treatments in
the CNS, including metformin,*** we analyzed the data as
combined (pooled sexes) and in males and females separately.

When combined, SCl-injured mice displayed a significant
deficit compared to baseline on the horizontal ladder test at
PID7 (baseline = 2.21 = 0.59% slips, PID7 = 32.70 = 7.05%
slips, P < .0001) which persisted until PID14 (16.03 = 4.36%
slips, P = .0006). Mice that received metformin treatment
starting at the time of injury were also significantly impaired
at PID7 (baseline = 1.41 = 0.56 % slips, PID7 = 20.04 + 4.99%
slips, P < .0001) (Fig. 1C), but recovered to baseline perfor-
mance by PID14 (5.01 = 0.98% slips, P = .5341) (Fig. 1C).

When we analyzed sexes separately, female mice were im-
paired on the ladder test at PID7 regardless of metformin
treatment (SCI baseline = 2.97 = 1.01% slips, SCI PID7 =
17.19 = 2.61% slips, P = .009; SCI + Met baseline = 1.99
+ 0.78% slips; SCI + met PID7 = 22.0 = 8.24% slips, P <
.001) (Fig. 1D). At PID14, mice that received metformin were
recovered while SCI mice remained impaired (SCI = 14.05 =
4.10% slips, P = .0499; SCI + Met = 5.40 = 1.53% slips, P =
.578) (Fig. 1D). A similar finding was seen in males whereby
mice were impaired following SCI at both PID7 (baseline
= 1.63 = 0.70% slips, PID7 = 44.33 + 10.64% slips; P <
.0001) and PID14 (SCI = 17.52 = 7.32% slips, P = .007) (Fig.
1E). Males that received metformin treatment were signifi-
cantly impaired on PID7 (21.78 = 5.13% slips, P = .017) but
recovered by PID14 (11.60 = 7.28 % slips, P = .803) (Fig. 1E).
Hence, metformin rescued the functional deficits that resulted
following SCI in both males and females.
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Figure 1. Immediate metformin improves functional recovery following SCI (A) Transverse schematic of the spinal cord, hatched line indicates the site

of SCI. (B) Experimental timeline for immediate metformin study. (C) SCI mice are impaired in the horizontal ladder task at PID7 and PID14 (increased

% slippage). SCI + Met mice are significantly impaired on PID7 and by PID14 they have recovered to Sham controls. (D) In females, SCI and SCI + Met
treated mice are impaired on PID7 SCI + Met treated females recovered by PID14 and are not significantly impaired compared to Sham mice. (E) Male
mice display a significant deficit on PID7 following SCI and SCI + Met. SCI + Met treated males recover by PID14 and are not significantly impaired
compared to Sham mice. (F) Gait analysis revealed significant changes in hind paw print width at PID7 and PID14 in SCI mice. SCI + Met mice were not
significantly impaired at either PID7 or PID14. (G) SCI females demonstrated impaired gait at PID7 that persisted to PID14. SCI + Met treated females
were not significantly impaired at PID7 or PID14. (H) A significant deficit is observed in SCI males on PID7 and PID14. SCI + Met treated males were
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Functional outcomes were further investigated by gait anal-
ysis using the Catwalk. Gait measures of SCl-injured mice
were normalized to baseline sham performance to detect any
differences at PID7 and PID14 compared to their pre-injury
performance (Fig. 1B). In the untreated SCI group, there was
a significant deficit in hind paw print position detected at
PID7 (3.36 = 0.69 fold change, P = .0003) and PID14 (3.59 =
0.61 fold change; P < .0001). Following metformin treatment,
this deficit was abrogated at both time points (PID7, 1.69 =
0.40 fold change, P = .466; PID14, 1.98 =+ 0.39 fold change,
P = .224) (Fig 1F).

Sex analysis revealed impaired gait in females at PID7 (3.43
+ 0.68 fold change; P = .038) and the impairment persisted
at PID14 (3.73 = 0.51 fold change, P = .019). Following
metformin treatment, no impairment was observed at either
time (PID7, 1.08 = 0.58 fold change, P = .995; PID14, 1.70 =
0.60 fold change, P = .676) (Fig. 1G). Sham animals showed
a change in print position over time, however, this was in the
form of a reduction from baseline (PID7 = -1.560 = 0.78 fold
change, P = .042; PID14 = -1.61 = 1.38 fold change, P =
.040).

Males displayed a significant deficit in gait following SCI at
PID7 (3.31 = 1.07 fold change, P = .004) and PID14 (3.49 =
0.96 fold change, P = .002) and this impairment was abrogated
following metformin treatment (PID7, 2.37 = 0.45 fold
change, P = .187; PID14, 2.27 = 0.51 fold change, P = .233)
(Fig. 1H). A number of other gait impairments were improved
following metformin treatment in one or both sexes, in-
cluding phase dispersion and couplings (measurements of the
relationships between the paws during step cycles), and hind
stride length’® (Supplementary Fig. S1), further supporting the
functional benefits of post-injury metformin treatment.

Delayed Metformin to the Subacute Phase Does
Not Improve Functional Outcomes Following SCI

We next asked if metformin could improve functional
outcomes when administration was delayed following injury.
In this paradigm, metformin treatment began at PID7 and was
continued for 14 days, until PID21 (Fig. 1I). SCI mice show
a significant deficit at PID 7 (26.39 + 4.16% slips; P < .0001
compared to baseline; 2.32 + 3.05% slips) that persisted at
PID14 (15.28 = 16.63% slips; P = .0041) and PID21 (14.88
+ 17.65% slips; P = .031). SCI + Met groups also showed a
significant deficit compared to PID7 (20.59 = 5.22% slips; P
=.012). This persisted through PID14 (13.58 = 4.09% slips,
P =.049) and PID21 (12.99 = 3.28% slips, P = .019) (Fig. 1]).
Hence, we observed no improvement in functional outcomes
in SCI + Met treated mice when metformin administration
was delayed to the subacute phase post-SCI. Given the effi-
cacy of the acute metformin treatment paradigm in improving
motor outcomes, we next explored the cellular effects at the
time of functional recovery.

Metformin Administration Expands NSPCs in the
Spinal Cord

To determine whether NSPCs in the adult spinal cord were
responsive to metformin we performed the in vitro colony
forming neurosphere assay from separate cohorts of female
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and male mice.’!* Primary cells from the NSPC niche (the
PVZ) were plated in the presence or absence of metformin
(ranging from 0 to 500 ng/mL) for 7 days and the number
of neurospheres was quantified (Supplementary Fig. S2A).
Across males and females, we did not observe differences
in the total number of neurospheres in untreated controls
(females = 19.17 = 5.34 spheres, males = 24.08 = 5.94
spheres, P = .999). We observed a significant increase in
the numbers of female-derived neurospheres at 100 ng/ml
and 500 ng/mL of metformin relative to controls (3.61 =
0.40 fold increase at 100 ng/ml, P = .0004; 3.33 = 1.33
fold increase at 500 ng/ml, P = .017) and a significant
increase in the number of neurospheres in males at 100 ng/
mL (2.86 = 0.51 fold increase, P = .024) (Supplementary
Fig. S2B, S2C). Hence, NSPCs derived from the spinal cord
of males and females are responsive to metformin admin-
istration in vitro.

We next administered metformin to naive adult female and
male mice for 7 days via osmotic minipump to ask whether
NSPCs were expanded following in vivo drug exposure (Fig.
2A). The neurosphere assay was performed 1 day following
treatment. Interestingly, metformin administration resulted in
an increase in the number of neurospheres from females (2.83
+0.53 fold increase, P = .0001, Fig. 2B, 2C, 2F), but not males
(1.26 = 0.19 fold increase; P = .7789; Fig. 2D-2F), compared
to saline-treated controls. Thus, in vivo administration of
metformin results in expansion of the spinal cord NSPC pool
in a sex-dependent manner.

Metformin Administration Alters the Differentiation
Profile of NSPCs

To further explore the effects of metformin on spinal cord-
derived NSPCs, we characterized the differentiation pro-
file of single neurospheres derived from metformin or
vehicle-treated mice. Neurospheres were grown in the ab-
sence of metformin and subsequently differentiated for
7 days in the presence of metformin (100 ng/mL) (Fig.
2A). The phenotype of differentiated cells was assessed
using immunohistochemistry for TUJ1 (neurons), O4
(oligodendrocytes), and GFAP (astrocytes). All neurospheres
were multipotent (Supplementary Fig. S3A, S3D). The per-
centage of oligodendrocytes was significantly greater in
metformin-treated females (vehicle = 4.47 = 0.63% O4+
cells, Met = 8.01% = 1.20% O4+ cells, P = .0128) and
males (vehicle = 3.03 = 0.55% O4+ cells, Met = 6.55 =
1.20% O4+ cells, P = .0068) derived neurospheres (Fig.
2G-2K). Metformin treatment did not affect neurogenesis
from female-derived neurospheres (vehicle = 1.68 = 0.21%
TUJ1+ cells, Met = 1.72 = 0.29% TUJI+ cells, P = .9213),
while male-derived neurospheres had increased numbers of
TUJI+ neurons (vehicle = 1.45 = 0.20% TU]JI+ cells, Met
= 2.89 = 0.62% TU]JI+ cells, P = .0193) (Fig. 2L-2P). We
also observed a sex-dependent increase in the percentage
of GFAP+ astrocytes following metformin treatment in
males (vehicle = 14.02 = 2.76% GFAP+ cells, Met = 21.55
* 3.29% GFAP+ cells, P = .0003) but not females (vehicle =
12.48 = 2.78% GFAP+ cells, Met = 13.73 = 4.10% GFAP+
cells, P = .8834) (Fig. 2Q-2U) These findings are consistent

not significantly impaired at PID7 or PID14. (I) Experimental timeline for delayed (subacute) metformin study. (J) Mice were significantly impaired
(increased % slippage) following SCI, with or without metformin treatment, on PID7, PID14, and PID21. WM, white matter, GM, gray matter, PVZ,
periventricular zone, SCI, spinal cord injury. Data are presented as mean + SEM; combined data, n = 14-25/treatment group; separated by sex, n = 6-13
males and females/treatment group. *P < .05, **P < .01, ***P < .001, ****P < .0001.
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Figure 2. Metformin expands the NSPC pool and promotes oligodendrogenesis and neurogenesis in vitro. (A) Experimental timeline. (B-E)

Spinal cord-derived neurospheres are present from vehicle- and metformin-treated mice. (F) Females (but not males) have significantly more
neurospheres following metformin treatment compared to vehicle treatment, (G-J) Immunohistochemistry for the oligodendrocyte marker 4 (04). (K)
Quantification reveals a significantly greater percentage of O4+ oligodendrocytes (arrows) in both males and females with metformin treatment. (L-O)
Immunohistochemistry for neurons using 3-ll1-Tubulin (TUJ1). (P) We observed significantly higher percentages of neurosphere derived TUJ1 neurons
(arrows) from metformin-treated males, but not females. (Q-T) Immunohistochemistry for astrocytes using GFAP (U) We observed no change in
astrogliogenesis in females, but significantly more GFAP+ astrocytes in males following metformin administration (arrows). Scale barin E, J, O, T = 200
um. Data are presented as mean + SEM; n = 12 neurospheres/treatment group from 9 mice/group/sex. *P < .05.
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Figure 3. Metformin enhances the number of NSPC-derived cells in the injured parenchyma of female mice at the time of functional recovery. (A)
Transverse schematic of the spinal cord. Sox2+ NSPCs were pre-labeled in the PVZ (outline) and tracked following SCI. Boxes represent the regions

of interest counted in each of the sections (450 pm?). (B) Experimental timeline. (C-E) Lineage tracking of TdTomato+, Sox2-derived progeny in Sham
(C-C’), SCI (D-D’), and SCI + Met (E-E’) in females. Hatched line outlines the PVZ. Arrows indicate PVZ-derived tdTomato+ cells in the parenchyma at
PID14. (F) Significantly more tdTomato+ cells are in the parenchyma of SCI + Met treated females compared to Sham controls. (G-1) Lineage tracking
of tdTomato+, Sox2-derived progeny in Sham (G-G’), SCI (H-H’), and SCI + Met (I-I) treated males. (J) Males did not have a significant increase in
tdTomato+ NSPC derived cells in the parenchyma following SCI or SCI + Met. (K-M) EdU+ NSPCs (arrows) in the PVZ (*indicates central canal) were
assessed in Sham (K), SCI (L), and SCI + Met (M) treated females. (N) There is no significant increase in EdU+ cells in the PVZ in females. (0-Q)
EdU+ cells in the PVZ of Sham (0), SCI (P) and SCI + Met treated males. (R) There was no significant increase in EdU+ cells in males across treatment
groups. Scale bar in | = 2560 um, scale bar in Q = 50 um. Data are presented as mean = SEM; n = 3-6 mice/group. *P < .05.

with metformin’s ability to modulate the differentiation pro-
file of brain-derived NSPCs in vitro?”>3 and further reveal
sex-dependent effects of metformin on spinal cord derived
NSPC differentiation.

Metformin Enhances the Number of NSPC-Derived
Cells in the Injured Parenchyma

To examine the cellular effects of metformin administration
following SCI and recovery, we used an inducible Sox2-
CreER™tdTomato transgenic mouse line to label and track
NSPCs from the PVZ in female and male mice by visualizing
the presence of tdTomato expressing cells (Fig. 3A). Tissue
analysis was performed on PID14 (Fig. 3B). We quantified

the numbers of tdTomato+ cells in the dorsal spinal cord of
Sham, SCI, and SCI + Met treated groups. As predicted, the
vast majority of tdTomato+ cells were confined to the PVZ in
Sham mice of both sexes (Fig. 3C, 3F, 3G, 3]). Following SCI,
tdTomato+ cells were observed in the dorsal parenchyma in
both SCI and SCI+Met groups (Fig. 3D-3]). Quantification
in females revealed a significant increase in tdTomato+
cells in the dorsal parenchyma of SCI + Met treated mice
compared to Sham controls (Sham = 1.00 = 0.25 vs. SCI +
Met = 6.79 = 1.30 fold change, P = .0114) (Fig. 3F). There
was also a trend toward higher numbers of tdTomato+ cells
in the injured parenchyma of males in SCI + Met treated
group compared to Sham controls (Sham = 1.00 = 0.08 vs.
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SCI + Met = 4.09 = 1.76 fold change, P = .225) (Fig. 3]).
Notably, very few of the tdTomato+ PVZ-derived cells in the
dorsal parenchyma were proliferating at PID14, irrespective
of sex, and there was no difference in EdU+/tdTomato+ cells
in SCI vs. SCI + Met groups (Supplementary Fig. S4). Hence,
metformin treatment enhances NSPC activation in the PVZ
following SCI.

To assess whether metformin administration increased the
proliferation of NSPCs in the PVZ (Fig. 3A), male and fe-
male Sox2-CreER™tdTomato mice received daily EdU injec-
tion at early times post-SCI (PID4-6) (Fig. 3B). The numbers
of EdU+/TdTomato+ cells in the PVZ was quantified across
Sham, SCI, and SCI + Met groups on PID14. In both females
and males, there was a trend toward increased EdU+ cells in

i B
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the PVZ but no significant increase was detected in either sex
(Fig. 3K-3R).

Metformin Enhances the Numbers of OPC-Derived
Cells and Drives OPC Maturation in the Injured
Parenchyma Following SCI

We next asked whether metformin treatment increased the
number of OPC-derived cells in the injured parenchyma fol-
lowing SCI. We used NG2-CreER™tdTomato transgenic mice
to label and track OPCs in both female and male mice (Fig.
4A, 4B). We quantified the numbers of tdTomato+ cells in
the dorsal spinal cord of Sham, SCI, and SCI + Met treated
mice on PID14 (Fig. 4C, 4E, 4G, 41). In females, we observed
a significant increase in the number of OPC-derived cells in
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Figure 4. Metformin increases the number of OPC-derived cells and enhances OPC maturation. (A) Transverse schematic of the spinal cord. NG2+
OPCs dispersed within the parenchyma (stars) were pre-labeled in NG2CreERT2:TdTomato mice and tracked at PID14. Boxes represent the regions
of interest counted in each of the sections (450 um?). (B) Experimental timeline. (C-E) tdTtomato+ OPC-derived progeny (arrows) in female Sham (C),
SCI (D), and SCI + Met (E-E’) mice. (F) There is a significant increase in the number of tdTomato+ cells in the injured parenchyma in SCl+Met treated
female mice compared to Sham. (G-1) tdtomato+ OPC-derived progeny (arrows) in the parenchyma of Sham (G), SCI (H), and SCI + Met (I-I') male
mice. (J) There is a significant increase in the number of tdTomato+ cells in the injured parenchyma in SCI + Met mice compared to both Sham and
SCI. (K-M) tdTomato+APC+ cells (arrows) were identified across Sham (K), SCI (L), and SCI + Met (M-M’) female mice. (N) A significant increase in
the percentage of tdTomato+APC+/tdTomato+ cells was observed in SCl+Met-treated females. (0-Q) tdTomato+/APC+ cells (arrows) were identified
across Sham (0), SCI (P) and SCI + Met (Q-Q’) treated male mice. (R) The percentage of tdTomato+APC+/tdTomato+ cells was increased following
SCl and in SCl+Met treated males. Scale bar in Q = 150 pm. Data are presented as mean + SEM; n = 3-6 mice/group. *P < .05.
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the injured parenchyma in SCI + Met mice (Sham = 1.00 =
0.15 vs. SCI + Met = 2.49 = 0.70 fold increase, P = .0433)
(Fig. 4F). In males, we also observed a significant increase in
the number of OPC-derived cells in the injured parenchyma
in SCI + Met treated mice relative to both sham (P = .0012)
and SCI (P = .0068) groups (Sham = 1.00 = 0.27 vs. SCI =
1.67 = 0.32 vs. SCI + Met = 4.17 = 0.54 fold increase) (Fig.
4]). Hence, metformin expands the OPC pool following SCI
in both sexes.

To determine whether metformin promoted the differen-
tiation of NG2+ OPCs into mature oligodendrocytes, we
quantified the number of mature oligodendrocytes (APC+)
originating from tdTomato+ OPCs (APC+/tdTomato+) cells
in the injured parenchyma (Fig. 4K-4R) in the presence or
absence of metformin treatment. In females, a significant

increase in the percentage of APC+/tdTomato+ cells in SCI
+ Met mice was observed compared to Sham controls (Sham
=17.29 = 4.24% APC/tdTomato cells; SCI + Met = 55.90 =
0.27% APC+/tdTomato+ cells, P = .024) (Fig. 4N). In males,
we observed a significant increase in the percentage of APC+/
TdTomato+ cells (Fig. 40-4R) in SCI mice compared to
Sham (Sham = 5.20 = 2.14% APC+/TdTomato+ cells, SCI =
18.43 = 2.06% APC+/TdTomato+ cells, P = .0211) and a sig-
nificant increase in the percentage of APC+/TdTomato+ cells
in SCI + Met mice compared to both Sham and untreated SCI
mice (SCI + Met = 39.96 + 1.50% APC+/tdTomato+ cells, P
=.0008 (compared to sham), P = .0037 (compared to SCI)).
These findings reveal that spinal cord OPCs in both sexes are
responsive to metformin treatment following SCI, expanding
in number and generating mature oligodendrocytes.
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Metformin Does Not Alter the Number of Microglia
Following SCI, But Reduces Ameboid Microglia in
Males Following SCI

Microglia activation occurs following injury to the CNS.
Activation includes increased numbers of microglia and
morphological changes from ramified to amoeboid shaped
cells.’t5%5 Studies have shown that metformin reduces
microglia activation in the brain following injury.3%36:38
Accordingly, we sought to determine whether metformin was
modulating the microglia response following SCI and if the
effects were sex-dependent. We first quantified the numbers
of Iba-1+ microglia on PID14 in Sham, SCI, and SCI + Met
groups (Fig. SA). In both females and males, the numbers of
Iba-1+ microglia was significantly increased following SCI
(females, Sham = 28.13 = 2.63, SCI = 71.54 = 11.43 Ibal+
cells/unit area, P = .024; males, Sham = 17.07 = 2.90, SCI =
58.87 = 5.95 Ibal+ cells/unit area, P = .045) and metformin
treatment did not reduce the numbers of Ibal+ microglia
compared to SCI alone in either sex (females, SCI + Met =
63.21 = 14.27 Ibal+ cells/unit area, P = .851 compared to
SCI; males, SCI + Met = 56.70 = 9.58 Iba-1+ cells/area, P =
.036 compared to SCI) (Fig. SF-5I).

As predicted, when we assessed microglia morphology, we
found that SCI alone leads to an increase in the percentage of
ameboid microglia in both sexes (females, Sham = 4.39 = 1.55
vs. SCI = 56.64 = 7.62% ameboid Iba-1+ cells, P < .0001;
males, Sham = 23.24 = 6.58 vs. SCI = 69.94 6.84% ameboid
Iba-1+ cells, P = .003) (Fig. 5J-5Q). Interestingly, metformin
treatment reduced the percent ameboid microglia back to
Sham values in males (Sham = 23.24 + 6.58%, SCI+Met =
29.34 = 5.44% ameboid Iba-1+ cells, P = .798) (Fig. 5Q)
but not females. Taken together, these findings reveal that
metformin treatment has sex-specific effects on microglia
activation, reducing the relative percentage of ameboid mi-
croglia in males, but not females.

Discussion

SCl is a life-altering condition that significantly impacts both
patients and their caregivers. The incidence of SCI is greatest
in adults and more prevalent in males compared to females
(2:1 ratio). Advancements in the medical management of SCI
have improved, however, limited progress has been seen in
treatment options to improve outcomes. Here, we provide
compelling new data highlighting the potential of the FDA-
approved type II diabetes medication, metformin, to improve
functional outcomes following SCI in both males and females.
Our results show that it also has potent effects on neural pre-
cursor cells (NSPCs and OPCs) in the spinal cord and also
demonstrates that the timing of administration has a signif-
icant impact on the functional outcomes whereby delaying
metformin treatment to the subacute phase is not efficacious
at improving behavioral outcomes.

It is well documented in the literature that metformin ad-
ministration can alter NSPCs in the brain,?”?>** Considering
recent work highlighting the sex-dependent effects of
metformin in adult brains,” we considered sex as a vari-
able for our spinal cord studies. Similar to what is reported
in the brain, we only observed a significant expansion in the
NSPC pool in vitro in females. The differentiation profile
of neurosphere-derived cells from the spinal cord was also
sex-dependent in the presence of metformin, with males but
not females, showing increased neurogenesis. The distinction
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between the expansion of the neural stem cell pool and dif-
ferentiation is consistent with previous work showing that
metformin acts through 2 separate pathways, the TAp73 and
aPKC-CBP pathways, respectively.’ Interestingly, across both
sexes we observed an increase in oligodendrogenesis similar
to what has been reported following metformin treatment of
OPCs derived from the brain.?®5¢ To our knowledge this is the
first report of metformin expanding the NSPC population in
the spinal cord in a sex-dependent manner.

Functional outcomes were improved with metformin treat-
ment when administration began in the acute phase post-SCI.
However, delayed administration beginning on PID7 did not
promote improved behavioral outcomes. This is different
from what was seen following neonatal brain injury where
improved functional outcomes were seen following both
acute and subacute metformin treatment.?”-¢ It is well estab-
lished that the NSPC niche is regionally distinct between sexes
and through aging which could account for the differences
observed.?75?

In both females and males, we observed a significant
increase in OPCs migrating to the lesion site, as well as matu-
ration of OPC-derived cells following SCI in animals that re-
ceived metformin. Considering we only observed a significant
increase in NSPC-derived cells in the injury site in females, yet
observed functional recovery across both sexes, we propose
that enhancing OPC migration and differentiation rapidly
following SCI is critical for promoting improved functional
outcomes. This is consistent with the knowledge that demye-
lination following SCI is a major contributor to the impaired
functional outcomes®**! and studies that show that myelinating
cells (OPC- or NSPC-derived oligodendrocytes) transplanted
into the injured spinal cord promote neural repair in rodent
models®>** and in clinical trials.***¢” Considering previous
studies highlighting the effect of metformin on enhancing
autophagy,®*' reducing apoptosis***® and improving the
clearance of myelin debris following SCI,* we hypothesize
that the pleiotropic effects of this drug on the cellular micro-
environment could be providing a more permissive environ-
ment for OPCs to proliferate and mature. Promoting neural
repair through endogenous precursor cell activation provides
a unique opportunity to reduce extrinsic challenges of trans-
plantation including immune rejection and tumorigenicity.

Modulating the inflammatory response has been shown to
impact injury repair in the CNS. Herein, we observed changes
in microglia activation following SCI and metformin treatment.
Indeed, it is well described that altering the microglia/macro-
phage response can alter functional outcomes.**”? In vitro and
in vivo metformin treatment increases AMPK phosphorylation
in microglia, which inhibits the expression of pro-inflammatory
cytokines without affecting cell viability or expression of
anti-inflammatory cytokines, skewing activated microglia to-
ward a more anti-inflammatory phenotype.’*”3 Herein we
observed that metformin administration reduced microglia ac-
tivation similar to what has been shown in the brain**3¢ and
spinal cord.’** Most interesting, we identified a sex-dependent
effect of metformin on microglia activation with reduced
ameboid microglia in male mice, but not in female mice, con-
sistent with previous results in a different model of spinal cord
injury.?® While differences in microglia across the sexes have
remained relatively unexplored, recent literature suggests that
differences in male and female microglia are present across the
life span and can differ in their activation state, functions, and
responses following injury.”#7¢ Further, the reduced microglia
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response following injury could lead to the neuroprotection of
NSPCs and OPCs thereby increasing the size of the precursor
pools that can contribute to neurorepair.”””’8

Conclusion

We have shown that metformin has pleiotropic, sex-dependent
effects on the spinal cord. Metformin administration
modulates microglia activation and resident precursor cells
in terms of their expansion and differentiation and supports
improved functional outcomes following SCI. Metformin has
a strong safety profile and is readily translatable to the clinic.
The reported findings provide a foundation to explore the ef-
ficacy of a metformin-mediated endogenous repair strategy
to treat SCI with the promise of improved patient outcomes.

Acknowledgments

We thank Dr. R. Siu for assistance with surgical procedures
and all members of the Morshead Lab for insightful discus-
sion and review.

Funding

Canada First Research Excellence Fund (Medicine by
Design, operating grant to C.M.M., J.L. Fellowship), Stem
Cell Network (operating grant to C.M.M.), Wings for Life
Foundation (operating grant to C.M.M., E.A.B.G.), American
Association for Anatomists (E.A.B.G. Fellowship), Precision
Medicine Initiative (E.A.B.G. Fellowship), C..LH.R. Graduate
Scholarship (E.G.E).

Conflict of Interest

The authors declare they have no competing financial interests
or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Author Contributions

E.A.B.G., C.M.M.: conception and design. E.A.B.G., CM.M:
financial support. E.A.B.G., J.L., E.G.E, T.K.;, C.M.M.: col-
lection and/or assembly of data. E.A.B.G., ].L., C.M.M.: data
analysis and interpretation. E.A.B.G., J.L., C.M.M.: manu-
script writing. E.A.B.G., ]J.L., E.G.E, T.K., CM.M.: final ap-
proval of manuscript.

Data Availability

All data available are in the main text and supplementary
materials. The data that support the findings of this study are
available from the corresponding author, C.M.M. upon rea-
sonable request.

Supplementary Material

Supplementary material is available at Stem Cells Translational
Medicine online.

References

1. McDonald JW. Repairing the
Sci Am.  1999;281(3):64-73.
scientificamerican0999-64

damaged  spinal cord.
https://doi.org/10.1038/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Stem Cells Translational Medicine, 2023, Vol. 12, No. 6

Kumar R, Lim J, Mekary RA, et al. Traumatic spinal injury:
global epidemiology and worldwide volume. World Neurosurg.
2018;113:e345-e363. https://doi.org/10.1016/j.wneu.2018.02.033
Lee BB, Cripps RA, Fitzharris M, Wing PC. The global map for
traumatic spinal cord injury epidemiology: update 2011, global
incidence rate. Spinal Cord. 2014;52(2):110-116. https://doi.
org/10.1038/s¢.2012.158

Tai W, Wu W, Wang L-L, et al. In vivo reprogramming of NG2
glia enables adult neurogenesis and functional recovery following
spinal cord injury. Cell Stem Cell. 2021;28(5):923-937.e4. https:/
doi.org/10.1016/j.stem.2021.02.009

Bretzner F, Gilbert E, Baylis F, Brownstone RM. Target populations
for first-in-human embryonic stem cell research in spinal cord in-
jury. Cell Stem Cell. 2011;8(5):468-475. https:/doi.org/10.1016/.
stem.2011.04.012

Hornby TG, Zemon DH, Campbell D. Robotic-assisted,
body-weight-supported treadmill training in individuals following
motor incomplete spinal cord injury. Phys Ther. 2005;85(1):52-66.
Hurlbert R]. Methylprednisolone for acute spinal cord in-
jury: an inappropriate standard of care. | Neurosurg Spine.
2000;93(1Suppl):1-7.

Maier IC, Schwab ME. Sprouting, regeneration and circuit for-
mation in the injured spinal cord: factors and activity. Philos
Trans R Soc B Biol Sci. 2006;361(1473):1611-1634. https://doi.
org/10.1098/rstb.2006.1890

Zhang Q, Yan S, You R, et al. Multichannel silk protein/lam-
inin grafts for spinal cord injury repair. | Biomed Mater Res A.
2016;104(12):3045-3057. https://doi.org/10.1002/jbm.a.35851
Forgione N, Fehlings MG. Rho-ROCK inhibition in the treatment
of spinal cord injury. World Neurosurg. 2014;82(3-4):e535-e539.
https://doi.org/10.1016/j.wneu.2013.01.009

Gilbert EAB, Lakshman N, Lau KSK, Morshead CM. Regulating
endogenous neural stem cell activation to promote spinal cord
injury repair. Cells. 2022;11(5):846. https://doi.org/10.3390/
cells11050846

Becker CG, Becker T. Neuronal regeneration from ependymo-
radial glial cells: cook, little pot, cook!. Dev Cell. 2015;32(4):516-
527. https://doi.org/10.1016/j.devcel.2015.01.001

Gilbert EAB, Vickaryous MK. Neural stem/progenitor cells are ac-
tivated during tail regeneration in the leopard gecko (Eublepharis
macularius). | Comp Neurol. 2018;526(2):285-309. https://doi.
org/10.1002/cne.24335

Mchedlishvili L, Mazurov V, Grassme KS, et al. Reconstitution of
the central and peripheral nervous system during salamander tail re-
generation. Proc Natl Acad Sci USA.2012;109(34): E2258-E2266.
https://doi.org/10.1073/pnas.1116738109

Barnabé-Heider F, Goritz C, Sabelstrom H, et al. Origin of new
glial cells in intact and injured adult spinal cord. Cell Stem Cell.
2010;7(4):470-482. https://doi.org/10.1016/j.stem.2010.07.014
Sabelstrom H, Stenudd M, Réu P, et al. Resident neural stem cells
restrict tissue damage and neuronal loss after spinal cord injury in
mice. Science. 2013;342(6158):637-640. https://doi.org/10.1126/
science.1242576

Bruni JE. Ependymal development, proliferation, and functions: a
review. Microsc Res Tech.1998;41(1):2-13. https://doi.org/10.1002/
(SICI)1097-0029(19980401)41:1<2::AID-JEMT2>3.0.CO;2-Z
Mothe AJ, Tator CH. Proliferation, migration, and differenti-
ation of endogenous ependymal region stem/progenitor cells
following minimal spinal cord injury in the adult rat. Neurosci-
ence. 2005;131(1):177-187. https://doi.org/10.1016/j.neurosci-
ence.2004.10.011

Meletis K, Barnabé-Heider F, Carlén M, et al. Spinal cord injury
reveals multilineage differentiation of ependymal cells. PLoS Biol.
2008;6(7):e182. https://doi.org/10.1371/journal.pbio.0060182
Alfaro-Cervello C, Soriano-Navarro M, Mirzadeh Z, Alvarez-
Buylla A, Garcia-Verdugo JM. Biciliated ependymal cell pro-
liferation contributes to spinal cord growth. | Comp Neurol.
2012;520(15):3528-3552. https://doi.org/10.1002/cne.23104
Hughes EG, Kang SH, Fukaya M, Bergles DE. Oligodendro-
cyte progenitors balance growth with self-repulsion to achieve


https://doi.org/10.1038/scientificamerican0999-64
https://doi.org/10.1038/scientificamerican0999-64
https://doi.org/10.1016/j.wneu.2018.02.033
https://doi.org/10.1038/sc.2012.158
https://doi.org/10.1038/sc.2012.158
https://doi.org/10.1016/j.stem.2021.02.009
https://doi.org/10.1016/j.stem.2021.02.009
https://doi.org/10.1016/j.stem.2011.04.012
https://doi.org/10.1016/j.stem.2011.04.012
https://doi.org/10.1098/rstb.2006.1890
https://doi.org/10.1098/rstb.2006.1890
https://doi.org/10.1002/jbm.a.35851
https://doi.org/10.1016/j.wneu.2013.01.009
https://doi.org/10.3390/cells11050846
https://doi.org/10.3390/cells11050846
https://doi.org/10.1016/j.devcel.2015.01.001
https://doi.org/10.1002/cne.24335
https://doi.org/10.1002/cne.24335
https://doi.org/10.1073/pnas.1116738109
https://doi.org/10.1016/j.stem.2010.07.014
https://doi.org/10.1126/science.1242576
https://doi.org/10.1126/science.1242576
https://doi.org/10.1002/(SICI)1097-0029(19980401)41:1<2::AID-JEMT2>3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0029(19980401)41:1<2::AID-JEMT2>3.0.CO;2-Z
https://doi.org/10.1016/j.neuroscience.2004.10.011
https://doi.org/10.1016/j.neuroscience.2004.10.011
https://doi.org/10.1371/journal.pbio.0060182
https://doi.org/10.1002/cne.23104

Stem Cells Translational Medicine, 2023, Vol. 12, No. 6

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

homeostasis in the adult brain. Nat Neurosci. 2013;16(6):668-676.
https://doi.org/10.1038/nn.3390

Chang A, Nishiyama A, Peterson ], Prineas ], Trapp BD. NG2-
positive oligodendrocyte progenitor cells in adult human brain
and multiple sclerosis lesions. | Neurosci. 2000;20(17):6404-6412.
https://doi.org/10.1523/J]NEUROSCI.20-17-06404.2000

Kirby L, Jin J, Cardona JG, et al. Oligodendrocyte precursor cells
present antigen and are cytotoxic targets in inflammatory demye-
lination. Nat Commun. 2019;10(1):3887. https://doi.org/10.1038/
s41467-019-11638-3

LiN, Leung GKK. Oligodendrocyte precursor cells in spinal cord in-
jury: a review and update. Biomed Res Int. 2015;2015(235195):1-
20. https://doi.org/10.1155/2015/235195

Duncan GJ, Manesh SB, Hilton BJ, et al. The fate and function of
oligodendrocyte progenitor cells after traumatic spinal cord injury.
Glia. 2020;68(2):227-2435. https://doi.org/10.1002/glia.23706
Bailey CJ, Day C. Metformin: its botanical background. Pract Dia-
betes Int. 2004;21(3):115-117. https://doi.org/10.1002/pdi.606
Dadwal P, Mahmud N, Sinai L, et al. Activating endogenous neural
precursor cells using metformin leads to neural repair and func-
tional recovery in a model of childhood brain injury. Stem Cell Rep.
2015;5(2):166-173. https://doi.org/10.1016/j.stemcr.2015.06.011
Kosaraju J, Seegobin M, Gouveia A, et al. Metformin promotes
CNS remyelination and improves social interaction following
focal demyelination through CBP Ser436 phosphorylation. Exp
Neurol. 2020;334(2020):113454. https://doi.org/10.1016/j.
expneurol.2020.113454

Ruddy RM, Adams KV, Morshead CM. Age- and sex-dependent
effects of metformin on neural precursor cells and cognitive re-
covery in a model of neonatal stroke. Sci Adv. 2019;5(9):eaax1912.
https://doi.org/10.1126/sciadv.aax1912

Tao L, Li D, Liu H, et al. Neuroprotective effects of metformin on
traumatic brain injury in rats associated with NF-kB and MAPK
signaling pathway. Brain Res Bull. 2018;140(2018):154-161.
https://doi.org/10.1016/j.brainresbull.2018.04.008

Bourget C, Adams KV, Morshead CM. Reduced microglia activa-
tion following metformin administration or microglia ablation is
sufficient to prevent functional deficits in a mouse model of neo-
natal stroke. | Neuroinflamm. 2022;19(1):146.

Wang ], Gallagher D, DeVito LM, et al. Metformin activates an
atypical PKC-CBP pathway to promote neurogenesis and enhance
spatial memory formation. Cell Stem Cell. 2012;11(1):23-35.
https://doi.org/10.1016/j.stem.2012.03.016

Fatt M, Hsu K, He L, et al. Metformin acts on two different mo-
lecular pathways to enhance adult neural precursor proliferation/
self-renewal and differentiation. Stemz Cell Rep. 2015;5(6):988-
995. https://doi.org/10.1016/j.stemcr.2015.10.014

Derkach D, Kehtari T, Renaud M, et al. Metformin pretreat-
ment rescues olfactory memory associated with subependymal
zone neurogenesis in a juvenile model of cranial irradiation.
Cell Rep Med. 2021;2(4):100231. hteps://doi.org/10.1016/;.
xcrm.2021.100231

Ayoub R, Ruddy RM, Cox E, et al. Assessment of cognitive and
neural recovery in survivors of pediatric brain tumors in a pilot
clinical trial using metformin. Nat Med. 2020;26(8):1285-1294.
https://doi.org/10.1038/s41591-020-0985-2

Livingston JM, Syeda T, Christie T, Gilbert EAB, Morshead CM.
Subacute metformin treatment reduces inflammation and improves
functional outcome following neonatal hypoxia ischemia.
Brain Bebav Immun Health. 2020;7(2020):100119. https://doi.
org/10.1016/j.bbih.2020.100119

Ge A, Wang S, Miao B, Yan M. Effects of metformin on the expres-
sion of AMPK and STATS3 in the spinal dorsal horn of rats with
neuropathic pain. Mol Med Rep. 2018;17(4):5229-5237. https:/
doi.org/10.3892/mmr.2018.8541

Inyang KE, Szabo-Pardi T, Wentworth E, et al. The antidiabetic
drug metformin prevents and reverses neuropathic pain and spinal
cord microglial activation in male but not female mice. Pharmacol
Res. 2019;139:1-16. https://doi.org/10.1016/j.phrs.2018.10.027

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

427

Wang C, Liu C, Gao K, et al. Metformin preconditioning provide
neuroprotection through enhancement of autophagy and sup-
pression of inflammation and apoptosis after spinal cord injury.
Biochem Bioph Res Co.2016;477(4):534-540.

Zhang D, Xuan J, Zheng B, et al. Metformin improves functional
recovery after spinal cord injury via autophagy flux stimulation.
Mol Neurobiol. 2017;54(5):3327-3341. https://doi.org/10.1007/
$12035-016-9895-1

Guo Y, Wang F, Li H, et al. Metformin protects against spinal cord
injury by regulating autophagy via the mTOR signaling pathway.
Neurochem Res. 2018;43(5):1111-1117. https://doi.org/10.1007/
s11064-018-2525-8

Song W-Y, Ding H, Dunn T, et al. Low-dose metformin treatment
in the subacute phase improves the locomotor function of a mouse
model of spinal cord injury. Neural Regen Res. 2021;16(11):2234-
2242. https://doi.org/10.4103/1673-5374.310695

Wu Y, Xiong ], He Z, et al. Metformin promotes microglial cells to
facilitate myelin debris clearance and accelerate nerve repairment
after spinal cord injury. Acta Pharmacol Sin. 2022;43(6):1360-
1371. https://doi.org/10.1038/s41401-021-00759-5

Zhao J-Y, Sheng X-L, Li C-], et al. Metformin promotes angiogen-
esis and functional recovery in aged mice after spinal cord injury by
adenosine monophosphate-activated protein kinase/endothelial ni-
tric oxide synthase pathway. Neural Regen Res. 2022;18(7):1553-
1562.

Stewart AN, MacLean SM, Stromberg AJ, et al. Considerations for
studying sex as a biological variable in spinal cord injury. Front
Neurol. 2020;11:802. https://doi.org/10.3389/fneur.2020.00802
Lakshman N, Xu W, Morshead CM. A neurosphere assay to eval-
uate endogenous neural stem cell activation in a mouse model of
minimal spinal cord injury. ] Vis Exp 2018;139:e57727.

Xu W, Sachewsky N, Azimi A, et al. Myelin basic protein regulates
primitive and definitive neural stem cell proliferation from the
adult spinal cord. Stem Cells. 2016;35(2):485-496.

Swartz KR, Fee DB, Joy KM, et al. Gender differences in spinal cord
injury are not estrogen-dependent. | Neurotraum. 2007;24(3):473-
480.

Furlan JC, Craven BC, Fehlings MG. Sex-related discrepancies in
the epidemiology, injury characteristics and outcomes after acute
spine trauma: a retrospective cohort study. | Spinal Cord Med.
2019;42(sup1):10-20. https://doi.org/10.1080/10790268.2019.16
07055

Caballero-Garrido E, Pena-Philippides JC, Galochkina Z,
Erhardt E, Roitbak T. Characterization of long-term gait deficits
in mouse dMCAOQ, using the CatWalk system. Behav Brain Res.
2017;331:282-296. https://doi.org/10.1016/5.bbr.2017.05.042
Benraiss A, Caubit X, Arsanto JP, et al. Clonal cell cultures from
adult spinal cord of the amphibian urodele Pleurodeles waltl to
study the identity and potentialities of cells during tail regenera-
tion. Dev Dyn. 1996;205(2):135-149. https://doi.org/10.1002/
(SICI)1097-0177(199602)205:2<135::AID-AJAS5>3.0.CO;2-]
Reynolds BA, Weiss S. Clonal and population analyses demonstrate
that an EGF-responsive mammalian embryonic CNS precursor is
a stem cell. Dev Biol. 1996;175(1):1-13. https://doi.org/10.1006/
dbi0.1996.0090

Shihabuddin LS, Horner PJ, Ray ], Gage FH. Adult spinal cord
stem cells generate neurons after transplantation in the adult
dentate gyrus. | Newurosci. 2000;20(23):8727-8735. https://doi.
org/10.1523/JNEUROSCI.20-23-08727.2000

Stratoulias V, Venero JL, Tremblay M, Joseph B. Microglial
subtypes: diversity within the microglial community. EMBO ].
2019;38(17):¢101997. https://doi.org/10.15252/embj.2019101997
Giulian D. Ameboid microglia as effectors of inflammation in the
central nervous system. | Neurosci Res. 1987;18(1):155-71, 132.
https://doi.org/10.1002/jnr.490180123

Neumann B, Baror R, Zhao C, et al. Metformin restores CNS
remyelination capacity by rejuvenating aged stem cells. Cell
Stem Cell. 2019;25(4):473-485.e8. https://doi.org/10.1016/].
stem.2019.08.015


https://doi.org/10.1038/nn.3390
https://doi.org/10.1523/JNEUROSCI.20-17-06404.2000
https://doi.org/10.1038/s41467-019-11638-3
https://doi.org/10.1038/s41467-019-11638-3
https://doi.org/10.1155/2015/235195
https://doi.org/10.1002/glia.23706
https://doi.org/10.1002/pdi.606
https://doi.org/10.1016/j.stemcr.2015.06.011
https://doi.org/10.1016/j.expneurol.2020.113454
https://doi.org/10.1016/j.expneurol.2020.113454
https://doi.org/10.1126/sciadv.aax1912
https://doi.org/10.1016/j.brainresbull.2018.04.008
https://doi.org/10.1016/j.stem.2012.03.016
https://doi.org/10.1016/j.stemcr.2015.10.014
https://doi.org/10.1016/j.xcrm.2021.100231
https://doi.org/10.1016/j.xcrm.2021.100231
https://doi.org/10.1038/s41591-020-0985-2
https://doi.org/10.1016/j.bbih.2020.100119
https://doi.org/10.1016/j.bbih.2020.100119
https://doi.org/10.3892/mmr.2018.8541
https://doi.org/10.3892/mmr.2018.8541
https://doi.org/10.1016/j.phrs.2018.10.027
https://doi.org/10.1007/s12035-016-9895-1
https://doi.org/10.1007/s12035-016-9895-1
https://doi.org/10.1007/s11064-018-2525-8
https://doi.org/10.1007/s11064-018-2525-8
https://doi.org/10.4103/1673-5374.310695
https://doi.org/10.1038/s41401-021-00759-5
https://doi.org/10.3389/fneur.2020.00802
https://doi.org/10.1080/10790268.2019.1607055
https://doi.org/10.1080/10790268.2019.1607055
https://doi.org/10.1016/j.bbr.2017.05.042
https://doi.org/10.1002/(SICI)1097-0177(199602)205:2<135::AID-AJA5>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1097-0177(199602)205:2<135::AID-AJA5>3.0.CO;2-J
https://doi.org/10.1006/dbio.1996.0090
https://doi.org/10.1006/dbio.1996.0090
https://doi.org/10.1523/JNEUROSCI.20-23-08727.2000
https://doi.org/10.1523/JNEUROSCI.20-23-08727.2000
https://doi.org/10.15252/embj.2019101997
https://doi.org/10.1002/jnr.490180123
https://doi.org/10.1016/j.stem.2019.08.015
https://doi.org/10.1016/j.stem.2019.08.015

428

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Lecanu L, Waldron, McCourty A. Neural stem cell sex dimorphism
in aromatase (CYP19) expression: a basis for differential neural
fate. Stem Cells Cloning Adv Appl 2010;3:175.

Bramble MS, Vashist N, Vilain E. Sex steroid hormone modulation
of neural stem cells: a critical review. Biol Sex Differ.2019;10(1):28.
https://doi.org/10.1186/s13293-019-0242-x

Briannvall K,Korhonen L, Lindholm D. Estrogen-receptor-dependent
regulation of neural stem cell proliferation and differentiation.
Mol Cell Neurosci. 2002;21(3):512-520. https://doi.org/10.1006/
mcne.2002.1194

Fawcett JW, Asher RA. The glial scar and central nervous system re-
pair. Brain Res Bull. 1999;49(6):377-391. https://doi.org/10.1016/
$0361-9230(99)00072-6

Casha S, Yu WR, Fehlings MG. Oligodendroglial apoptosis
occurs along degenerating axons and is associated with FAS and
p75 expression following spinal cord injury in the rat. Neuro-
science. 2001;103(1):203-218.  https://doi.org/10.1016/s0306-
4522(00)00538-8

Kim D-S, Jung SJ, Lee JS, et al. Rapid generation of OPC-like cells
from human pluripotent stem cells for treating spinal cord injury.
Exp Mol Med. 2017;49(7):e361-e361.

Yang J, Xiong L-L, Wang Y-C, et al. Oligodendrocyte precursor cell
transplantation promotes functional recovery following contusive
spinal cord injury in rats and is associated with altered microRNA
expression. Mol Med Rep. 2018;17(1):771-782. https://doi.
0rg/10.3892/mmr.2017.7957

Kim ]B, Lee H, Aratzo-Bravo M], et al. Oct4-induced oligoden-
drocyte progenitor cells enhance functional recovery in spinal
cord injury model. EMBO ]. 2015;34(23):2971-2983. https://doi.
org/10.15252/emb;j.201592652

Priest CA, Manley NC, Denham J, Wirth ED, Lebkowski JS. Preclin-
ical safety of human embryonic stem cell-derived oligodendrocyte
progenitors supporting clinical trials in spinal cord injury. Regen
Med. 2015;10(8):939-958. https://doi.org/10.2217/rme.15.57
Nagoshi N, Tsuji O, Nakamura M, Okano H. Cell therapy for
spinal cord injury using induced pluripotent stem cells. Regen Ther.
2019;11:75-80. https://doi.org/10.1016/j.reth.2019.05.006
Salewski RPF, Eftekharpour E, Fehlings MG. Are induced pluripo-
tent stem cells the future of cell-based regenerative therapies for

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Stem Cells Translational Medicine, 2023, Vol. 12, No. 6

spinal cord injury? J Cell Physiol. 2010;222(3):515-521. https:/
doi.org/10.1002/jcp.21995

Zhang T, Wang F, Li K, et al. Therapeutic effect of metformin
on inflammation and apoptosis after spinal cord injury in rats
through the Wnt/B-catenin signaling pathway. Neurosci Lett.
2020;739:135440. https://doi.org/10.1016/j.neulet.2020.135440
Wang J, Chen J, Jin H, et al. BRD4 inhibition attenuates inflamma-
tory response in microglia and facilitates recovery after spinal cord
injury in rats. | Cell Mol Med. 2019;23(5):3214-3223. https://doi.
org/10.1111/jcmm.14196

Hains BC, Waxman SG. Activated microglia contribute to the
maintenance of chronic pain after spinal cord injury. | Neurosci
Off ] Soc Neurosci. 2006;26(16):4308-4317.

Detloff MR, Fisher LC, McGaughy V, et al. Remote activation of
microglia and pro-inflammatory cytokines predict the onset and
severity of below-level neuropathic pain after spinal cord injury in
rats. Exp Neurol. 2008;212(2):337-347. https://doi.org/10.1016/j.
expneurol.2008.04.009

Poulen G, Aloy E, Bringuier CM, et al. Inhibiting microglia prolif-
eration after spinal cord injury improves recovery in mice and non-
human primates. Theranostics. 2021;11(18):8640-8659. https:/
doi.org/10.7150/thno.61833

Bai B, Chen H. Metformin: a novel weapon against inflamma-
tion. Front Pharmacol. 2021;12:622262. https://doi.org/10.3389/
fphar.2021.622262

Han J, Fan Y, Zhou K, et al. Uncovering sex differences of rodent
microglia. | Neuroinflamm. 2021;18:74.

Villa A, Gelosa P, Castiglioni L, et al. Sex-specific features of mi-
croglia from adult mice. Cell Rep.2018;23(12):3501-3511. https:/
doi.org/10.1016/j.celrep.2018.05.048

Bollinger JL, Burns CMB, Wellman CL. Differential effects of stress
on microglial cell activation in male and female medial prefrontal
cortex. Brain Behav Immun. 2016;52:88-97.

Aarum ], Sandberg K, Haeberlein SLB, et al. Migration and dif-
ferentiation of neural precursor cells can be directed by microglia.
Proc Natl Acad Sci. 2003;100(26):15983-15988.

Yamamiya M, Tanabe S, Muramatsu R. Microglia promote the
proliferation of neural precursor cells by secreting osteopontin.
Biochem Bioph Res Co .2019;513(4):841-845.


https://doi.org/10.1186/s13293-019-0242-x
https://doi.org/10.1006/mcne.2002.1194
https://doi.org/10.1006/mcne.2002.1194
https://doi.org/10.1016/s0361-9230(99)00072-6
https://doi.org/10.1016/s0361-9230(99)00072-6
https://doi.org/10.1016/s0306-4522(00)00538-8
https://doi.org/10.1016/s0306-4522(00)00538-8
https://doi.org/10.3892/mmr.2017.7957
https://doi.org/10.3892/mmr.2017.7957
https://doi.org/10.15252/embj.201592652
https://doi.org/10.15252/embj.201592652
https://doi.org/10.2217/rme.15.57
https://doi.org/10.1016/j.reth.2019.05.006
https://doi.org/10.1002/jcp.21995
https://doi.org/10.1002/jcp.21995
https://doi.org/10.1016/j.neulet.2020.135440
https://doi.org/10.1111/jcmm.14196
https://doi.org/10.1111/jcmm.14196
https://doi.org/10.1016/j.expneurol.2008.04.009
https://doi.org/10.1016/j.expneurol.2008.04.009
https://doi.org/10.7150/thno.61833
https://doi.org/10.7150/thno.61833
https://doi.org/10.3389/fphar.2021.622262
https://doi.org/10.3389/fphar.2021.622262
https://doi.org/10.1016/j.celrep.2018.05.048
https://doi.org/10.1016/j.celrep.2018.05.048

