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Abstract
Neonatal stroke is a leading cause of long-term disability and currently available 
rehabilitation treatments are insufficient to promote recovery. Activating neural pre-
cursor cells (NPCs) in adult rodents, in combination with rehabilitation, can accel-
erate functional recovery following stroke. Here, we describe a novel method of 
constraint-induced movement therapy (CIMT) in a rodent model of neonatal stroke 
that leads to improved functional outcomes, and we asked whether the recovery was 
correlated with expansion of NPCs. A hypoxia/ischemia (H/I) injury was induced on 
postnatal day 8 (PND8) via unilateral carotid artery ligation followed by systemic 
hypoxia. One week and two weeks post-H/I, CIMT was administered in the form of 
3 botulinum toxin (Botox) injections, which induced temporary paralysis in the unaf-
fected limb. Functional recovery was assessed using the foot fault task. NPC prolif-
eration was assessed using the neurosphere assay and EdU immunohistochemistry. 
We found that neonatal H/I injury alone expands the NPC pool by >2.5-fold relative 
to controls. We determined that using Botox injections as a method to provide CIMT 
results in significant functional motor recovery after H/I. However, CIMT does not 
lead to enhanced NPC activation or migration into the injured parenchyma in vivo. 
At the time of functional recovery, increased numbers of proliferating inflammatory 
cells were found within the injured motor cortex. Together, these findings suggest 
that NPC activation following CIMT does not account for the observed functional 
improvement and suggests that CIMT-mediated modification of the CNS inflamma-
tory response may play a role in the motor recovery.
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1 |  INTRODUCTION

Neonatal stroke is a leading cause of motor and cognitive 
disability. With limited therapeutic interventions available, 
neonatal stroke often results in debilitating, non-progressive 
neurological deficits that persist throughout life, including 
cerebral palsy. One approach of considerable interest is the 
activation of endogenous neural stem cells and their progeny 
(neural precursor cells; NPCs), which are promising candi-
dates to promote neural repair. NPCs reside in the periven-
tricular region in the forebrain, through development and into 
adulthood (Morshead et al., 1994; Privat & Leblond, 1972; 
Smart,  1961; reviewed by Adams & Morshead,  2018). 
Under baseline conditions, NPCs migrate along the rostral 
migratory stream to the olfactory bulb where they differen-
tiate into interneurons (Lois & Alvarez-Buylla, 1993; Lois 
et al., 1996; Craig et  al.,  1999). Following injury, the size 
of the activated NPC pool is increased (Dadwal et al., 2015; 
Sachewsky et al., 2014) and migration into the injured paren-
chyma is observed (Arvidsson et al., 2002; Faiz et al., 2015; 
Hou et al., 2008).

Studies have shown that injury-induced NPC activation 
alone is insufficient for tissue regeneration or functional re-
covery (Arvidsson et al., 2002; Kolb et al., 2007; Yamashita 
et al., 2006). However, further evidence reveals that enhanc-
ing endogenous NPCs activation through pharmacological 
approaches can promote sensorimotor and/or cognitive recov-
ery in neonatal and adult stroke models (Dadwal et al., 2015; 
Erlandsson et al., 2011; Nusrat et al., 2018; Ruddy et al., 2019; 
Sachewsky et  al.,  2014). Further, it has been demonstrated 
that enriched rehabilitation, combined with endogenous NPC 
activation, leads to greater functional improvements than ei-
ther intervention alone (Jeffers et al., 2014). It is well estab-
lished that exercise promotes neurogenesis in the neurogenic 
regions of the brain (reviewed by Mastrorilli et  al.,  2017; 
Saraulli et al., 2017). These findings are consistent with the 
hypothesis that injury-induced NPC activation may be har-
nessed for activity-dependent neuroplasticity.

The prospect of modulating neurogenesis as a therapeu-
tic intervention has garnered much interest from researchers, 
although the potential of the human brain to contribute to 
ongoing neurogenesis is controversial (Paredes et al., 2016; 
Sorrells et al., 2018). However, it is well-established that the 
developing neonatal brain affords greater plasticity, supports 
the survival, differentiation, and migration of NPCs, and 
guides nerve growth and synapse formation (reviewed by 
Adams & Morshead, 2018). Indeed, a marked decline in neu-
rogenesis has been observed in both the SEZ and hippocam-
pal neurogenic niches in early development and into aging 
through immunohistochemistry, immunofluorescence and 
stereology (Bhardwaj et al., 2006; Gould et al., 1999; Paredes 
et al., 2016; Sorrells et al., 2018). This suggests that a better 
opportunity for developing successful NPC-based recovery 

strategies is during the early postnatal period and that per-
haps understanding and modulating neural precursor pools 
in early brain development is key to improving motor and 
cognitive outcomes in the context of neuronal injury during 
development and into adulthood.

Physical rehabilitation, including exercise and enriched en-
vironments, has long been used to improve motor function after 
stroke. In the case of neonatal stroke, paralysis and/or weakness 
affecting one side of the body (i.e. hemiplegia) can leads to re-
peated failed attempts to use the affected limb which results in 
“learned non-use,” (Taub et al., 2006). A promising rehabilita-
tive technique used in the clinic to overcome the discontinued 
use of an affected limb and increase use with the un-impaired 
limb is constraint-induced movement therapy (CIMT) (Taub 
et al., 1980; reviewed by Chiu & Ada,  2016; Livingston-
Thomas et al., 2014; Uswatte & Taub, 2013). CIMT encourages 
positive feedback and modulates post-ischemic neuroplasticity 
through the restraint and immobilization of the unaffected arm 
and the forced use of the injured arm (Gillick & Zirpel, 2012; 
Ishida et al., 2015; Kim et al., 2015; Uswatte & Taub, 2013). 
Seminal work in rodent models (Taub, 1980, Taub, 2012; Taub 
et  al.,  2004), non-human primates, cerebral palsy and adult 
stroke patients (Carlson et al., 2018; Chen et al., 2016; Eliasson 
et al., 2018; Manning et al., 2016) and neonatal animal models 
(Ishida et al., 2015; Joo et al., 2012; Kim et al., 2017, 2018) 
indicates that CIMT leads to substantial functional improve-
ments. However, the cellular mechanism responsible for the 
behavioural recovery is not well-understood. Herein, we asked 
whether enhancing an aspect of neuroplasticity—specifically 
NPC activation—is correlated with the success of CIMT to pro-
mote functional improvement in a neonatal H/I injury model. 
We established a novel method of CIMT using Botox to induce 
temporary paralysis in the unaffected paw following neonatal 
H/I and investigated changes in the NPC pool using in vitro and 
in vivo assays. We demonstrate that this CIMT strategy leads 
to motor improvements after neonatal stroke. We observed re-
gionally distinct activation of microglia/macrophages but no 
evidence of SEZ NPC activation following CIMT treatment.

Highlights

• Hypoxia-ischemia insult results in neural precur-
sor cell (NPC) expansion for 1 week post-injury

• Botox is an effective model of constraint-induced 
movement therapy (CIMT)

• CIMT leads to functional gains in the absence of 
rehabilitation and enrichment

• CIMT mediated functional improvement is corre-
lated with expansion of microglia/macrophages, 
but not the NPC pool at the time of recovery
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2 | MATERIALS AND METHODS

2.1 | Ethics Statement

All procedures were performed in accordance with the fed-
eral Canadian Council on Animal Care (CCAC) and the insti-
tutional University Animal Care Committee (UACC) at the 
University of Toronto.

2.2 | Mice

Gestational day 16-18 timed pregnant C57BL/6 female mice 
were purchased from Charles River and maintained in a path-
ogen-free facility. Litters of mice were housed with their dam 
in cages with a red rectangular house, one nestlet, and food and 
water available ad libitum. All mice were kept on a 12-hr day/
night cycle. Dams were fed a high-fat diet (D12451, Charles 
River, Montreal, QC, Canada). Each litter (maximum of 8 
pups/litter) included experimental mice and littermate controls 
of both sexes, which were randomly assigned to a treatment 
group (Naïve, Naïve + CIMT, H/I, H/I + CIMT).

2.3 | Hypoxia/ischemia (H/I) injury model

Early postnatal mice (postnatal day 8, PND8) received an 
H/I injury as previously described (Dadwal et  al.,  2015; 
Vannucci et al., 1999). Briefly, mice were anaesthetized (4% 
induction, 2% maintenance) with isoflurane (Fresenius-Kabi, 
Toronto, ON, Canada) and maintained on a heating pad at 
37°C (ATC1000, World Precision Instruments, Sarasota, 
FL, USA). Under a dissecting microscope (T-22001, Ken-A-
Vision, Kansas City, MO, USA), a midline ventral incision 
was made in the anterior neck and the left common carotid 
artery was ligated using 6–0 Sofsilk surgical sutures (VS-
889, Syneture, Toronto, ON, Canada) and then cut between 
the sutures to permanently reduce blood flow. Following 
suturing, pups recovered under a heat lamp and returned to 
the dam for 1.5 hr. Pups were then exposed to 60 min of hy-
poxia in a sealed chamber (ProOx P110, Biospherix, Parish, 
NY, USA) infused with nitrogen until a level of 8.0% O2 
is reached at 37°C. Following hypoxia exposure, pups were 
returned to the dam for recovery.

2.4 | CIMT (constraint-induced 
movement therapy) using botulinum toxin

Mice were anaesthetized with isoflurane (4% induction, 2% 
maintenance) and received botulinum toxin (Botox) (a kind 
gift from Allergan, ON, Canada) injections (0.05 u/µl in 
1XPBS, 0.75 U/mouse) on PND15 and PND22. With a 34 

gauge bevelled needle attached to a 100µl gastight syringe, 
5μl of Botox was injected intramuscularly into the superior 
supraspinatus muscle, biceps brachii and triceps brachii. 
Mice were under anaesthesia for < 5 min from the time of 
induction to the time of the final injection. For mice receiv-
ing H/I + CIMT, only mice > 9gm on PND15 were used. 
Paralysis was visually observed (Supplemental Video 1). 
Mice that received CIMT dragged their paw and demon-
strated decreased use (Supplemental Video 1). Paralysis was 
no longer apparent when observed 48 hr after the injection 
(Supplemental Video 2). All mice were frequently monitored 
and H/I + CIMT treated mice required more supportive care.

2.5 | Behavioural tasks

2.5.1 | Righting reflex

The Righting Reflex was a neurofunctional reflex used to 
demonstrate neural impairment in mice that received H/I in-
jury. The time for pups to flip from a supine to prone posi-
tion, (with a maximum time of 60 s) was assessed 1h after 
hypoxia on PND8 and compared to uninjured, naïve lit-
termates that received anaesthesia, as done previously (El-
Khodor et al., 2008; Ten et al., 2003). All mice that showed 
increased latency in the task were included in the study.

2.6 | Foot fault

To assess impairments in gross sensorimotor coordination and 
balance, and fine motor functions such as reaching and step-
ping, the Foot Fault task was performed (Bona et al., 1997; 
Lubics et al., 2005) at 4 days (PND26) and 13 days (PND35) 
after the final Botox injection, a time when the effects of 
Botox were no longer apparent (Video S2). Mice were placed 
on an elevated 1  cm x 1  cm grid and were allowed to ex-
plore for 3 min. The number of steps and the number of paw 
misplacements resulting in a slip through the grid (“faults”) 
were recorded. To establish functional deficits and recovery, 
we measured the percent slippage and the percent faults/step. 
Percent slippage [(contralesional paw slips-ipsilesional paw 
slips)/total number of steps  ×  100%] was used to estimate 
gross motor coordination, specifically by assessing deficits 
between paws as a ratio. Another measure, percent faults per 
step, was used to assess paw-specific deficits [(i.e. right slips/
right steps) × 100%].

2.7 | Neurosphere assay

Cohorts of mice were used to assess changes in neu-
ral stem cell numbers using the in vitro colony-forming 
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assay (“neurosphere” assay”), as described previously 
(Morshead et al., 2002). Briefly, mice were euthanized by 
a lethal overdose of sodium pentobarbital (54 mg/kg i.p.) 
followed by cervical dislocation. Neural stem cells were 
isolated by dissecting the periventricular regions from the 
medial and lateral walls and tissue was digested with en-
zymes (1.33 mg/ml trypsin, 0.67 mg/Ml hyaluronidase, and 
0.2  mg/ml kynurenic acid, (Sigma-Aldrich, ON, Canada) 
for 25  min at 37°C. Cells were spun down and enzyme 
activity was inhibited with trypsin inhibitor (0.67 mg/ml, 
Worthington, NJ, USA). Tissue was mechanically dissoci-
ated into a single-cell suspension and plated at clonal den-
sity of 10 cells/μl (Coles-Takabe et al., 2008) in 24-well 
Nunc polystyrene plates (Thermo Fisher Scientific, IL, 
USA) in serum-free media (SFM) containing 1% penicil-
lin/streptomycin (Invitrogen, ThermoFisher, ON, Canada), 
epidermal growth factor (20  ng/ml, Sigma-Aldrich, ON, 
Canada), basic fibroblast growth factor (10 ng/ml, Sigma-
Aldrich, ON, Canada), and heparin (7.35  ng/ml, Sigma-
Aldrich, ON, Canada). Cells were plated into 4 wells per 
mouse per treatment, and neurospheres ≥ 80μm in diam-
eter were quantified 7 days after the dissection.

2.8 | Tissue preparation and 
immunohistochemistry

To examine cell proliferation, mice were injected once 
daily with 5-ethynyl-2′-deoxyuridine (EdU, Thermo Fisher 
Scientific, ON, Canada) at a dose of 25mg/kg (i.p.). Mice 
were sacrificed using a lethal overdose of sodium pentobarbi-
tal (54 mg/kg i.p.) 2 hr after the EdU injection, then transcar-
dially perfused with cold 1X phosphate-buffered saline (PBS) 
followed by 4% paraformaldehyde (PFA). The brains were 
extracted and post-fixed in 4% PFA overnight, then cryopro-
tected in 30% sucrose for cryosectioning. Coronal sections 
(20 µm thick) were collected and mounted on Superfrost Plus 
slides from the genu of the corpus callosum to the crossing of 
the anterior commissure.

Slides were thawed at room temperature and rehydrated 
with 1XPBS. Sections were immunostained for EdU (Alexa 
Fluor 555 antibody) to assess for cell proliferation using 
the Invitrogen Molecular Probes Click-It EdU reaction kit 
(ThermoFisher, ON, Canada) as per manufacturer instruc-
tions. For all staining, slides were incubated with blocking 
solution containing 5% normal goat serum donkey serum in 
1 X PBS + 0.5% Triton-X (Sigma-Aldrich, ON, Canada) + 
1% BSA (Sigma-Aldrich, ON, Canada) for 1 hr at room tem-
perature. Blocking solution was replaced with primary an-
tibodies to assess markers for microglia/macrophages (Iba1, 
1:500, Wako, 019–19171) and migrating neuroblasts (dou-
blecortin/DCX, 1:250 Abcam, AB18723) and were incubated 

overnight at 4°C. The following day, slides were rinsed 3 × 5 
min in 1 X PBS followed by incubation with secondary an-
tibody (1:400 goat-anti-rabbit 488, Invitrogen, CA) for one 
hour at room temperature. Slides were rinsed 3 × 5 min in 1 
X PBS 5 min and incubated in the presence of 1:10,000 DAPI 
(Invitrogen, CA). Following a final 5 min rinse in 1 X PBS, 
slides were coverslipped using Dako fluorescent mounting 
media (ThermoFisher, PA).

A minimum of three sections per brain were quan-
tified and reported as the average number per unit area. 
An area of 500  μm  ×  500  μm was quantified in the 
periventricular region surrounding the ventricles; an area 
1000  μm  ×  1000  μm was quantified in the striatum and 
cortex; a 1000 μm × 2000 μm area of the dentate gyrus was 
sampled in the hippocampus.

2.9 | Imaging and microscopy

A Zeiss Observer D1 inverted microscope was used to visual-
ize immunofluorescence using GFP (488 nm excitation; 525 
emission filter) and DsRed (555 nm excitation; 586 emission 
filter). Images were acquired at the 20x objective using Axio 
Vision (version 4.8.1.0).

2.10 | Statistical analysis

Data were analysed using Prism Software (GraphPad, 
Version 6). A Kruskal–Wallis test was used to assess 
changes in neurospheres. A Mann–Whitney test was used 
to analyse the righting reflex comparisons. Data collected 
during tissue analysis and the foot fault test were normally 
distributed, as determined by Shapiro–Wilk normality 
tests and a two-way analysis of variance (ANOVA) was 
used for multiple group comparisons when hemispheres 
were separated, followed by Bonferroni's post-hoc test. 
A one-way ANOVA was used for multiple group com-
parisons when hemispheres were combined, followed by 
Bonferroni's post-hoc test.

3 |  RESULTS

3.1 | Hypoxia/Ischemia injury results in 
sensorimotor deficits and expands the NPC 
pool following injury

To assess the effectiveness of the H/I injury, sensorimotor 
deficits were evaluated early post-injury. H/I was performed 
as previously described (Dadwal et  al.,  2015) via unilat-
eral ligation of the left common carotid artery followed by 
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1 hr of systemic hypoxia (Figure 1a) in PND8 mice. Mice 
were tested in the righting reflex task (Figure 1b) 1-hr post-
hypoxia.  Injured mice displayed a significantly increased 
latency to perform the righting reflex (14.5 ± 3.0  s versus 
1.3 ± 0.2 s; injured versus uninjured animals, n = 35 and 16 
mice, respectively), validating the injury model.

Given previous work showing that ischemic injury leads 
to increased neurogenesis in the postnatal brain periventric-
ular region (Rah et al., 2011; Yang & Levison, 2006; Yang 
et al., 2007), we asked if neural stem cells (the earlier cell in 
the lineage) were similarly activated following H/I. We ex-
amined the size of the neural stem cell pool using the clonal, 

F I G U R E  1  Neonatal hypoxia-ischemia (H/I) injury expands the NPC pool and Botox injections offer a novel method of constraint-induced 
movement therapy (CIMT). A. Schematic of the neonatal hypoxia-ischemia brain injury (Vannucci et al., 1992). Figure adapted from Nguyen 
et al., 2015 (https://doi.org/10.1007/978-1-4939-2709-8_1). B. Righting reflex performance in H/I injured mice relative to age-matched control 
mice that received isoflurane only. The amount of time in which mice were able to flip from supine position to prone position (with a maximum 
time of 60 s) was assessed one hour after recovering from anesthesia on PND8. H/I injured animals demonstrated a significant deficit in this task 
and these mice were used for long-term behaviour studies. Data are represented as mean ± SEM, unpaired t-test, p = .005, n = ≥16 mice/group. C. 
Neurosphere numbers of H/I-injured mice relative to naïve mice at 1 day, 4 days, and 7 days post-H/I. Cells were plated in SFM + EFH at 2,500 
cells/well into 4 wells per mouse per treatment, and neurospheres ≥ 80μm in diameter were quantified 7 days after the dissection. Neurosphere 
numbers were significantly increased in H/I injured animals relative to naïve mice at all times assessed. Data are represented as mean ± SEM, two-
way ANOVA, p = .03, n = ≥6 mice/group per time point. D. Schematic of Botox intramuscular injection delivery into the superior supraspinatus 
muscle, biceps and triceps to induce temporary paralysis in unaffected paw. Image adapted from the Mouse Limb Anatomy Atlas (http://www.nimr.
mrc.ac.uk/3dlim b/)

https://doi.org/10.1007/978-1-4939-2709-8_1
http://www.nimr.mrc.ac.uk/3dlimb/
http://www.nimr.mrc.ac.uk/3dlimb/
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colony-forming neurosphere assay, whereby the numbers of 
neurospheres reflects the size of the neural stem cell pool 
(Morshead et  al.,  2002). Primary cultures of the postnatal 
periventricular region from injured and uninjured mice were 
plated in the neurosphere assay at 1, 4, and 7 days post-H/I. 
We observed a significant increase in neurosphere numbers 
from H/I injured mice, relative to control mice, at all times 
examined (2.3 ± 0.22 fold increase, 2.7 ± 0.15 fold increase, 
and 3.1  ±  0.21 fold increase at 1, 4, and 7  days post-H/I, 
respectively) (Figure 1c). Thus, the H/I injury alone is suffi-
cient to increase the size of the NPC pool in the early postna-
tal brain for at least 1 week following injury.

3.2 | Constraint-induced movement therapy 
via botulinum toxin (BOTOX) leads to 
functional recovery post-H/I

Next, we established a model of CIMT in neonatal mice 
(Figure  2a). At one-week post-H/I—a time when signifi-
cant NPC expansion was observed relative to naïve mice 
(Figure 1c)— Botox was delivered via intramuscular injection 
into the superior supraspinous, bicep and tricep muscles of the 
ipsilesional paw (ipsilesional to stroke injury) to induce tem-
porary paralysis of the forelimb. Thus, Botox in the unaffected 
limb served as a restraint and promoted the use of the impaired 

F I G U R E  2  Treatment with CIMT results in motor recovery following H/I injury. A. Experimental paradigm investigating the potential for 
behavioural recovery using CIMT as a treatment for neonatal H/I injury. Gradients indicate the time of paralysis resulting from a single injection 
into the individual muscles and X denotes the time of sacrifice. B. Foot fault performance at short-term (PND26) and long-term (PND35) 
timepoints after CIMT (4 and 13 days after the second Botox injection). A significantly greater % Slippage was observed and maintained in mice 
that receive H/I only relative to all other groups. Data are represented as mean ± SEM, two-way ANOVA with Bonferroni correction, p=<0.0001, 
N = 3–12 mice per group, per time point. C., D. Foot fault performance at PND26 (C) and PND35 (D) separated by contralesional paw (i.e. right, 
paw, affected) and ipsilesional (i.e. left paw, Botox injected). H/I injured mice exhibit significant contralesional paw deficits. No significant 
difference in % Faults/Step between ipsilesional and contralesional paws was found in other groups. Data are represented as mean ± SEM, two-way 
ANOVA with Bonferroni correction, p=<0.0001, N = 3–12 mice per group, per time point
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F I G U R E  3  CIMT does not expand the endogenous NPC pool or increase proliferation in the periventricular region. A. Experimental paradigm 
investigating changes in the neurosphere numbers after CIMT. Gradients indicate the time of paralysis resulting from a single injection into the 
individual muscles and X denotes the time of sacrifice. B. Fold change in neurosphere numbers relative to naïve contralesional (right) hemisphere 
at PND26. No significant differences in the number of neurospheres were observed between hemispheres in mice that received CIMT (1.12 ± 0.33 
versus 0.90 ± 0.18 fold change, contralesional versus ipsilesional, respectively), after injury (0.88 ± 0.37 versus 0.55 ± 0.33 fold change, 
contralesional versus ipsilesional, respectively) or after injury treated with CIMT (0.68 ± 0.29 versus 0.74 ± 0.21 fold change, contralesional versus 
ipsilesional, respectively) relative to naïve mice (1.00 ± 0.26 versus 1.08 ± 0.24 fold change, contralesional versus ipsilesional, respectively). No 
significant differences in the number of neurospheres were observed between treatment groups at PND26 in the contralesional hemisphere (Naive 
versus Naive + CIMT, p = .98; Naive versus H/I, p = .98; Naive versus H/I + CIMT, p = .79) or ipsilesional paw (Naive versus Naive + CIMT, 
p = .94; Naive versus H/I, p = .46; Naive versus H/I + CIMT, p = .74). Data are represented as mean ± SEM, n = ≥5 mice/group per time point). 
C. Coronal sections depicting the dorsolateral corner of the lateral ventricle at PND26 immunostained for EdU + cells (pink) and DAPI (blue), 
scale bars = 50 μm. D. Percentage of EdU + cells within a 500 μm x 500 μm area of the in the periventricular region at PND26. Differences in 
proliferation were not observed between hemispheres in naïve mice at PND26 (85.2 ± 8.5 versus 89.4 ± 6.5 EdU + cells, contralesional versus 
ipsilesional, respectively), Naïve + CIMT (109.5 ± 19.2 versus 95.6 ± 11.5 EdU + cells contralesional versus ipsilesional, respectively), after H/I 
injury (79.78 EdU + cells±13.3 versus 88.4 ± 11.7 EdU + cells, contralesional versus.ipsilesional, respectively) or after H/I + CIMT (97.8 ± 5.3 
versus 104.2 ± 12.7 EdU + cells, contralesional versus ipsilesional, respectively). No significant differences in the percentage of EdU + cells 
were observed between treatment groups at PND26 in either hemisphere (Naive versus CIMT only, p = .54 and p = .99 contralesional versus 
ipsilesional, respectively; Naive versus H/I, p = .97 and p = .94 contralesional versus ipsilesional, respectively; H/I versus H/I + CIMT, p = .91 
and p = .95 contralesional versus ipsilesional, respectively). Data are represented as mean ± SEM, n = ≥3 mice/group per time point
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paw. Mice received Botox on PND15 and paralysis of the ip-
silesional paw was visually observed (Video S1) until PND17, 
at which time they regained function in the Botox-injected 
limb. On PND22, mice received the same Botox regimen to 
induce a secondary temporary paralysis. Behavioural perfor-
mance was assessed using the foot fault task at early time-points 
when the Botox induced paralysis was not observed (PND26, 
Figure 2c), and at a later time-point (PND35, Figure 2d) to 
examine the effectiveness of CIMT on motor function in 
naïve controls, H/I only, CIMT only, and H/I with CIMT. 
The percent slippage, which assessed inter-paw coordination 
as a ratio, was significantly greater in mice that receive H/I 
only compared to all other groups (7.9 ± 1.8 percent slippage, 
p = .0003) at PND26 and PND 35 (3.5 ± 1.1 percent slippage, 
p  =  .022). Similarly, when individual paws were assessed, 
mice that received H/I only compared to all other groups had 
a significantly increased %faults/step on their contralesional 
paw (7.9 ± 2.9 percent faults per step, p = .0009), which per-
sisted to PND35 (3.5%±1.3, p=<0.0001), Importantly, no sig-
nificant differences in % slippage were found between naïve 
mice and those that received H/I with CIMT, or CIMT only, 
suggesting that the CIMT is sufficient to improve functional 
outcomes following H/I injury, even in the absence of exer-
cise, training, and environmental enrichment. Further, CIMT 
alone does not lead to sensorimotor deficits.

3.3 | CIMT does not expand the endogenous 
periventricular NPC pool or increase 
proliferation

We next sought to determine whether the successful CIMT 
induced recovery was correlated with NPC activation. In 

the first series of experiments, we performed the neuro-
sphere assay at PND26, a time when functional recovery 
was observed (Figure  3a,b). We observed no significant 
differences in the number of neurospheres between treat-
ment groups, in the contralesional hemisphere (Naive versus 
Naive + CIMT, p = .98; Naive versus H/I, p = .98; Naive ver-
sus H/I + CIMT, p = .79) or ipsilesional hemisphere (Naive 
versus Naive + CIMT, p = .94; Naive versus H/I, p = .46; 
Naive versus H/I + CIMT, p = .74), and no significant dif-
ferences between hemispheres (p = .88). No significant dif-
ferences were observed when hemispheres were combined 
(p = .54) (Figure S4a).

Potential NPC activation was further assessed by exam-
ining proliferation in the neurogenic regions of the postnatal 
brain in vivo. Mice received injections of EdU 2 hr prior to 
sacrifice on PND26 and the percentage of EdU + cells in the 
periventricular region was assessed using immunohistochem-
istry (Figure 3c, d). There were no significant differences in 
the numbers of EdU labelled cells in the periventricular re-
gions between treatment groups at PND26 in the contrale-
sional hemisphere (Naive versus CIMT only, p = .14; Naive 
versus H/I, p = .94; Naive versus H/I + CIMT, p = .69) or 
ipsilesional hemisphere (Naive versus Naïve, p = .98; Naive 
versus CIMT only, p  =  .11; Naive versus H/I, p  =  .10; 
Naive versus H/I  +  CIMT, p  =  .24), or between hemi-
spheres (p  =  .89) (Figure  3c,d). No significant differences 
when hemispheres were combined (p  =  .23) (Figure  S4b). 
Moreover, the total number of DAPI + cells across treatment 
groups was not different (Figure  S2) (p  =  .85), suggesting 
the CIMT-mediated recovery was not due to increased cell 
survival in the periventricular region.

We examined the dentate gyrus of the hippocampus, an-
other neurogenic region in the postnatal brain. Similarly, we 

F I G U R E  4  CIMT increases the proliferation of microglia/macrophages in the cortex, but not the striatum. A. Experimental paradigm. 
Gradients indicate the time of paralysis resulting from a single injection into the individual muscles and X denotes the time of sacrifice and 
tissue analysis (IHC = immunohistochemistry). B. Coronal sections through the striatum at PND26 immunostained for EdU + cells (pink) and 
DAPI (blue), scale bars = 50 μm. C. Average number of EdU+ cells within a 1,000 μm x 1,000 μm area of the striatum at PND26. Differences in 
proliferation were not observed between hemispheres (Supplemental Figure 3a) and hemispheres were combined for tissue analysis. No significant 
differences in the absolute number of EdU+ + cells observed between treatment groups (28.3 ± 3.7 EdU + cells in Naïve versus 20.7 ± 5.4 
EdU + cells in Naive + CIMT versus 23.1 ± 7.2 EdU + cells after H/I injury versus 25.6 ± 6.3 EdU + cells in after H/I + CIMT, p = .81). 
Data are represented as mean ± SEM, n = ≥3 mice/group per time point. D. Coronal sections through the cortex at PND26 immunostained for 
EdU + cells (pink) and DAPI (blue), scale bars = 50 μm. E. Average number of EdU+ cells within a 1,000 μm x 1,000 μm area of the cortex at 
PND26. Differences in proliferation were not observed between hemispheres (Supplemental Figure 3c) and hemispheres were combined for tissue 
analysis. There was a significant difference in the absolute number of EdU+ cells observed between treatment groups (11.7 ± 1.3 EdU+ cells 
in Naïve versus 10.3 ± 1.7 EdU + cells in Naive + CIMT versus 19.8 ± 3.1 EdU + cells after H/I injury versus 29.5 ± 4.0 EdU + cells in after 
H/I + CIMT, p = .0003). Data are represented as mean ± SEM, n = ≥3 mice/group per time point. F. Coronal sections through the cortex at PND26 
immunostained for Iba1+ (green)/EdU+ (pink) cells and DAPI (blue), scale bars = 50 μm. G. Average number of Iba1+/EdU+ cells within a 
1,000 μm x 2000 μm area of the cortex at PND26. Differences in proliferation were not observed between hemispheres (Supplemental Figure 3d) 
and hemispheres were combined for tissue analysis. There was a significant difference in the absolute number of Iba1+/EdU + cells observed 
between treatment groups (19.0 ± 3.1 Iba1+/EdU+ cells in Naïve versus 12.9 ± 5.1 Iba1+/EdU+ cells in Naive + CIMT versus 21.5 ± 5.7 Iba1+/
EdU+ cells after H/I injury versus 59.9 ± 11.4 Iba1+/EdU+ cells in after H/I + CIMT, p = .0005). The average number of Iba1+/EdU+ cells was 
statistically significant from all experimental groups. Data are represented as mean ± SEM, n = ≥3 mice/group per time point
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observed no significant differences in proliferation (EdU+) 
between treatment groups at PND26 in the contralesional 
hemisphere (Naive versus CIMT only, p=>0.99; Naive ver-
sus H/I, p = .97; Naive versus H/I + CIMT, p = .95) or ip-
silesional hemisphere (Naive versus Naïve, p=>0.99; Naive 
versus CIMT only, p=>0.99; Naive versus H/I, p=>0.99; 
Naive versus H/I  +  CIMT, p=>0.99) and no significant 
differences in the average numbers of EdU + cells between 
treatment groups (p = .91) (Figure S1).

3.4 | CIMT leads to a regionally distinct 
increase in proliferation in the cortex

In previous studies, we have shown that drug-mediated NPC 
activation can lead to functional motor recovery and that this 
is correlated with increased NPC activation in the neonatal 
stroke injured brain (Dadwal et al., 2015). Accordingly, we 
asked if the CIMT induced proliferation in the parenchyma, 
specifically in the striatum and the cortex which underlie 
motor function. We observed no difference in the numbers 
of proliferating cells between the ipsilateral and contralateral 
hemispheres in any group and the hemispheres were com-
bined. A comparison between treatment groups revealed no 
significant differences in the numbers of EdU + cells in the 
striatum at PND26 (p = .81) (Figure 4b,c). Interestingly, we 
observed a significant increase in the numbers of EdU + cells 
in the cortex of mice that received H/I + CIMT (p = .003) 
(Figure 4d,e).

3.5 | CIMT does not 
increase the migration of the progeny of neural 
precursor cells

We next sought to determine if NPC progeny (neuroblasts, 
DCX+ cells) could account for the EdU+ cells within the pa-
renchyma. We quantified the number of EdU+/DCX+ cells 
in the striatum, the cortex and the dentate gyrus. As shown 
in Figure 5, we found no differences in the number of EdU+/
DCX+ cells across treatment groups in the striatum (p = .48) 

(Figure 5b,c), cortex (p = .43) (Figure 5d,e), or the dentate 
gyrus (p  =  .79) (Figure  S1c). Hence, neuroblast migration 
was not occurring at the time of functional recovery in the 
CIMT-treated mice.

3.6 | CIMT increases the proliferation of 
microglia/macrophages in the cortex

This neonatal stroke model has been shown to induce an in-
flammatory response through the activation of Iba1+  cells 
(microglia and macrophages) (Hellström Erkenstam 
et  al.,  2016; Livingston et  al.,  2020; Serdar et  al.,  2019). 
With the goal of identifying the EdU+  cells that were ex-
panded in the cortex of H/I + CIMT mice, we examined the 
numbers of Iba1+/EdU+  cells in the cortex of mice from 
each group. Interestingly, H/I  +  CIMT mice had signifi-
cantly more Iba1+/EdU+ cells compared to all other groups 
(18.9  ±  3.1 Iba1+/EdU+cells in Naïve versus 12.9  ±  5.1 
Iba1+/EdU+cells in Naive  +  CIMT versus 21.5  ±  5.7 
Iba1+/EdU+cells after H/I injury versus 59.9 ± 11.4 Iba1+/
EdU+cells in after H/I + CIMT, p = .0005). The increase in 
microglia/macrophage at the time when functional recovery 
is observed is consistent with the idea that immunomodula-
tion in the injured cortex plays a role in the CIMT-mediated 
recovery.

Taken together, these findings suggest that the improved 
functional outcomes observed following successful CIMT 
treatment are independent of NPC expansion and prolifera-
tion at the time of observed recovery, and consistent with in-
creased proliferation of microglia/macrophages in the cortex.

4 |  DISCUSSION

Herein, we demonstrated that constraint-induced movement 
therapy (CIMT) is able to promote functional recovery in a 
neonatal mouse model of stroke. We show that the recovery 
is not correlated with an increase in neural precursor cell acti-
vation. We use a novel approach to induce temporary paraly-
sis in neonatal mice using Botox injections, which allowed 

F I G U R E  5  CIMT does not increase the numbers of migrating neuroblasts found in the parenchyma. A. Coronal sections through the striatum 
at PND26 immunostained for DCX+ (green)/EdU+ cells (pink) and DAPI (blue), scale bars = 50 μm. B. The average numbers of DCX+/
EdU+ cells within a 1,000 μm x 1,000 μm area of the striatum at PND26 revealed. Differences in proliferation were not observed between 
hemispheres (Supplemental Figure 3b) and hemispheres were combined for tissue analysis. No significant differences in the numbers of DCX+/
EdU+ cells observed between treatment groups (28.3 ± 3.7 cells in Naïve versus 20.7 ± 5.4 cells in Naive + CIMT versus 23.1 ± 7.2 cells in 
H/I injury versus 25.6 ± 6.3 cells in H/I + CIMT, p = .81). Data are represented as mean ± SEM, n = ≥3 mice/group per time point. C. Coronal 
sections through the cortex at PND26 immunostained for DCX+ (green)/EdU+ cells (pink) and DAPI (blue), scale bars = 50 μm. D. The average 
number of DCX+/EdU+ cells within a 1,000 μm x 1,000 μm area of the cortex at PND26. Differences in proliferation were not observed between 
hemispheres (Supplemental Figure 3c) and hemispheres were combined for tissue analysis. There was a significant differences in the absolute 
number of DCX+/EdU+ cells observed between treatment groups (7.2 ± 1.3 DCX+/EdU+ cells in Naïve versus 8.7 ± 1.3 DCX+/EdU+ cells 
in Naive + CIMT versus 6.2 ± 0.7 DCX+/EdU+ cells after H/I injury versus 6.6 ± 0.9 EdU+ cells in after H/I + CIMT, p = .043). Data are 
represented as mean ± SEM, n = ≥3 mice/group per time point
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us to examine potential mechanisms of neuroplasticity that 
ultimately underlies the success of the treatment. We were 
most interested in changes in motor behaviour for this study 
and predicted that activation of endogenous NPCs derived 

from the SEZ may underlie the CIMT-mediated functional 
recovery. We found that NPC activation occurs as a result 
of the neonatal stroke injury (as seen with an expansion 
in the size of the neural stem cell pool), similar to what is 
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observed in adult stroke (Sachewsky et al., 2014); however, 
the functional recovery observed with CIMT treatment was 
not correlated with NPC mediated neuroplasticity. Our find-
ings suggest that immunomodulation may play a role in the 
observed functional improvement.

CIMT is relatively non-invasive; however, modelling 
forced use in animals can be challenging (Livingston-Thomas 
& Tasker, 2013). Techniques that have been used to immobi-
lize the unimpaired forelimb—such as casts, slings, jackets, 
adhesives, or devices—often leads to animals attempting to 
remove the restraint. Furthermore, physical restraints have 
been shown to elevate serum levels of glucocorticoid hor-
mones, which can exacerbate ischemic injury (Ke et al., 
2011) and worsen outcomes (Ishida et  al.,  2011). The in-
creased stress levels with physical restraints is a major crit-
icism of CIMT and neurorehabilitation in general. Here, we 
have demonstrated that immobilizing the un-impaired limb 
with Botox in juvenile mice can lead to motor improvements 
following neonatal stroke. This work builds on the recent 
studies by Lam et al., 2013, and Liang et al., 2019, that re-
ported the use of Botox to immobilize the forelimb in adult 
animals using a different injury model. We are the first to use 
this strategy in juvenile animals following neonatal brain in-
jury, and we modified the technique to enable paralysis with 
fewer injection sites per limb. We propose that this paradigm 
of Botox-induced CIMT offers an effective, less-invasive 
method of forelimb restraint for the purpose of neurorehabil-
itation with the absence of a visual cue normally associated 
with forced use.

A number of studies report that CIMT alone is insuffi-
cient for functional recovery, and suggest that CIMT needs 
to be paired with daily rehabilitation exercises (Debow 
et  al.,  2003; Jeffers et  al.,  2014; Kim et  al.,  2018), and/
or highly social environments (Kim et  al.,  2018; Rha 
et  al.,  2011), in order to contribute to significant motor 
gains (Debow et  al.,  2003; Jeffers et  al.,  2014; Kim 
et  al.,  2018). Indeed, studies showing that combinatorial 
strategies are more effective than single interventions have 
been reported. For instance, pharmacotherapeutic activa-
tion of NPCs combined with rehabilitation is more effec-
tive than either strategy alone to treat stroke-injured rats 
(Jeffers et al., 2014; Kim et al., 2018; Zhao et al., 2009). 
We observed that constraint without rehabilitation was 
sufficient to produce significant functional improvements, 
although it is likely that motor function could be even fur-
ther enhanced with exercise, training and pharmacotherapy 
(Jeffers et al., 2014; Livingston-Thomas & Tasker, 2013).

Although our findings that CIMT promotes behavioural 
recovery are well-supported by clinical findings and animal 
studies, our findings are not consistent with previous reports 
that CIMT increases neurogenesis (Ishida et al., 2015; Rha 
et  al.,  2011; Zhang et  al.,  2001; Zhao et  al.,  2009, 2013; 
Zhao, Zhao, Xiao, Zhao, et  al.,  2013) and enhances cell 

survival (Kim et al., 2018; Zhang et al., 2013b). Differences 
that could account for the discrepancies include the animal 
model of injury and duration of CIMT (plaster cast and for 2 
continuous weeks), as well as the paradigm for labelling pro-
liferating cells, the region analysed and functional outcome 
measured (rotarod, grip strength task, and the horizontal lad-
der rung) (Liu et al., 2019; Qu et al., 2015; Rha et al., 2011; 
Zhao et al., 2009; Zhao, Zhao, Xiao, Jolkkonen, et al., 2013; 
Zhao, Zhao, Xiao, Zhao, et  al.,  2013). A limitation of our 
study is that while we did not observe changes in the numbers 
of proliferating (EdU+) cells between treatment groups, we 
observed very few EdU+ cells in the parenchyma, suggest-
ing that the activated SEZ-derived NPCs may have continued 
to proliferate in situ after their migration to the parenchyma. 
We cannot rule out the possibility we missed the window of 
NPC proliferation/activation, or that EdU was diluted by the 
time we examined the tissue, given that the cell cycle time 
for neuroblasts in 8-week old adult mice is approximately 
18  hr (Ponti et al., 2013), and neonates may have a more 
rapid cell cycle time. Another possibility is that the window 
of NPC activation occurred earlier than when we performed 
the tissue analyses and we propose that that lineage tracing 
experiments would offer further insight. Other potential 
mechanisms underlying the use-dependent recovery could be 
related increased synaptogenesis (Liang et  al.,  2019; Zhao, 
Zhao, Xiao, Jolkkonen, et al., 2013; Zhao, Zhao, Xiao, Zhao, 
et  al.,  2013), increased axonal growth (Ishida et  al.,  2015; 
Zhao, Zhao, Xiao, Jolkkonen, et  al.,  2013; Zhao, Zhao, 
Xiao, Zhao, et al., 2013) and/or cortical reorganization (Kuo 
et  al.,  2018; Liang et  al.,  2019; Sawaki et  al.,  2014; Taub 
et al., 2014; Xerri et  al.,  2014). Understanding the mecha-
nisms will provide important insight into novel approaches to 
promote neural repair.

In this study, we observed an increase in activated (pro-
liferative) inflammatory cells in mice that received CIMT 
and demonstrated functional recovery. Microglia, the res-
ident immune cells of the brain, have been shown to con-
tribute to CNS development and maintenance under baseline 
conditions, and play a critical role in removing debris and 
restoring tissue homeostasis after injury (reviewed by Lloyd 
& Miron, 2019; Vay et al., 2018). After neonatal H/I injury, 
microglia increase in number as early as 6 hr following injury 
and express elevated levels of pro-inflammatory cytokines 
(e.g.; TNF-α, IL-1β and IL-6) (Tay et al., 2017). Interestingly, 
we have recently demonstrated that neonatal H/I injury leads 
to increased numbers of microglia/macrophages for at least 
21 days after injury and that the delivery of therapeutics that 
lead to functional improvement (specifically the adminis-
tration of the drug metformin) can decrease the microglia/
macrophage response (Livingston et al., 2020; Aarum et al., 
2003). There is also evidence that cerebral ischemia results 
in sustained neuroinflammation for months following stroke 
and that the removal of degenerating tissue and release of 
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anti-inflammatory cytokines (e.g.; IL-10, TFGβ) can pro-
mote neuroprotection, remyelination, axonal regeneration 
and stem cell-mediated tissue repair (Lloyd & Miron, 2019). 
Taken together, this suggests that harnessing the plasticity of 
microglia is a potential target for functional recovery of the 
neonatal stroke-injured brain.

5 |  CONCLUSION

We have demonstrated the efficacy of Botox as a method of 
inducing CIMT that is sufficient to promote motor recovery 
in a model of neonatal stroke, with no concomitant expan-
sion of NPCs, but an observed immune cell activation in the 
cortex. Elucidating the mechanism of how CIMT promotes 
recovery remains a challenge in the field.  Important stud-
ies to determine a causal link between CIMT, neurogenesis, 
neuroplasticity and improved behavioural performance will 
facilitate the development of novel therapies to promote neu-
ral repair.
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