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Abstract

Background—Hypoxia-ischemia (HI) is the most common cause of brain injury in newborns
and the survivors often develop cognitive and sensorimotor disabilities that undermine the quality
of life. In the current study, we examined the effectiveness of flupirtine, a potassium channel
opener, shown previously in an animal model to have strong anti-neonatal-seizure efficacy, to
provide neuroprotection and alleviate later-life disabilities caused by neonatal hypoxic-ischemic
injury.

Methods—The rats were treated with a single dose of flupirtine for four days following HI
induction in 7-day-old rats. The first dose of flupirtine was given after the induction of HI and
during the reperfusion period. The effect of treatment was examined on acute and chronic brain
injury, motor functions, and cognitive abilities.

Results—Flupirtine treatment significantly reduced HI-induced hippocampal and cortical tissue
loss at acute time-point. Furthermore, at chronic time-point, flupirtine reduced contralateral
hippocampal volume loss and partially reversed learning and memory impairments, but failed to
improve motor deficits.

Conclusion—The flupirtine treatment regimen used in the current study significantly reduced
brain injury at acute time-point in an animal model of neonatal hypoxic-ischemic encephalopathy.
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However, these neuroprotective effects were not persistent and only modest improvement in
functional outcomes were observed at chronic time-points.

Introduction

Methods

Animals

Hypoxia-ischemia (HI) is the major cause of brain injury and mortality in newborns (1). The
resultant hypoxic-ischemic encephalopathy (HIE) is often associated with sensorimotor
dysfunctions, cognitive deficits, and epilepsy in later life (2). Children with moderate HIE
show delay in school readiness when compared with age-matched control group (3) and over
80% of adolescents with moderate hypoxic-ischemic injury at birth show cognitive deficits
(4). As a result, many children with neonatal HIE require lifetime care and support, which
puts a tremendous emotional and economic burden on the individual, family, and society (5).

HI is the most common cause of neonatal seizures (6). Both, animal and clinical research
suggest than neonatal seizures may worsen the brain injury and contribute to adverse
neurologic outcomes (7, 8). Unfortunately, the drugs currently used to treat neonatal seizures
are not effective in large number of patients and have undesired side-effects (9-11). We
recently showed that flupirtine (ethyl-N-[2-amino-6-(4-fluorophenylmethyl-
amino)pyridin-3-yl] carbamate) is more efficacious than phenobarbital, the current drug of
choice, in treating neonatal seizures in an animal model of hypoxic-ischemic
encephalopathy (12). Flupirtine mediates its action mainly by modulating KCNQ channels
and has been used as an analgesic in Europe for more than 30 years (13). KNCQ channels
are voltage gated, depolarization activated potassium channels, and flupirtine action shifts
the voltage required to open these channels towards a more negative potential (14-17). In
addition, flupirtine has been shown to activate G-protein-regulated inwardly rectifying K*
channels (GIRK) (18) (but also see (15)), and to shift the gating of GABAA receptors to
lower GABA concentrations (15). As a result of these actions, flupirtine has been shown to
provide protection after ischemia-induced brain and retinal injury, and it has also been
shown to improve cognitive deficits caused by ischemia, repetitive febrile seizures, and
prolong restrain stress in adult rats (19-23). Therefore, in the current study, we used a rat
model of neonatal HIE to examine the effects of treating the pups after HI-induced brain
injury and analyzed its effects on the size of the lesion, neuronal death, sensorimotor
dysfunction, and learning and memory.

An overview of the experimental design is provided in Table 1.

Animal experiments were performed in accordance with the NIH guidelines for the care and
use of laboratory animals, and according to the protocol approved by the Institutional
Animal Care and use Committee (IACUC) of the University of Colorado Anschutz Medical
Campus (UC-AMC). Also, all efforts were made to reduce animal suffering and the number
of animals used. Timed pregnant Sprague-Dawley rats were received at gestational day 14
from Charles River Laboratories. Since males are more severely affected by HI and have
worse neurologic outcomes than females with hypoxic-ischemic injury (24), in our earlier
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study, the results of which formed the foundation for the current study, the efficacy of
flupirtine to treat HI-induced neonatal seizures was examined in male pups (12). Hence, all
the experiments in the current study were performed on male pups only.

Hypoxia-ischemia protocol

HI was induced in postnatal day 7 (P7) rats by Rice-Vannucci method described in detail in
our previous publication (25). Briefly, the right common carotid artery of the pups was
double ligated with a 4-0 polyglycolic acid suture under isoflurane anesthesia and after 2
hours of recovery time with the dam, exposed to hypoxic environment (oxygen
concentration: 8 — 8.3%, temperature: 36.50 Celsius, humidity: 60 to 70%) for 2 hours. The
pups were treated with analgesic (0.1 mg/kg buprenorphine hydrochloride) once every 12
hours for 48 hours and housed with the dam until weaning following HI-induction. The
sham group pups were treated exactly like HI pups except that their carotid artery was
identified, but not ligated, and were not exposed to hypoxia.

Drug treatment

Histology

All drugs were administered to the pups via intraperitoneal injection. The pups were selected
randomly for the vehicle (DMSO) or the experimental drug (Flupirtine maleate) treatment
on the day of the experiment, and whenever possible, pups from each litter were divided
equally among the treatment groups. Additionally, because the study was conducted in
multiple batches, each treatment group consisted of pups from multiple litters. The pups
were administered a single dose of 25 mg/kg flupirtine maleate (Sigma, St. Louis, MO) or
an equivalent volume of vehicle every 24 hours for 4 days after HI induction (total 4 doses).
To replicate treatment protocol in the clinical practice, the first dose was given five minutes
after the pups were reintroduced to room air following 2 hours of hypoxia, i.e., 5 minutes in
the reperfusion period (26). The drug was freshly prepared on the day of use (12 mg
flupirtine maleate dissolved in 1 ml of DMSO). This dose of flupirtine and the treatment
regimen was selected as it was observed to significantly reduce the seizure burden during the
acute phase of the hypoxic-ischemic injury (12).

To determine the effect of flupirtine treatment on Hl-induced brain injury at an acute time-
point, the brain sections were stained with cresyl violet. Two to three hours after the 4! dose
of flupirtine was administered, the pups were anesthetized and perfused transcardially with
cold phosphate-buffered saline (PBS, pH 7.4) followed by 4% paraformaldehyde. Brains
were removed and postfixed overnight at 4° C in 4% paraformaldehyde. Brains were then
cut into 15 um thick coronal sections with cryostat and three brain sections at the dorsal
hippocampus level that were 150 um apart were stained with cresyl violet using a protocol
that is routinely used in our laboratories (27). Briefly, brain sections were first incubated in
increasing concentration of ethanol to remove lipids. The sections were then rehydrated and
incubated in a 0.1% solution of cresyl violet for 10 min. Following the incubation, the
excess stain was removed using a clearing agent and sections were then air-dried and
coverslipped using Permount (Fisher Scientific, Pittsburg, PA). Brain sections of the vehicle
and the drug treated rats were stained in parallel, and the investigator performing the count
was blinded to the experimental conditions. To determine the tissue loss, the cresyl violet
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stained whole brain section image was captured using the Aperio ImageScope microscope
system (Leica Biosystems, Buffalo Grove, IL) at 20X magnification. To determine the tissue
loss, the area of the remaining ipsilateral (to ligated carotid artery) and contralateral
hippocampus and cortex in the brain sections were measured using the ImageJ program. The
tissue loss was calculated using the following equation: [100 - ratio (ipsilateral/
contralateral) x 100].

To examine HI-induced brain injury, 27-42 days after HI induction, animals were
anesthetized with 2% isoflurane, and imaged once with a 4.7-T MRI scanner (PharmaScan,
Bruker BioSpin, Billerica, MA). T2-weighted images were acquired using the following
parameters: field of view (FOV) 3.2 cm; slice thickness 1.2 mm with no gap between slices;
356X256 matrix size with spatial resolution of 180 um/pixel; repetition time/echo time
(TR/TE) = 4000/80ms; 8 repetitions. Using ImageJ program volume of right (side ipsilateral
to ligated carotid artery) and left (contralateral side) cortex and the hippocampus that
included subiculum (it was not possible to accurately differentiate the boundary between
subiculum and the hippocampus at the current resolution) was calculated by an investigator
who was blinded to the treatment and experimental conditions. Analysis was performed by
applying region of interests (ROI) on each anatomical slice, summing all ROl areas (in
mm?2) and multiplying by slice thickness.

Behavioral testing

Forelimb grip strength test—The forelimb grip strength test was used to evaluate motor
function and deficit following neonatal HI. Grip strength of left forelimb (contralateral side
of the ligated carotid artery) was measured using a Grip Strength meter (Ugo Basile, Italy)
40-42 days after induction of HI at P7. The rats were gently restrained by the scruff of the
dorsal neck with one hand, and another hand holding the base of its tail. The animal’s
forepaw was placed on a wire grid and once the animal gripped the wire its tail was gently
pulled backwards and the maximum strength of the grip prior to grip release was recorded.
The animal was tested 6 times and the results were averaged.

Morris water maze test—The rats were subjected to a 6-day Morris Water Maze
(MWM) test 111-131 days after the induction of HI at P7 to identify possible HI-induced
cognitive deficits. Briefly, the rats were introduced to a black water tank, where they had to
find a submerged platform using cues placed around the room’s walls. The rats underwent
four trials per day for 5 days, and the latency and the mean distance traveled to reach the
platform was measured. Twenty-four hours after the last trial, a 2 minute probe test was
conducted with the platform removed and the time and distance each rat swam in the former
platform quadrant were recorded and analyzed.

Statistical analysis

GraphPad Prism statistical software (GraphPad Software Inc., San Diego, CA) was used for
statistical analysis. Differences were considered significant at p < 0.05. The results are
presented as the mean + standard error of means (SEM).
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Results

Effect of flupirtine treatment on HI-induced acute brain injury

Flupirtine treatment significantly reduced HI-induced hippocampal and cortical tissue loss
(Fig. 1). Compared to a 60.66% hippocampal tissue loss in the vehicle treated HI rats,
flupirtine treated rats only lost 28.71% hippocampus tissue area (P = 0.007, unpaired t- test).
Similarly, compared to 27.54% cortical tissue loss in the vehicle treated HI rats, flupirtine
treated rats only lost 14.4% cortical tissue area (P = 0.037, unpaired t- test).

Effect of flupirtine treatment on Hl-induced chronic brain injury

MRI was conducted approximately one month after HI and revealed a visibly smaller right
hemisphere (ipsilateral side to ligated carotid artery) in HI rats (Fig. 2a) in addition to a
reduction in ipsilateral and contralateral hippocampal volume (Fig. 2b, c) and ipsilateral
cortical volume (Fig. 2b), suggesting that the acute injury evolves into a chronic injury. A
significant reduction in ipsilateral hippocampal and cortical volume was observed in both
vehicle and flupirtine treated HI rats when compared to naive adult control rats (Fig. 2b;
Kruskal-Wallis test, p < 0.005, followed by Dunn’s multiple comparison post-hoc test, p <
0.05). Further, a significant reduction in contralateral hippocampal volume was also
observed in HI rats treated with vehicle (Kruskal-Wallis test, p < 0.02, followed by Dunn’s
multiple comparison post-hoc test, p < 0.05), however, it was no longer significant in rats
treated with flupirtine when compared to control rats (Fig. 2¢). No observable reduction in
the contralateral cortex was found in either vehicle or flupirtine treated HI rats.

Effect of flupirtine treatment on HI-induced motor function deficits

A significant reduction was detected in the test for contralateral forepaw grip strength in
adult rats exposed to HI at P7 and treated with vehicle when compared to sham rats treated
with either vehicle or flupirtine, and repeated flupirtine treatment failed to improve strength
(Fig. 3; One-way ANOVA, F3 37 = 6.87, p = 0.0009, followed by Tukey’s multiple
comparison post-hoc test, p < 0.05). Sham rats treated with flupirtine had similar
contralateral forepaw strength as the sham rats treated with the vehicle, which suggests that
flupirtine itself does not negatively impact motor development (Fig. 3). A significant
positive correlation was observed between the loss of ipsilateral cortical volume as measured
by MRI and reduction in grip strength of the contralateral forepaw in HI rats treated with the
vehicle (Spearman r = 0.57, p = 0.03, n=12).

Effect of flupirtine treatment on HI-induced cognitive deficits

Our MR results (Fig. 2), and studies from various labs suggest that neonatal HI injures
hippocampus (28, 29). The MWM test was selected to determine the effect of neonatal HlI
on cognition in later life because it is considered a robust and reliable test to identify
cognitive deficits associated with hippocampal dysfunction (30). Testing of adult rats
subjected to HI at P7 on the MWM revealed spatial learning deficits in these rats (Fig. 4a).
Specifically, vehicle treated HI rats significantly travelled longer distance and took more
time to find the platform on all 5 days of trial (p < 0.05, Tukey’s multiple comparison post-
hoc test) compared to sham rats treated with either vehicle or flupirtine, whereas, the
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performance of flupirtine treated HI rats was not significantly different from sham rats
treated with flupirtine on all 5 days and sham rats treated with vehicle on day 2, 4, and 5 of
trials (p < 0.05, Tukey’s multiple comparison post-hoc test; Fig. 4a). This suggests that
flupirtine, at least partially, reverses some of the learning impairments caused by HI (Fig. 4a;
Two-way Repeated Measures ANOVA, Time effect: F3 133 = 10.1, p < 0.0001, Treatment
effect: F3 43 = 7.3, p = 0.0005, Time x Treatment interaction: F1 172 = 0.3, p = 0.98). The
performance of sham rats treated with flupirtine on all trial day was very similar to sham rats
treated with vehicle, suggesting that flupirtine itself has no negative effect on learning and
memory of rats (Fig. 4a). For the probe test, conducted 24 hours after the last trial and which
measures robustness of reference memory, factorial ANOVA revealed a significant effect of
the injury (F1 43 = 8.37, p = 0.006) on the amount of time spent in the goal quadrant during
the first 30 seconds of the probe test suggesting that the injury significantly reduces the
strength of memory (Fig. 4b). On an average, 33% of flupirtine treated HI rats spent equal or
more time than the average time spent by sham rats in the goal quadrant. In contrast, only
16% of vehicle treated HI rats spent time in the goal quadrant that was equal or more than
the average time spent by sham rats. However, statistically, a significant interaction between
the treatment and injury was not observed. Similarly, a significant effect of injury was
observed on the distance taken by the rats to reach the platform location (path efficiency) in
the probe test (Factorial ANOVA, F1 44 = 8.86, p = 0.005; Fig. 5a). On an average flupirtine
treated HI rats traveled shorter distance (348 cm) than vehicle treated HI rats (563 cm), but
the difference did not reach statistical significance. A significant negative correlation was
observed between the ipsilateral hippocampal volume as measured by MRI and the average
distance travelled to reach the platform on the first four days of trial in HI rats treated with
the vehicle (Pearson r = -0.64, p = 0.02; n=12). Similarly, a significant negative correlation
was also observed between the ipsilateral hippocampal volume of HI rats and the path
efficiency in the probe test (Pearson r = —0.60, p = 0.04; n=12). Both treatment HI groups of
rats contained some rats that performed very badly, but, interestingly, we observed that
among the well performing HI rats, flupirtine treated HI rats took a more direct route to
reach the platform location than the vehicle treated HI rats during the probe test (Fig. 5b).

Discussions

The key findings of the current study are that the administration of flupirtine at a clinically
relevant time point reduces acute hippocampal and cortical injury caused by a hypoxic-
ischemic event in neonatal rats. Moreover, flupirtine given during this critical period of
development did not negatively impact motor and cognitive functions in rats. Furthermore,
the finding reported here suggests that flupirtine could be used to promote an improvement
in the chronic brain injury and cognitive deficits.

The treatment was initiated after a prolonged hypoxic-ischemic episode and during the
reperfusion period in an animal model that replicates the etiology of a human disorder and
the acute clinical symptoms, including seizures, and long-term neurologic outcome such as
motor and cognitive deficits. Thus, the current study was designed to closely replicate
clinical settings. The flupirtine dose and treatment duration was selected based on our earlier
study in which it significantly reduced acute seizure burden (12). Studies in animal models
and clinical research findings suggest that neonatal seizures contribute to brain injury and
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adverse neurologic outcome (7, 8). A reduction in hippocampal and cortical tissue loss at an
acute time point, and partial and modest improvement in chronic brain injury and cognitive
deficits in HI rats treated with flupirtine supports these earlier observations. However, based
on the current experimental design, it is not possible to determine whether these protective
effects of flupirtine are because of reduced seizure burden or independent of its effect on
seizures.

The morphology studies suggest that the brain regions that show injury at the acute time
point have an evolution of the injury at the chronic time point. Flupirtine given after HI-
induction significantly reduced hippocampal and cortical tissue loss at an acute time-point.
However, this neuroprotective effect of flupirtine did not sustain for longer time. Flupirtine
was ineffective in significantly reducing the size of ipsilateral hippocampal and cortical
injury and caused only small reduction in contralateral hippocampal injury at the chronic
time-point. It is possible that the dosing regimen used in the current study prolongs the life
of injured cell but is unable to prevent its loss.

The result of the MWM test suggests that flupirtine treatment partially improved the ability
to learn the task and remember the learned task. Further, a direct correlation between the size
of hippocampal injury and robustness of learning and memory was observed. Both, vehicle
and flupirtine treated group of rats contained some rats with profound injury that performed
badly, however, within those rats that performed well and took the shorter route to the
platform location in probe test, the flupirtine treated HI rats appear to take more direct and
shorter route (Fig. 5b). This suggests that may be at the current treatment regimen flupirtine
improved cognitive abilities of those rats that relatively had moderate and less severe injury
and not of those rats with profound injury. The partial and smaller improvements in long-
term outcomes could also be related to the dosing frequency and the duration of treatment.
According to our recent study, the half-life of flupirtine, determined using a highly sensitive
LC-MS method, is 4.9 hours in cortex and hippocampus and 3.6 hours in serum of neonatal
rats (31). Based on the half-life of flupirtine in the brain and the efficacy of flupirtine to
reduce Hl-induced seizures (12), flupirtine treated rats have approximately 75% less seizures
over four days of treatment. It is possible that 75% reduction in seizure burden is not
sufficient to significantly improve long-term neurologic outcome, specifically in rats with
severe injury. Further, since in the majority of the animals in our HI model, the seizures are
observed until 72 hours after HI, we treated the rats only for four days (12, 25). It is possible
that the longer treatment may have provided more larger and complete effect. In a rat model
of repetitive febrile seizures, a single dose of flupirtine (similar to the one we used in this
study) given every day for 8 days reduced seizure burden, decreased brain injury, and
improved cognitive deficits (22). In an another study, 25 mg/kg flupirtine given before
restrain stress for 21 days prevented spatial learning impairment in the MWM test and
reduced hippocampal neuronal death induced by repetitive stress in adult mice (23).

The majority of currently available antiepileptic drugs have been shown to cause neuronal
death and behavioral impairments in animals when given during the critical periods of brain
development (10, 32). Phenobarbital, the current first-choice drug for the treatment of
neonatal seizures, has been associated with lower 1Q in children (32). Repeated doses of
phenobarbital, phenytoin, and lamotrigine given during early developmental period caused
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spatial learning deficits during the adulthood (33). Retigabine, an analogue of flupirtine,
cause blue discoloration and vision impairment in humans, however, retigabine treatment of
normal neonatal rats did not impair learning and memory in the later life (34). Similarly,
treatment of rats with flupirtine during the critical developmental period did not adversely
affect the development of motor and cognitive functions. Flupirtine has previously been used
in children (13, 35). The most common side-effects of flupirtine are dizziness, dry mouth,
nausea, fatigue, and heartburn (35). In a case study of an adult patient with lower back pain,
ingestion of very high dose of flupirtine (10 times the therapeutic dose for lower back
treatment) was associated with the appearance of sharp waves and sharp slow-wave
complexes in the EEG (36). In recent years, however, long-term use of flupirtine has been
shown to cause hepatotoxicity. Seven deaths have been reported related to flupirtinecaused
liver injury following more than 17 million average daily prescriptions (37, 38). Further, on
an average, the liver injury was observed after 4 months of treatment (37). Our study in an
animal model and clinical studies suggest that seizures resolve within 4-5 days of onset
following neonatal hypoxia-ischemia (25, 39), therefore, is less likely that flupirtine will be
used as antiseizure medication in neonates for a prolonged period of time. However, efforts
are underway to develop more potent analogues of flupirtine that are devoid of such side-
effects (40).

Taken together, the current study suggests that flupirtine can reduce brain injury. However,
better drug regimen and improved drug delivery such as slow release may more effectively
alleviate the long-term neurologic deficits.
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_Fi_g. 1. Effect of flupirtine treatment on neonatal HI-induced acute hippocampal and cortical
njury.

RJeprZsentative cresyl violet stained brain sections of HI rat treated with (a) vehicle, and (b)
flupirtine sacrificed 3 days after HI-induction at P7. The ipsilateral side of the ligated carotid
artery (Rh = right hemisphere) shows severe damage to hippocampus and cortex when
compared to the contralateral side (Lh = left hemisphere). Flupirtine treatment significantly
reduced the tissue loss as depicted by the preservation of tissue architecture. (c) Tissue loss
represented as % ratio of ipsilateral and contralateral hippocampal and cortical area. N =5
for HI+V and 6 for HI+F group; *p < 0.05, unpaired t- test.
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Fig. 2. Effect of flupirtine treatment on chronic brain injury caused by neonatal HI.
(a) Representative MRI scans from naive control (CTL), HI rats treated with the vehicle (HI

+V), and HI rats treated with flupirtine (HI+F) at comparable anterior to posterior (AP)
coordinates from bregma from Paxinos and Watson rat brain atlas (4™ Edition) shown on the
left of the scans. The white line in the top three scans divides the brain in the left hemisphere
(Lh, contralateral side of the ligated carotid artery) and the right hemisphere (Rh, ipsilateral
side). A visually noticeable smaller ipsilateral hemisphere compared to the contralateral
hemisphere of Hl rats and Rh and Lh of control rat can be seen in scans of HI rats. A
representative manually drawn outline used to determine the volume of the hippocampus is
also shown in the scans of control rats. Volume of (b) ipsilateral (ipsi) and (c) contralateral
(contra) hippocampus (HP) and cortex (CX) in CTL (n = 6), HI+V (n = 15), and HI+F (n =
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15) rats. *Statistically different from the CTL group; *p < 0.05, Kruskal-Wallis test followed
by Dunn’s multiple comparison post-hoc test.
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Fig. 3. Effect of neonatal HI and flupirtine treatment on motor functionsin adulthood.
Histograms show measurements of grip strength of the contralateral forepaw in adult rats

exposed to either HI at P7 and treated either with the vehicle (HI+V, n = 12) or flupirtine (HI
+F, n = 12), or sham treatment and treated either with the vehicle (Sham+V, n = 9) or
flupirtine (Sham+F, n = 8). *Statistically different from Sham+V and Sham+F group; *p <
0.05, One-way ANOVA test followed by Tukey’s multiple comparison post-hoc test.
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Fig. 4. Effect of neonatal HI and flupirtine treatment on learning and memory in adulthood.
(@) The line diagram shows the mean distance travelled by adult rats subjected to neonatal

HI and treated with either vehicle (HI+V, n = 18, the data from treated (n = 12) and non-
treated (n = 6) HI rats was combined as the values were statistically not significantly
different) or flupirtine (HI+F, n = 12) and sham treatment and treated with either vehicle
(Sham+V, n=9) or flupirtine (Sham+F, n = 8) rats to find the hidden platform using spatial
cues on trial days. * represents a statistically significant difference for HI+V group when
compared to Sham+V and Sham+F group and # represents a statistically significant
difference for HI+F when compared to Sham+V group. ***p < 0.0005, **p < 0.005, *, #p <
0.05, Two-way ANOVA with Repeated Measures test followed by Tukey’s multiple
comparison post-hoc test. (b) The box and whiskers plot show amount of time spent by rats
in the goal quadrant during the probe test. A significant overall effect of injury on time spent
in the goal quadrant was observed between the groups (Factorial ANOVA, p = 0.006). For
the probe test n for HI+V = 18, HI+F = 12, Sham+V = 9, and Sham+F, n = 8.
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Fig. 5. Effect of neonatal HI and flupirtine treatment on memory in adulthood.
() The box and whiskers plot show the distance travelled by rats to reach the platform

location during the probe test. A significant overall effect of injury on path efficiency was
observed between the groups (Factorial ANOVA, p = 0.005). (b) The representative picture
shows the route taken by 3 best performing rats and 2 worst performing rats to reach the
platform location (black square). The best performing flupirtine treated HI rats took direct
and shortest route to reach the platform location. N for HI+V = 18, HI+F = 12, Sham+F = 8,
and Sham+V = 9.
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Table 1.

Overview of experimental design

Test and age at testing

Number of ratsin each group

Statistical test used for comparison

Cresyl violet staining HI+V =5 Unpaired t-test
P10 (3d after HI-induction) HI+F =6
MRI HI+V =15 Kruskal-Wallis test followed by Dunn’s multiple comparison post-
P34-49 (27-42d after HI- HI+F =15 hoc test
induction) CTL=6
Grip Strength test HI+V =12 One-way ANOVA test followed by Tukey’s multiple comparison
P47-49 (40-42d after HI- HI+F =12 post-hoc test
induction) Sham+V =9 Spearman test to measure correlation between the ipsilateral cortical
Sham+F =8 volume and contralateral forepaw grip strength
Morris water maze (MWM) test HI+V =18 Two-way repeated measures ANOVA test followed by Tukey’s
P118-138 (111-131d after HI- HI+F =12 multiple comparison post-hoc test to evaluate performance during
induction) Sham+V =9 trials
Sham+F =8 Factorial ANOVA to evaluate performance during probe test

Pearson test to measure correlation between the ipsilateral
hippocampal volume as measured by MRI and the average distance
travelled to reach the platform
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