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ARTICLE INFO ABSTRACT

Keywords: Background/purpose: The optimal endurance exercise parameters remain to be defined to potentiate long-term

Endurance functional recovery after stroke. We aim to assess the effects of individualized high-intensity interval training

NKCC1/KCC2 (HIIT) with either long or short intervals on neurotrophic factors and their receptors, apoptosis markers and the

BAX/Bcl-2 . . . . s . . . .

Neurotroohi two-main cation-chloride cotransporters in the ipsi- and contralesional cerebral cortices in rats with cerebral
eurotrophin

ischemia. Endurance performance and sensorimotor functions were also assessed

Methods: Rats with a 2 h transient middle cerebral artery occlusion (tMCAO) performed work-matched HIIT4
(intervals: 4 min) or HIIT1 (intervals: 1 min) on treadmill for 2 weeks. Incremental exercises and sensorimotor
tests were performed at day 1 (D1), D8, and D15 after tMCAO. Molecular analyses were achieved in both the
paretic and non-paretic triceps brachii muscles and the ipsi- and contralesional cortices at D17

Results: Gains in endurance performance are in a time-dependent manner from the first week of training. This
enhancement is supported by the upregulation of metabolic markers in both triceps brachii muscles. Both regi-
mens alter the expression of neurotrophic markers and chloride homeostasis in a specific manner in the ipsi- and
contralesional cortices. HIIT acts on apoptosis markers by promoting anti-apoptotic proteins in the ipsilesional
cortex

Conclusion: HIIT regimens seem to be of clinical relevance in the critical period of stroke rehabilitation by
strongly improving aerobic performance. Also, the observed cortical changes suggest an influence of HIIT on
neuroplasticity in both ipsi- and contralesional hemispheres. Such neurotrophic markers might be considered as
biomarkers of functional recovery in individuals with stroke.

Sensorimotor function

low- from high-intensities and individualizing running speed [5-8] as
recommended in humans [1].
Moreover, both humans and rodents studies suggest to initiate

1. Introduction

Endurance training represents a crucial part of stroke rehabilitation

although optimal exercise parameters, such as intensity and duration,
remain to be defined to improve physical activity guidelines [1,2].
Interestingly, preclinical experiments in rodents help define the effec-
tiveness and/or shortcomings of exercise regimens, provided that
training protocols are easily extrapolated to humans [3,4]. To reach this
purpose, the use of common physiological parameters of exercise in-
tensity in humans and rodents, such as the speed associated with lactate
threshold (Sy1) and maximal speed (Spax), allows both distinguishing

training protocols during the critical period of stroke rehabilitation,
corresponding to the first weeks in rodents and first months in humans
[6,7,9-11]. Indeed, it has been found that the effectiveness of rehabili-
tation strategies is potentiated when implemented during this period by
enhancing the upregulation of key neurotrophic factors in the brain,
such as the mature brain-derived neurotrophic factor (nBDNF) and/or
the insulin-growth factor-1 (IGF-1) [10,12,13]. The direct link between
neurotrophic factors and functional recovery has been demonstrated in
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rodents with cerebral ischemia by an improvement of the tactile sensi-
tivity and sensorimotor performance after BDNF or IGF-1 treatment
[14-17].

Neurotrophic factors expression are endogenously upregulated by
individualizing endurance training protocols, including the increasingly
investigated high-intensity interval training (HIIT) regimens [18-27].
However, different types of HIIT regimens can be used in both patients
and healthy people. The most frequent are the HIIT with long (>1-4
min) and short intervals (<1 min) [28]. These 2 regimens differ in terms
of muscle power, peak oxygen uptake (VOazpea) and blood lactate
accumulation [29,30]. For instance, higher blood lactate concentrations
and peak heart rate were observed during an HIIT session with long
intervals as compared with short ones [29]. Also, a meta-analysis of
randomized controlled trials found a higher effectiveness of HIIT with
long intervals to promote VOapeax [30]. Interestingly, these physiolog-
ical parameters can contribute to stimulate the expression of neuro-
trophic factors and seem to indicate that HIIT with long intervals is the
most suitable [31,32]. However, other authors suggested that HIIT with
short intervals are more recommended to improve aerobic capacity and
functional recovery in chronic stroke patients [33]. Therefore, the ef-
fects of HIIT regimens on neurotrophic factors, functional recovery and
aerobic capacity after stroke remain controversial and poorly
investigated.

The endurance training-induced functional recovery might be
partially associated with the major roles of these neurotrophic factors in
neuronal survival and synaptic plasticity. Indeed, treadmill training can
improve the neurological score by suppressing ischemia-induced
neuronal apoptosis [34]. Also, among the effects at the synaptic level,
endurance training can influence GABAergic activity by interacting with
the two-main cation-chloride cotransporters in the brain, i.e.,
potassium-chloride-cotransporter 2 (KCC2), a neuronal -chloride
extruder, and sodium-potassium-chloride-cotransporter 1 (NKCC1), a
chloride intruder [35-37], both of which are affected by stroke [38,39].
It was previously found that a 2-week HIIT alters cortical KCC2
expression in healthy rats [27] and can also restore the NKCC1/KCC2
ratio in the contralesional hemisphere following cerebral ischemia [6].
Nevertheless, the specific influence of HIIT regimens on these key
markers remain unknown in both ipsi- and contralesional cortices. The
cortex is yet one of the main areas affected by ischemic stroke, strongly
involved in sensorimotor functions and considered a highly sensitive
area to endurance training [40]. Moreover, significant concentrations of
neurotrophic factors can be found [41].

The objective of this study was therefore to evaluate the effects of
individualized HIIT programs with either short or long intervals over a
2-week training period on the expression of neurotrophic factors and
their receptors, key markers of apoptosis and cation-chloride cotrans-
porters in both ipsi- and contralesional cerebral cortices in rats with
cerebral ischemia. Sensorimotor functions, cardiorespiratory capacities
and metabolic changes in paretic and non-paretic triceps brachii muscles,
involved in the locomotor activity in rats, are also assessed.

2. Materials and methods

Supplemental methodological information is found in the supple-
mental files.

2.1. Animals and ethics approval

All experimental protocols were approved by the Animal Care
Committees of Marseille n°14 (APAFiS #11,519) and complied with the
ARRIVE guidelines and were carried out in accordance with the U.K.
Animals (Scientific Procedures) Act, 1986 and associated guidelines, EU
Directive 2010/63/EU for animal experiments. The 3Rs principle was
applied: i) Replacement — No substitution in vitro model exists to mimic
endurance training; ii) Reduction — The same animals performed
training, incremental and behavioural tests to reduce the number of
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animals; iii) Refinement — Experiments were either non-invasive or
without awakening, except for the tMCAO surgery.

Fifty-five male Sprague-Dawley rats, sexually mature (starting pro-
tocol after P60; JANVIER®, France), were included. Each animal was
randomly assigned to one of the following groups: SHAM (n = 10),
surgery without artery occlusion and training; transient middle cerebral
artery occlusion (tMCAO; n = 17), tMCAO without training including 3
rats for the TTC staining at D1 confirming the infarct size; HIIT4 (n = 14)
and HIIT1 (n = 14), rats with tMCAO performed HIIT with long or short
intervals, respectively (Fig. 1). As in clinical trial, all acquisitions and
analyses were performed in a single-blind manner as no sign indicating
the belonging to an experimental group was added on animals (just the
animal number on the tail by using permanent marker). Experimenters
performing behavioral and incremental tests could only see the scar on
neck. The method of randomization was related to coin toss after the
familiarization session to treadmill.

Familiarization procedures. To both limit stress of rats during
training and behavioral tests, rats were familiarized with both running
on treadmill (Decathlon, Lille, France); 5 min per day for 5 days, at
10-15 m.min 1), thereby detecting which rats were able to run and with
arenas for behavioral tests (for 5 days, 5 min/day). Stress was also
reduced because the same researcher performed behavioral tests in a
quiet room. A longer familiarization period increases the risk of
improving endurance performance before the experimental protocol
begins.

2.2. tMCAO

A 2 h right tMCAO was performed by the same experimenter, as
described elsewhere’. Central temperature (maintained at 37-38 °C),
age, weight and ischemia duration were rigorously controlled to
improve reproducibility of neurological deficits during the cerebral
ischemia procedure and the reperfusion surgery. A single-use 0-4
monofilament nylon suture with silicon-coated tip (diameter: 0.39 mm;
tip length: 7 mm) was used for each surgery. Also, the exclusion criteria
help to improve the lesion reproducibility. Anesthesia was induced and
maintained with 5% and 2-3% of isoflurane respectively (Anesteo,
France). A 0.2 ml of 0.5% bupivacaine was injected subcutaneously
along the prospective incision site. Although the blood pressure,
oxygenation and cerebral blood flow were not monitored during sur-
gery, we previously found that the infarct size is reproducible at D1
between animals through 2,3,5-Triphenyltetrazolium chloride (TTC)
and Cresyl violet stainings following the same protocol [6,42]. Three
anesthetized tMCAO rats were decapitated at D1 to confirm the infarct
size [42] with TTC staining. For that, fresh brain tissues were quickly
removed and placed at —80 °C during 4 min before performing a 2
mm-thick coronal sections using a brain slicer device. Coronal sections
were then dropped in 5 ml of 1% TTC solution (Sigma-Aldrich®) during
30 min at 37 °C and washed 3 times with PBS-1X and fixed with anti-
genfix during 24 h. Infarcted tissues (white-colored area) were delimited
with ImageJ® software and infarct size was expressed both in percent-
age of right hemisphere and total brain volume.

2.3. Incremental exercise test (IET)

In both humans and rats, 3-minute increments make it possible to
distinguish more accurately the lactate threshold [6,7,43]. Endurance
performance from IET was assessed on 1° inclined treadmill at day 1
(D1), D8 (corresponding to the intermediate IET), and D15 after
tMCAO’. The warm-up running speed was set at 9 m.min " (3 min). The
speed increment was set at 3 m.min ! every 3 min with a starting speed
at 12 m.min"!. The lactate concentration (mmol/L) was measured be-
tween each speed level (15-20 s of rest) to determine the lactate
threshold by collecting blood samples from the tail vein (0.2 pL; Lactate
Scout+, France). As in humans, the lactate threshold was observed when
1) the inflection point of blood lactate concentration was reached
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Fig. 1. Timeline of the experimental protocol. The experimental protocol includes the training sessions, behavioral tests, incremental tests, but also the cortex and
muscles samples for Western blot, ELISA and immunohistochemical measurements. Recovery days are fixed at D7 and D14. The 10 training sessions were performed
on treadmill from day 2 to day 13 after tMCAO. Sensorimotor tests included ladder climbing and adhesive removal tests. Abbreviation: ART=Adhesive removal test,
D = day, HIIT1 = High-intensity interval training with short intervals, i.e., 1 min, HIIT4 = High-intensity interval training with long intervals, i.e., 4 min, LCT =
Ladder-climbing test, SLT = speed associated with lactate threshold, Smax = maximal speed, tMCAO = transient middle cerebral artery occlusion.

and/or 2) an increase of 1 mmol.L ! between two blood lactate values
was detected. The speed corresponding to lactate threshold was Syt. The
test was stopped when rat could not maintain the imposed speed. The
last completed speed level was Spax-

2.4. Work-matched HIIT4 and HIIT1 programs on treadmill

HIIT4 (long intervals) and HIIT1 (short intervals) included 10 ses-
sions (5 sessions per week) from D2 to D13, including two rest days at D7
and D14 for reducing fatigue accumulation before incremental tests. The
warm-up lasted 5 min. To improve clinical relevance of this study, Syt
and Spax were used to individualize both intense series and recovery
speeds over the 2-week HIIT programs. Each rat was thus trained indi-
vidually. When necessary, rats were forced to run by stimulating the tail
with a soft bristle brush to reduce stress compared to electrical shocks.
Hence, no electrical shocks were used to motivate the rats in this study.
In addition, running speed, session duration and the total workload
progressively increased over the protocol in a work-matched manner
(see supplemental files for more information) to allow comparable ex-
ercise doses between regimens [44] with the formula: Mass (kg) x In-
tensity (m/min) x Duration (min) x Treadmill inclination (1°) x 9.8 (J/kg.
m)

HIIT4. Sessions with long intervals included 4 x 4 min of running on
treadmill separated by 3 min of active recovery (warm-up and recovery
speed: 30% below Sy1). Running speed was set at 80% of the difference
between Spax and Syt both for the first training week following the first
IET (at D1) and for the last training week following the intermediate IET
(at D8).

HIIT1. Short intervals lasted 1 min separated by 1 min of active
recovery (30% below Syr). Running speed of short series corresponded
to 90% of the difference between Sp.x and Sy both for the first training
week following the first IET (at D1) and for the last training week
following the intermediate IET (at D8).

It is worthy to notice that some of the major physical exercise rec-
ommendations were followed in the present study in rats to reinforce the
translational relevance of these training regimens to individuals with

stroke in accordance with the STAIR study [3]: 1) Training started
during the critical period of stroke rehabilitation, which can potentiate
the incomplete spontaneous recovery by upregulating levels of neuro-
trophic factors, as recommended for both animals and humans [13]. 2)
Running speed was progressively increased over the 2 weeks of training
to optimize the training speed by using an intermediate incremental test
at D8 to physiologically reassess the speed above the new Syt and below
the new Spyax. 3) The running speeds are comprised between Sp,x and Sy.p
to ensure that running speed remained above Syt and below Spax.
Therefore, intensity is always in the “aerobic range” that can be reached
by animals, and thus, below the maximum tolerated. It seems that such
intensities in rats could be applied to moderate stroke patients who can
reach these intensities because most of them could exceed the speed
associated with ventilatory threshold [45]. Also, HIIT intensity needs to
be higher than lactate threshold to be considered as a HIIT regimen. It is
an important physiological characteristic of HIT [46]. Also, a higher
running speed is better tolerated during HIIT with short intervals. It is
why the individualized running speed is closer to Spax in HIIT1 than
HIIT4.

4) Training lasted 15 days after ischemia that is the minimum
required [3] to assess the effectiveness of treatments. 5) For HIIT1, short
duration intervals were fixed to 1 min, and not to 30-45 s, to reduce the
number of series per session while reaching a similar workload to that
reported for HIIT4. In other words, the number of short series would
have been too high with 30-s intervals, which could be less clinically
relevant.

2.5. Sensorimotor tests

Both ladder-climbing test and adhesive removal test were performed
before (PRE), at D1, D3, D8 and D15, always preceding IET to avoid the
influence of fatigue and stress.

Ladder-climbing test. Rats climbed up an inclined ladder (inclina-
tion: 45°; rungs of equal 10 mm spacing) [42]. Depending on number of
performed steps (20 steps minimum), the successful score was normal-
ized by maximal score.
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Adhesive removal test (ART). This test was used to independently
assess tactile sensitivity and motor coordination of both left and right
forepaws (LF and RF, respectively) [42]. The time to detect the adhesive
tape (TD) for each forepaw was averaged (in seconds) between the 2
trials per session as well as for time to remove (TR). The maximal
recording time was fixed to 120 s.

2.6. Western blot

At D17, rats were anaesthetized with intraperitoneal ketamine/
xylazine (120 mg/kg-20 mg/kg) injection (n = 6-8 per group). Both
triceps brachii muscles were first removed. Then, ipsi- and contralesional
cortices were dissected out and separated, flash-frozen in liquid nitrogen
and stored at —80 °C until processed [7]. The Western blot for muscles
and brain was performed in different laboratories (Marseille-INMED and
Montpellier-DMEM). Although Western blot methods were different, it
is not a methodological limitation because no comparison was per-
formed between muscles and cortex proteins.

2.6.1. Triceps brachii muscles

The triceps brachii muscles are strongly involved during running in
rats [47]. Also, previous articles found significant muscle activation
disturbances following tMCAO [42,48]. The total proteins were
extracted from paretic and non-paretic triceps brachii muscles to detect
Citrate Synthase (CS), Vascular endothelial growth factor (VEGF) and
Fibronectin type III domain-containing protein 5 (FNDC5; Table S1).
Intensity values were expressed relative to SHAM. Several samples of
paretic and non-paretic triceps brachii muscles in each group were rep-
resented on each nitrocellulose membrane (x2 membranes per protein).

2.6.2. Cortex

Cortex tissue was homogenized in RIPA lysis buffer (50 mM Tris-HCl
pH 8; 150 mM NacCl; SDS 0.1%; Deoxycholic Acid 0.5%; 1% triton X-
100), containing complete Protease/Phosphatase Inhibitor Tablet
(Thermofisher®) and loaded with Laemmli X-3 loading buffer. The
sample proteins (50 pg) were separated in SDS-PAGE gel (4-12%; Cri-
terion gel, Bio-Rad®) by electrophoresis under constant voltage (175 V
in stacking gel and 200 V in revolving gel). The total proteins were
extracted from both ipsi- and contralesional cortices to detect KCC2,
NKCC1, mBDNF, its high-affinity tropomyosin receptor kinase B (TrkB),
its phosphorylated form (pTrkB), B-cell lymphoma 2 (Bcl-2), Bcl-2
associated X protein (BAX), Peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a) and Cytochrome c oxidase subunit
4 (COX4, (Table S1). Several ipsi- and contralesional samples of each
group were represented on each nitrocellulose membrane to allow
comparison between groups (2 membranes per protein). The pTrkB/
TrkB ratio, BAX/Bcl-2 ratio and NKCC1/KCC2 ratio were calculated.

2.7. Immunohistochemistry

AT D17, animals were perfused transcardially with cold phosphate
buffer saline (PBS 1X) after intraperitoneal ketamine-xylazine injection
(120 mg/kg-20 mg/kg), followed by paraformaldehyde 3% (Anti-
genfix). Brain tissue was removed, post-fixed for 2 h at 4°C in antigenfix,
cryoprotected 24 h at 4°C in 30% sucrose and then snap-frozen with
isopentane and stored at —80°C. Coronal sections of rat brain (thickness:
80 pm) were performed. We choose fields at the peri-lesional site both
from ipsi- and contralesional hemispheres and acquired 25 pm stack at
2.5 pm step images (primary motor cortex, stereotaxic coordinates:
Interaural: 6.72 mm; Bregma: —2.28 mm) [49]. The Caspase-3 and
Hoechst staining were manually quantified using the ImageJ software
after making images projection. Acquisition parameters were the same
for all experimental conditions. Images were then acquired consecu-
tively for Caspase-3 and Hoechst staining and 25 pm stack were acquired
at 2.5 pm step images. The Pearson correlation coefficient of colocali-
zation between Caspase-3 and Hoechst staining was measured in ipsi-
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and contralesional cortex (x20).
2.8. Immunoassay (ELISA)

Quantification of cortical mBDNF (dilution 1/10) and IGF-1 (dilution
1/5) was performed in duplicate with mBDNF Rapid ELISA Kit and IGF-1
ELISA Kit (Biosensis®, BEK-2211-1P/2P and BEK-2150-2P, respec-
tively) following the manufacturer’s protocol. After having detected
mBDNF and IGF-1 with streptavidin-HRP conjugate, the concentration
of mBDNF and IGF-1 were allowed by the addition of a substrate (3,3’,
5,5'-tetramethylbenzidine, TMB). The standard curve was plotted
allowing the interpolation of mBDNF and IGF-1 protein concentrations
through a 4-PL regression analysis. Concentrations were determined
using the FLUOstar® OPTIMA microplate reader (BMG Labtech,
France).

2.9. Statistical analysis

Statistical analysis was performed using Prism software program
(data expressed in mean+SD; Significant results when p < 0.05). Results
of sensorimotor and incremental tests were compared by means of two-
way ANOVA (groups x time) while unpaired t-test (two-tailed) was used
to compare HIIT sessions duration and speed. Western blotting analyses,
mBDNF and IGF-1 ELISA and immunostaining were compared by means
of one-way ANOVA (groups). Post-hoc comparisons were performed by
means of Tukey’s multiple post-test comparisons. Pearson’s correlation
coefficient with two-tailed significance was used to analyze the rela-
tionship between relative levels of neuroplasticity and muscular markers
and gains in both Syt and Spax.

3. Results
3.1. Work-matched HIIT4 and HIIT1 programs on treadmill

Session duration for HIIT1 was 22.1% longer than for HIIT4 during
the first week (p < 0.005, t = 3.460, df = 27). Series and recovery speeds
during HIIT1 sessions were higher during the week 2 compared to the
week 1 (14.6%, p < 0.05, t = 2.151, df = 28 and 29.8%, p < 0.005, t =
3.4, df = 28 respectively). Running speed increased to 69.6% for HIIT4
and 111.7% for HIIT1 and the total workload increased to 76.6% be-
tween the 2 weeks (Table S2).

3.2. IET and sensorimotor tests

For Spt, two-way ANOVA analysis showed significant difference
between training regimens (F(3 48) = 16.53), times (F(1.91,91.72) = 123.9)
and training regimens x times (F(e,96) = 28.06; p < 0.001) (Fig. 2A). For
Smax, two-way ANOVA analysis showed significant difference between
training regimens (F34g) = 17.84), times (F(21.90,91.33) = 153.9) and
training regimens x times (F(¢,06) = 29.51; p < 0.001). See raw values in
Table S3.

Sur and Spax of HIIT4, HIIT1 and tMCAO groups were lower at D1
than SHAM (p < 0.01 and p < 0.001, respectively). Syt of HIIT4 and
HIIT1 were higher than tMCAO (p < 0.05) at D8. Syt and Sp,ax increased
from D1 to D8 for HIIT4 and HIIT1 (p < 0.001). Spax of HIIT4 and HIIT1
were higher than SHAM (p < 0.05 and p < 0.001, respectively) and
tMCAO at D8 and D15 (p < 0.001). Then, Syt of HIIT1 was higher than
SHAM and tMCAO (p < 0.05) while Sy of HIIT4 was only higher than
tMCAO at D15. However, a continuous increase for Syt and Spax
remained from D8 to D15 only for HIIT4 (p < 0.01; Fig. 2B). See ex-
amples of Syt and Spax for tMCAO, HIIT4 and HIIT1 rats over time in
Fig. S1

For the ladder-climbing test, two-way ANOVA analysis showed sig-
nificant difference between training regimens (F(34g) = 86.54), times
(F2.87,137.5) = 101.6) and training regimens x times (F12,192) = 9.63; p <
0.001). For the ladder-climbing test, the successful scores remained
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Fig. 2. Effects of HIIT regimens on endurance performance and sensorimotor tests. A) SLT. +Higher in HIIT4 and HIIT1 groups than tMCAO at D8 and D15 (p <
0.01). *D8 higher than D1 for HIIT4 and HIIT1 (p < 0.001). *D15 higher than D8 for HIIT4 (p < 0.01). B) Smax. +Higher in HIIT groups than tMCAO and SHAM at D8
and D15 (p < 0.05). *Higher at D8 and D15 than D1 in HIIT groups (p < 0.001). *Higher Smax at D15 than D8 for HIIT4. C) Ladder climbing test - Successful score (%
of PRE). *Significant decrease at D1, D3, D8 and D15 compared to PRE for injured groups and significant higher score for SHAM compared to lesioned groups from
D1 to D15. #Significant higher score for tMCAO, HIIT1 and HIIT4 groups at D8 and D15 compared to D1. D) Adhesive removal test of paretic forepaw: Time to
detect/Tactile sensitivity. *Significant faster time to detect in SHAM than in lesioned groups from D1 to D15. +Significant faster time to detect at D15 than D3 only
for HIIT1 and HIIT4 groups. E) Time to remove/Motor coordination. *Significant faster time to remove in SHAM compared to lesioned groups from D1 to D15.
Abbreviation: D = day, HIIT1 = High-intensity interval training with short intervals, i.e., 1 min, HIIT4 = High-intensity interval training with long intervals, i.e., 4
min, SLT = speed associated with lactate threshold, Smax = maximal speed, TD = time to detect the adhesive tape for each forepaw and TR = time to remove,

tMCAO = transient middle cerebral artery occlusion.

higher for SHAM (p < 0.001) despite a spontaneous incomplete recovery
observed in lesioned groups (p < 0.001; Fig. 2C).

For the adhesive removal test, two-way ANOVA analysis showed a
significant difference between training regimens (F(3 4g) = 48.04), times
(F2.715,130.3) = 45.22) and training regimens x times (F(12,192) = 5.575; p

< 0.001) for the time to detect. HIIT regimens induce an incomplete
recovery from D3 to D15 (p < 0.05). For the time to remove, no dif-
ference was found except between SHAM and the three lesioned groups
at each time point (Fig. 2D and E).
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3.3. TTC staining

The reproducibility of infarct size was controlled on 3 animals 24 h
after cerebral ischemia onset. Brain tissues were removed before being
sectioned and stained with TTC. Infarct size represents 32 + 6% of the
whole brain and 61 + 11% of the right hemisphere at D1. (Fig. $2). TTC
staining at D1 confirms the reproducibility of the 2-hour tMCAO [6,7,42,
48,50].

Physiology & Behavior 266 (2023) 114190

3.4. Western blot

3.4.1. Paretic triceps brachii muscles

One-way analysis showed significant difference between training
regimens for CS (F(2, 17) = 5.08; p < 0.05). Levels of CS were higher in
HIIT1 than tMCAO (p < 0.05). Levels of FNDC5 in tMCAO tended to be
higher than SHAM (p < 0.057; Fig. S3A and B). No significant difference
was observed for VEGF.

3.4.2. Non-paretic triceps brachii muscles
One-way analysis showed significant difference between regimens
for CS (F(g’zg) =3.01;p < 0.05), FNDC5 (F(3’21) =3.52;p < 0.05) and
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Fig. 3. Impact of HIIT regimens on protein levels within the ipsilesional cortex. A) KCC2, B) NKCC1, C) NKCC1/KCC2, D) TrkB, E) pTrkB/TrkB, F) PGC-1a, G) COX4,
H) BAX, I) Bcl-2 and J) BAX/Bcl-2. Representative cropped immunoblots from the same membrane are shown at the bottom. *Difference between groups. Abbre-
viation: Bcl-2 = B-cell lymphoma 2, BAX = Bcl-2 Associated X protein, COX4 = Cytochrome c oxidase subunit 4, D = day, HIIT1 = High-intensity interval training
with short intervals, i.e., 1 min, HIIT4 = High-intensity interval training with long intervals, i.e., 4 min, KCC2 = potassium chloride cotransporter 2, NKCC1 =
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VEGF (F(3,24) = 3.46; p < 0.05). Levels of FNDC5 in HIIT4 were higher
than SHAM and HIIT1 (p < 0.05). Levels of CS in HIIT1 were higher than
tMCAO (p < 0.05). Levels of VEGF in tMCAO were lower than SHAM (p
< 0.05) without difference between SHAM and HIIT groups
(Fig. S3C-E).

3.4.3. Ipsilesional cortex

One-way analysis showed significant difference between regimens
for KCC2 (F(3 24y = 32.18; p < 0.001), NKCC1 (F(322) = 4.65; p < 0.05),
NKCC1/KCC2 ratio (F(3,23) = 7.31; p < 0.01), TrkB (F(3 24) = 17.60; p <
0.001), pTrkB/TrkB ratio (F(3 22) = 9.91; p < 0.001), BAX (F(3,20) = 7.30)
and Bcl-2 (F(3,19) = 6.78; p < 0.01) for both, BAX/Bcl-2 ratio (F(320) =
6.03; p < 0.01), COX4 (F(3,109) = 4.93; p < 0.05) and PGC-1a (F(3,23) =
5.57; p < 0.001). Levels of KCC2 and NKCC1 were lower in HIIT4, HIIT1
and tMCAO groups than SHAM (p < 0.001 and p < 0.05, respectively).
Nevertheless, KCC2 levels appeared to be higher in HIIT4 than tMCAO
when analyzed with t-test (p < 0.05). Finally, NKCC1/KCC2 ratio was
higher in tMCAO compared to SHAM and HIIT4 (p < 0.05). Levels of
TrkB were higher in HIIT4, HIIT1 and tMCAO groups (p < 0.05) than
SHAM. Moreover, levels of TrkB in HIIT1 were higher than tMCAO (p <
0.05). The pTrkB/TrkB ratio was downregulated in HIIT4, HIIT1 and
tMCAO groups. Levels of PGC-1a were higher in HIIT4 than both tMCAO
and HIIT1 (p < 0.05 and p < 0.01, respectively) and levels of COX4 in
HIIT1 were only higher than SHAM (p < 0.05). Levels of COX4 tended to
be higher in HIIT1 than tMCAO (p = 0.056). Levels of BAX were lower in
HIIT4 and HIIT1 than tMCAO and SHAM (p < 0.05) while levels of Bcl-2
were higher in HIIT4 than tMCAO and SHAM (p < 0.01). The BAX/Bcl-2
ratio was lower in both HIIT groups than tMCAO (p < 0.05; Fig. 3).

3.4.4. Contralesional cortex

One-way analysis showed significant difference between regimens
for KCC2 (F(3,20) = 3.6; p < 0.05), NKCC1/KCC2 ratio (F(3 21) = 3.63;p <
005), pTI‘kB/TI‘kB ratio (F(2,16) = 1369, p< 001), PGC-1a (F(3,22) =
4.75; p < 0.05) and COX4 (F(3,23) = 4.10; p < 0.05). Levels of KCC2 were
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only higher in HIIT4 than tMCAO (p < 0.05; Fig. 4) without effects on
NKCC1. Nevertheless, NKCC1/KCC2 ratio was downregulated in HIIT4
compared to SHAM (p < 0.05). PGC-1a levels were higher in HIIT4 than
SHAM (p < 0.01). Moreover, pTrkB/TrkB ratio was upregulated in HIIT4
compared to SHAM (p < 0.05) and tMCAO (p < 0.001). COX4 levels in
HIIT1 were higher than SHAM and tMCAO (p < 0.05).

3.5. Immunoassay

3.5.1. Ipsilesional (right) cortex versus contralesional (left) cortex

The mBDNF concentrations were higher in the ipsilesional cortex
than in the contralesional cortex in tMCAO (p < 0.01) and HIIT4 (p <
0.001) groups. IGF-1 concentrations in the ipsilesional cortex were
higher than in the contralesional cortex for tMCAO, HIIT4 and HIIT1
groups (p < 0.05; Fig. 5).

3.5.2. Ipsilesional and contralesional cortex

One-way analysis showed significant difference between groups for
mBDNF in the ipsilesional cortex (F(3 25y = 4.94; p < 0.05) and in the
contralesional cortex (F(2,18) = 4.03; p < 0.05).

In the ipsilesional cortex, mBDNF concentrations were higher in
tMCAO and HIIT4 groups than in SHAM (p < 0.05) without difference
between HIIT1 and SHAM. The IGF-1 concentrations in tMCAO were
higher than SHAM (p < 0.05) without difference between SHAM and
HIIT regimens. In the contralesional cortex, mBDNF concentrations in
HIIT1 were higher than tMCAO (p < 0.05) but tended to decrease in
tMCAO compared to SHAM (p = 0.063; Fig. 5). No difference was found
for IGF-1 in the contralesional cortex (F(s 20y = 0.35; p > 0.05).

3.6. Immunohistochemistry
One-way analysis showed significant difference between training

regimens and tMCAO for the Pearson correlation coefficient of coloc-
alization between Caspase-3 and Hoechst (F(3 24y = 16.64; p < 0.001). In
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Fig. 4. Impact of HIIT regimens on protein levels within the contralesional cortex. A) KCC2, B) NKCC1/KCC2, C) pTrkB/TrkB, D) PGC-1a and E) COX4. Repre-
sentative cropped immunoblots from a same membrane are shown. *Difference between groups. Abbreviation: COX4 = Cytochrome c oxidase subunit 4, D = day,
HIIT1 = High-intensity interval training with short intervals, i.e., 1 min, HIIT4 = High-intensity interval training with long intervals, i.e., 4 min, KCC2 = potassium
chloride cotransporter 2, NKCC1 = sodium-potassium-chloride transporter, PGC-1a = Peroxisome proliferator-activated receptor gamma coactivator 1-alpha, pTrkB
= phosphorylated form of tropomyosin receptor kinase B, tMCAO = transient middle cerebral artery occlusion, TrkB = tropomyosin receptor kinase B.
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Fig. 5. Impact of HIIT regimens on cortical mBDNF and IGF-1. mBDNF, A) ipsi- versus contralesional cortex, B) ipsilesional cortex (IC), C) contralesional cortex (CC);
IGF-1, D) ipsi- versus contralesional cortex, E) ipsilesional cortex and F) contralesional cortex. *Difference between groups. Abbreviation: D = day, HIIT1 = High-
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1, KCC2 = potassium chloride cotransporter 2, mBDNF = mature brain-derived neurotrophic factor, tMCAO = transient middle cerebral artery occlusion.

HIIT4 and HIIT1, there was a lower colocalization between Caspase-3 = —0.61,r = —0.52, r = —0.46 respectively, small effect size; p < 0.05).
and Hoechst than tMCAO in the ipsilesional cortex (p < 0.001),
without difference in the contralesional cortex (Fig. 6). 3.8. Correlation between neurotrophic markers in the contralesional

cortex and aerobic parameters

3.7. Correlation between neurotrophic markers in the ipsilesional cortex

Levels of PGC-1a, COX4 and KCC2 were positively correlated with
and aerobic parameters

gains in Syt (r = 0.45, r = 0.48, r = 0.58 respectively, small effect size; p
< 0.05) and Spax (r = 0.48, r = 0.37, r = 0.60 respectively, small effect
size; p < 0.05). TrkB was positively correlated with gains in Spr (r =
0.39, small effect size; p < 0.05; Fig. S5).

Levels of TrkB, COX4 and Bcl-2 were positively correlated with gains
in Syr (r = 0.74, r = 0.75, r = 0.54 respectively, medium effect size; p <
0.01). Also, levels of BAX, BAX/Bcl2, KCC2 and NKCC1 were negatively
correlated with gains in Sy (r = —0.47,r = —0.59,r = —0.52,r = —0.43
respectively, small effect size; p < 0.05; Fig. S4) and Spax (r = —0.47, r

Pearson’s coeffcients in the IC

HIIT1IC

tMCAO IC HIIT4IC

tMCAO CC

HIIT4 CC

HIIT1 CC

Fig. 6. Impact of HIIT1 and HIIT4 regimens on Caspase-3 in ipsi- and contralesional primary motor cortices by immunohistostaining (x20). In the ipsilesional cortex
(IC), A) tMCAO, B) HIIT4, C) HIIT1, D) the Pearson correlation coefficient of colocalization between Caspase-3 (green) and Hoechst (Blue) staining in the IC (n = 3
per group; 1 slice with 3 stacks per rat). *Difference between groups. In the contralesional cortex (CC), no Caspase-3 staining was found for E) tMCAO, F) HIIT4, and
G) HIIT1. Abbreviation: D = day, HIIT1 = High-intensity interval training with short intervals, i.e., 1 min, HIIT4 = High-intensity interval training with long in-
tervals, i.e., 4 min, tMCAO = transient middle cerebral artery occlusion.
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3.9. Correlation between markers in both triceps brachii muscles and
aerobic parameters

In the non-paretic forelimb, levels of VEGF were negatively corre-
lated with gains in Syax (r = —0.43, small effect size; p < 0.05). Levels of
FNDC5 were positively correlated with gains in Spax (r = 0.50, small
effect size; p < 0.05; Fig. S6). Also, a positive correlation is noticed
between non-paretic forelimb and PGC-1a in the contralesional cortex (r
= 0.5694; p = 0.0138, Fig. S7) and no significant correlation was found
between mBDNF and PGC-1a neither in the contralesional nor in the
ipsilesional cortex (Fig. S8).

4. Discussion

By enhancing Sy, HIIT regimens might improve the ability to sustain
higher submaximal speeds during a long period after stroke [5]. Also,
Smax improvements suggest higher maximal aerobic abilities, i.e.,
maximal oxygen uptake (VOzmax) [51]. Such improvement in cardio-
respiratory fitness increases submaximal exercise tolerance, involved in
the quality of life [52]. Gains in endurance for lesioned animals even
outperform the SHAM aerobic abilities while we previously found that
training is not effective to reduce infarct size [6] and seems to act rather
in spared and remoted areas from the lesion [12].

The time course of gains in performance varies between HIIT regi-
mens in our study as HIIT4 enhances Syt and Spax between D8 and D15
in contrast with HIIT1. Although these results suggest a higher effec-
tiveness of HIIT4 at this period, both regimens appear to be equally
effective at the end of the 2 training weeks. Our results support the view
that these HIIT regimens might be used during the critical period of
stroke rehabilitation depending on the exercise preference of patients,
without reducing the effectiveness of endurance program. Interestingly,
a recent clinical trial found a higher effectiveness of an intensive task-
specific motor training within the first 2 — 3 months after stroke
compared to delayed training (> 3 months), similarly to what was found
during the first weeks in rodents [10]. It is important to add that in-
dividuals with stroke should perform an IET with electrocardiogram
monitoring before starting a HIIT program to ensure their safety and
define individualized intensities, as we performed in rats.

We show for the first time that gains in endurance performance seem
to be supported by the upregulation of CS, a strong indicator of mito-
chondrial biogenesis, in both triceps brachii muscles following HIIT1.
Moreover, FNDC5, correlated with aerobic parameters, is upregulated in
the non-paretic muscles after HIIT4 while no difference was found after
HIIT1. It might suggest that the duration of intense series could have an
impact on this myokine. It remains to define if the time spend close to
VO2peax during a HIIT session could regulate the FNDC5 expression
known to be released by the active muscles to the brain [53]. Conse-
quently, HIIT regimens seem to be complementary in upregulating
aerobic markers. In addition, FNDC5 might promote neurotrophic fac-
tors because it stimulates the mBDNF/TrkB signaling pathways in the
brain [53,54].

An upregulation of cortical mBDNF and IGF-1 and/or their receptors
are frequently associated with neuronal survival by reducing apoptosis,
promoting synaptic plasticity through chloride homeostasis (among
others) and functional recovery after stroke [55,56]. Concentrations in
both cortical mBDNF and IGF-1 are higher in the ipsilesional than in the
contralesional cortex. However, although an increase in neurotrophic
factors is classically associated with beneficial effects, the mBDNF
and/or IGF-1 overexpression could also be deleterious for cell repair and
functional recovery [57-60]. Besides, in the ipsilesional cortex, HIIT
regimens seem to reduce the increase in IGF-1 and mBDNF (only for
HIIT1) concentrations compared to untrained tMCAO animals in
contrast with those showing an upregulation of mBDNF in the ipsile-
sional hippocampus after HIIT [22]. It suggests that HIIT regimens
regulate neurotrophic factor concentrations in the affected and sur-
rounding areas by avoiding an overexpression associated with
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deleterious effects [61]. As we observed, the stroke-induced increase in
mBDNF is accompanied by a reduction of KCC2 expression and a
concomitant increase in NKCC1/KCC2 ratio [60]. However, after HIIT4,
KCC2 expression is enhanced without NKCC1 alteration, thereby
decreasing the NKCC1/KCC2 ratio that suggests a partial restoration of
chloride homeostasis [62]. To complete these results, HIIT regimens
promote the upregulation of COX4 and PGC-1a, which might be neu-
roprotective [63,64].

In addition, the decrease in pro-apoptotic BAX expression and the
concomitant increase in anti-apoptotic Bcl-2 expression induced by HIIT
are demonstrated for the first time in the ipsilesional cortex. These 2
proteins are involved in the activation of caspase-3 signaling pathway, a
key effector enzyme inducing apoptosis [65]. In our study, the decrease
in BAX/Bcl-2 ratio might be associated with the observed decline in
cortical caspase-3 suggesting an anti-apoptotic effect of HIIT [66].

Although events in the ipsilesional hemisphere remain of primary
importance, other findings demonstrated the clinical relevance of
studying contralesional events [7,67]. The upregulation of neurotrophic
factors in the contralesional side is associated with improvements in
functional recovery [68]. In our study, HIIT1 and HIIT4 seem to act
differently on the BDNF/TrkB signaling pathways in the contralesional
cortex because HIIT1 raises mBDNF concentrations while HIIT4 en-
hances pTrkB/TrkB ratio without influencing mBDNF concentrations.
However, TrkB could also be phosphorylated by other molecules such as
the serine/threonine kinase cyclin-dependent kinase 5 (Cdk5) [69],
which is involved in neuroprotection after stroke [70]. It reveals that the
relation between BDNF and TrkB is not necessary linear after training.
An enhancement of BDNF/TrkB signaling pathways is in accordance
with previous studies, in which an upregulation of pTrkB and FNDC5
was found in the contralesional cortex after HIIT4 [7] or after a mod-
erate exercise (for TrkB) [68]. Our results suggest that HIIT regimens act
more on BDNF and IGF-1 than on the vascular endothelial growth factor
(VEGF) during the critical rehabilitation period [7]. It is not surprising
because we previously showed in healthy rats that 8 weeks of HIIT are
required to promote VEGF contrary to moderate intensity exercise (2
weeks are sufficient) [27]. Moreover, the increase in PGC-1a expression
in both cortices following HIIT4 might be related to the neurotrophin
upregulation. Indeed, a previous study found a strong link between
endurance exercise, PGC-1a and FNDC5, with BDNF expression in the
brain, even if a very different training protocol (a 30-day running wheel)
was used [53]. As in the ipsilesional cortex, the increased COX4
expression mainly in HIIT1 reinforces its metabolic effect in the con-
tralesional cortex. In addition, HIIT4 up-regulates KCC2 in parallel with
the increase in the pTrkB/TrkB ratio, which might be involved in
functional recovery. Interestingly, this KCC2 upregulation following
HIIT4 seems to be concomitant in both cortices. Besides, this result is
supported by the correlation between aerobic parameters and KCC2
upregulation. Similar results in rats with spinal cord injury indicated
baseline levels of KCC2 expression after a 2-week training while KCC2
remained downregulated in untrained animals [71].

HIIT regimens modestly accelerate the recovery of tactile sensitivity,
which may be relevant for long-term recovery. This result is in agree-
ment with a previous study that postulated that endurance training re-
duces sensorimotor disorders by increasing neurotrophic factors [72].
Interestingly, the sensorimotor recovery remains incomplete at this
period, suggesting that upregulation of neurotrophic markers is not
sufficient. It was suggested elsewhere that endurance training might act
as a powerful neurotrophic stimulus potentiating the effectiveness of
other strategies such as sensorimotor or cognitive tasks [73,74]. Hence,
other rehabilitation strategies should be combined with HIIT to poten-
tiate their benefits.

Some methodological limitations should be mentioned. First, young
rats were used for several reasons (less mortality rate, focus on cerebral
ischemia effects, lower cost and to be closer with most preclinical studies
on training) while cerebral ischemia in older rats, with or without
comorbidities (hypertension, heart failure, systemic atherosclerosis,



N. Hugues et al.

metabolic disorders...) could be closer to human stroke conditions [75].
Comorbidities also influence patient recovery and their abilities to
perform relative intense exercises. Then, we used only males as observed
in most studies. Given that the training adaptations might be different
between males and females, further studies should be focused on this
question. In addition, there is no direct evidence on the interaction be-
tween ipsi- and contralesional cortices as it was previously demon-
strated [76]. Unfortunately, although mechanisms related to the link
between neurotrophic factors with chloride homeostasis and/or
apoptosis could not be defined with transgenic rodents in this study, we
have shown the relevance to study them after HIIT in rodent models of
stroke. Such mechanisms are strongly required to confirm the role of
HIIT and/or other rehabilitation strategies in an injured brain, but it
remains a significant experimental challenge in training conditions.

5. Conclusion

This study shows for the first time that HIIT regimens act differently
in both hemispheres on neurotrophic factors, chloride homeostasis and
apoptosis markers. Both of them seem to be of clinical relevance during
the critical period of stroke rehabilitation as observed with gains in
endurance performance in a time-dependent manner. Such results are
encouraging for optimizing exercise guidelines after stroke by preco-
nizing HIIT with short and/or long intervals in addition with other types
of endurance sessions. These HIIT regimens might be complementary
during the stroke rehabilitation. Also, this study could be a useful step in
defining the most suitable biomarkers that are required for the patient
follow-up. Further studies should now focus on the mechanisms
explaining the link between neurotrophic factors and chloride homeo-
stasis and/or apoptosis events.
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