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ARTICLE INFO ABSTRACT

Keywords: Stroke is one of the main causes of death, neurological dysfunctions or disability in elderly. Neuroprotective
Stroke drugs have been proposed to improve long-term recovery after stroke, but failed to reach clinical effectiveness.
Montelukast (MTK) Hence, recent studies suggested that restorative therapies should combine neuroprotection and remyelination.
Olig"fiendmcyt? precursor cells (OPCs) Montelukast, an anti-asthmatic drug, was shown to exert neuroprotection in animal models of CNS injuries, but
MRI fiber tr,aCkH?g . its ability to affect oligodendrocytes, restoring fiber connectivity, remains to be determined.
Electrophysiological recording . i . . L.

In this study, we evaluated whether montelukast induces long-term repair by promoting fiber connectivity up
to 8 weeks after middle cerebral artery occlusion (MCAo), using different experimental approaches such as in
vivo diffusion magnetic resonance imaging (MRI), electrophysiological techniques, ex vivo diffusion tensor
imaging (DTD)-based fiber tracking and immunohistochemistry. We found that, in parallel with a reduced
evolution of ischemic lesion and atrophy, montelukast increased the DTI-derived axial diffusivity and number of
myelin fibers, the density of myelin binding protein (MBP) and the number of GSTpi ™ mature oligodendrocytes.
Together with the rescue of MCAo-induced impairments of local field potentials in ischemic cortex, the data
suggest that montelukast may improve fibers reorganization.

Thus, to ascertain whether this effect involved changes of oligodendrocyte precursor cells (OPCs) activation
and maturation, we used the reporter GPR17iCreERT2:CAG-eGreen florescent protein (GFP) mice that allowed
us to trace the fate of OPCs throughout animal’s life. Our results showed that montelukast enhanced the OPC
recruitment and proliferation at acute phase, and increased their differentiation to mature oligodendrocytes at
chronic phase after MCAo.

Considering the crosstalk between OPCs and microglia has been widely reported in the context of demyeli-
nating insults, we also assessed microglia activation. We observed that montelukast influenced the phenotype of
microglial cells, increasing the number of M2 polarized microglia/macrophages, over the M1 phenotype, at
acute phase after MCAo.

In conclusion, we demonstrated that montelukast improves fiber re-organization and long-term functional
recovery after brain ischemia, enhancing recruitment and maturation of OPCs. The present data suggest that
montelukast, an already approved drug, could be “repositioned “as a protective drug in stroke acting also on
fiber re-organization.
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1. Introduction

Every year approximately 15 million people worldwide suffer a
stroke [1]. Although the option of thrombolysis and improved neu-
rointensive care have strongly reduced death rate, stroke remains the
second leading cause of disability after dementia. A rather neglected
issue is the fact that secondary brain injury evolves for weeks after
stroke [2] and no drugs are currently available to counteract stroke
secondary events, including inflammation that leads to neuronal death
and delayed neuro-regeneration [3]. While contributing to functional
disability, this secondary long- term injury offers a wider “therapeutic
window” for intervention compared to acute treatments.

In this respect, new opportunities derive from the “repurposing” of
already marketed drugs displaying neuroprotective, and regenerative
activities [4,5]. Of interest, the anti-asthmatic drug montelukast, an
antagonist of CysLT receptor 1 (CysLTR-1), is a likely candidate for
stroke treatment, since, among other pleiotropic beneficial effects, it
contrasts the detrimental effects of cysteinyl-leukotrienes (CysLTs),
potent pro-inflammatory mediators, that sharply increase in the early
phase after the ischemic insult [6] and contribute to blood-brain barrier
dysfunction and chronic damage progression [7,8]. Montelukast is ef-
fective against acute brain ischemia in rodents [9-11] and, recently, a
study on a cohort of patients provided a first indication of montelukast
for the secondary prevention of cardiovascular diseases, including
stroke [12]. Moreover, montelukast increases neurogenesis and restores
cognitive function in old animals [13].

Recent studies have demonstrated that, besides neuroprotective
approaches that directly target neurons, neurological improvement
could also be achieved by strategies that favour the recovery of oligo-
dendrocytes, the myelin-forming cells, and thus counteract myelin loss
[14]. The involvement of oligodendrocytes is of relevance, since stroke
patients with white matter damage and demyelination typically show
poor prognosis [15]. This is further supported by evidence that, in ex-
perimental stroke, strategies aimed at promoting post-injury re-
myelination [16] provide recovery through regaining of fast electrical
conductivity and/or trophic support to neurons [17]. Recent evidence
indicates a negative role of inflammation in define the oligodendrocyte
survival and maturation in experimental models of CNS diseases
[18,19]. Thus, the block of CysLTs-mediated inflammation by mon-
telukast could favour oligodendrocytes protection. Furthermore, mon-
telukast could promote whiter matter repair in a CysLTR-1 independent
way by inhibiting the receptor GPR17 [9] which is expressed in OPCs
and growing evidence indicate to be engaged in remyelinization
[20,21] However, up to now, the involvement of montelukast in oli-
godendrocytes and white matter protection remains to be elucidated.

In our study, to prevent the acute and chronic activation [6] of the
unfavourable inflammatory cascade provided by overproduction of
CysLTs, we decided to treat animals before and after the ischemic in-
duction. In animals undergoing middle cerebral artery occlusion
(MCAo0), we evaluated the long-term effect of montelukast treatment on
cerebral damage and fiber re-organization using magnetic resonance
imaging (MRI). In this context, we investigated the effect of mon-
telukast on the recovery of electrophysiological parameters focusing on
the involvement of oligodendrocytes as a yet unexplored target for the
neuro-reparative mechanisms in stroke. Finally, to evaluate oligoden-
drogenesis and OPCs maturation, we took advantage of the reporter
GPR17iCreERT2:CAG-eGreen Fluorescent Protein (GFP) mice [22].

2. Material and methods
2.1. Animals and experimental protocols

The procedures concerning animal care, surgery and euthanasia
were carried out in accordance with Italian and Spanish laws and with

the current European Union Council (2010/63/UE) guidelines for the
use of laboratory animals in chronic studies. The experiments of in vivo
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MRI and of fate mapping using the conditional reporter GPR17-
iCreERT2:CAG-eGFP mouse line were approved and authorized by the
National Ministry of Health-University of Milan Committee (Approval
number 12/12-30012012 and 479/2015-PR), while the electro-
physiological experiments were approved by the Ethics Committee
(2011/01/11) of the Pablo de Olavide University. The study was con-
ducted applying the ARRIVE guidelines.

In this study, we used 8-9 week-old CD1 (n = 46; protocols 1 and 2)
and 11 week-old GPR17-iCreERT2:CAG-eGFP report male mice
(n = 40; protocol 3) that were randomly assigned to the experimental
procedures by an independent person not involved in data acquisition
and analysis. All the experiments were conducted in the light phase.
After being intraperitoneally (i.p.) anesthetized with ketamine
(100 mg/kg) and xylazine (20 mg/kg), mice were allocated to perma-
nent middle cerebral artery occlusion (MCAo) or sham surgery, as
previously described [23]. Operation time per animal did not exceed
15 min, during which the body temperature was continuously mon-
itored and maintained at 37 = 0.5 °C until awakening. The mice with
subarachnoidal or intracerebral haemorrhage and MCAo-mice with a
volume of the cortical ischemic lesion less than 10 mm® at 2h were
withdrawn from the study, in particular four CD1 mice and three
GPR17-iCreERT2:CAG-eGFP mice.

Starting form 3 days before MCAo, mice were treated i.p. with ve-
hicle or montelukast sodium powder (Cayman Chemical, Ann Arbor,
MI, United States), dissolved as previously described [13], at a dose of
5 mg/kg/day for 6 days and then at a dose of 1 mg/kg/day [24] until
sacrifice. A group of sham-operated mice was treated with vehicle and
used as control. Mice were randomized into three different experi-
mental protocols as follows (Fig. 1).

Finally, the mice were sacrificed at different time points after being
anesthetized by an i.p. injection of ketamine (100 mg/kg) and xylazine
(20 mg/kg).

Protocol 1 (Fig. 1A). The effects of MTK treatment on ischemic injury
in the acute phase (up to 48 h) and on cerebral atrophy in the chronic
phase (up to 8 weeks) were monitored by in-vivo MRI analysis into
MCAo-Montelukast (n = 10) and MCAo-Vehicle (n = 11) CD1 mice.

One mouse for MCAo-Montelukast group and 2 mice for MCAo-
Vehicle died within 1 week after surgery. At week 8, mice (MCAo-
Montelukast, n = 9 and MCAo-Vehicle, n = 9) were euthanized and
brain collected for immunofluorescence (n = 5 for each group) or for
ex-vivo MRI analysis (n = 4 for each group) in order to get information
on fiber reorganization.

Protocol 2 (Fig. 1B). The effects of MTK treatment on fiber con-
nectivity were evaluated by local field potentials recording. Three
weeks before surgery for MCAo or sham-operation, CD1 mice (n = 21)
were implanted with two recording electrodes (as reported below). Two
mice died after implantation. One week after electrodes implantation,
the MCAo mice were assigned to MCAo-Montelukast (n = 8), MCAo-
Vehicle (n = 7) and Sham-Vehicle (n = 4) groups. One MCAo-Vehicle
mouse died after surgery. At week 8, mice were euthanized and brain
collected for immunofluorescence (n = 5 for MCAo-Vehicle and MCAo-
Montelukast groups).

Protocol 3 (Fig. 1C). In order to get insight on the effects of mon-
telukast on proliferation or differentiation of OPCs after brain ischemia,
we performed MCAo in the conditional reporter GPR17-iCreERT2:CAG-
eGFP mouse line [22]. Briefly, mice received 10 mg tamoxifen (Sigma-
Aldrich, Taufkirchen, Germany), dissolved in 10% ethanol and 90%
corn oil, three times by gavage once every second day. After 3 weeks of
wash-out from tamoxifen, mice were underwent permanent MCAo and
treated with vehicle (n = 19) or montelukast (n = 18) following the
same dosing schedule described above. Two MCAo-Vehicle mice and
one MCAo-Montelukast mouse died after surgery.

To study the phenotype of GFP™ proliferating OPCs in the acute
phase after ischemic injury, mice (n = 10 for each experimental group)
were given four doses of BrdU (Sigma-Aldrich, Taufkirchen, Germany,
50 mg/kg/day i.p.) starting from 2 h up to 3 days after MCAo (Fig. 1C).
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Fig. 1. Outline of the experimental design. (A) Time-table of in-vivo MRI experiments, immunofluorescence and ex-vivo MRI analyses. (B) Time-table of electro-
physiological recording sessions. (C) Time-table of experiment on GPR17-iCreERT2:CAG-eGFP report mice.

For immunofluorescence analyses, a group of mice were then sacrificed
at 72h (n = 5 for each experimental group), whereas to also investigate
the phenotype of GFP* proliferating OPCs in the sub-acute phase we
labelled cells by administering a second thymidine analog (5-ethynyl-
20-deoxyuridine; EdU; Baseclick GmbH, Neuried, Germany) starting
from day 11 after MCAo. In particular, mice (n = 5 for each experi-
mental group) were injected daily with EAU (50 mg/kg/day, i.p.) and
sacrificed 4 h after the last injection at 2 weeks after MCAo.

To better characterize the phenotypic changes of the GFP*-OPCs
pool in the chronic phase after ischemic injury, a group of MCAo-
Vehicle (n = 7) and MCAo-Montelukast (n = 7) were sacrificed 8 weeks
after MCAo.

2.2. In-vivo MRI experiments and data processing

Magnetic resonance imaging (MRI) measurements were performed
on a 4.7 T vertical bore MR system (AMX3 Bruker, Ettlingen, Germany).
Prior to the experiments, the mice were anesthetized with 2% iso-
fluorane (Merial, Lyon, France) in 70% N, and 30% O, fixed on a MR-
compatible stereotactic holder and placed into a 3.8cm diameter
birdcage coil. Respiration rate was monitored during MRI measure-
ments and body temperature was maintained at 37.0 °C.

Vehicle (n = 9) and MTK (n = 9) treated mice underwent MRI in-
vestigations at 2, 24 and 48 h after MCAo for diffusion weighted ima-
ging (DWI) and at 48 h and 1, 2, 3, 4 and 8 weeks after MCAo for T2-
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weighted (T2W) image.

In details, three different DWIs were acquired using 3 orthogonal
diffusion gradient directions; the reference images were identical but
without diffusion gradients. Acquisition parameters were: repetition
time (TR) = 1500 ms, effective echo time (TE) = 41.2 ms, number of
averages (NA) = 4, matrix resolution = 128 x 80, slice thickness =
0.8 mm, interslice distance = 0.8 mm and number of slices = 10. The
ischemic volume determination and progression of the ischemic da-
mage over time were performed as previously described [23]. The T2W
images were obtained by a fast spin echo sequence with TR = 3000 ms,
TE = 80 ms, NA = 8, matrix resolution = 128 x 80, slice thickness =
0.8 mm, interslice distance = 0.8 mm and number of slices = 10. Cer-
ebral atrophy (expressed as percentage) was calculated using the fol-
lowing formula: 100*(L — R)/L, where L (left) is the surface of the
contralateral hemisphere and R (right) the surface of the ipsilateral
hemisphere.

2.3. Electrophysiological recording and stimulating sessions

For this study, mice were kept in individual cages until the end of
the experiments. Animals were anesthetized with 0.8-3% halothane
delivered from a calibrated Fluotec 5 vaporizer (Fluotec-Ohmeda) at a
flow rate of 1-2L/min oxygen. As illustrated in Fig. 4A, following
stereotaxic coordinates collected from the Paxinos and Franklin atlas,
mice were implanted with two recording electrodes (Rec.) in the vi-
brissal area of the right motor (M1) cortex (1 and 2mm anterior to
bregma, 1.5 and 1.7 mm lateral, and 1 mm depth from brain surface)
and with a bipolar stimulating electrode (St.) in the ipsilateral soma-
tosensory barrel (S1) cortex (1 mm posterior to bregma, 2.7 mm lateral,
1 mm depth from brain surface). Electrodes were made from 50 um,
Teflon-coated tungsten wire (Advent Research Materials Ltd, Eynsham,
UK). The final location of the recording electrodes was determined
using as a guide the field potential depth profile evoked by paired
(40 ms of interval) pulses presented to the somatosensory cortex. A bare
silver wire (0.1 mm) was affixed to the skull as ground. The four wires
were connected to a 4-pin socket and the latter was fixed to the skull
with the help of two small screws and dental cement. Further details of
this chronic preparation have been reported previously [25].

Recordings were carried out using Grass P511 differential amplifiers
with a bandwidth of 0.1 Hz-10 kHz (Grass-Telefactor, West Warwick,
USA) using a high-impedance probe (2 x 1012Q, 10 pF). Brain sti-
mulation was carried out with the help of a CS-220 stimulator across
am ISU-220 isolation unit (Cibertec, Madrid, Spain). Stimulus consisted
of single positive-negative  (50ps)  pulses  applied at
intensities > 1.0 mA. One week after the implantation of electrodes,
animals were randomized in 3 groups: MCAo-Montelukast (n = 8),
MCAo-Vehicle (n = 7) and Sham-Vehicle (n = 4) mice and placed in a
home-made box (15 X 15 x 10cm) for baseline electrophysiological
recordings. Recording sessions took place one time/week for 9 weeks.
Three weeks after implantation of electrodes, mice were subjected to
MCAo and sham operation and treated with montelukast or vehicle as
described in the Animal and experimental protocols section (Fig. 1B).

Recording sessions were organized as follows. In a first step, spon-
taneous local field potentials were recorded for 5 min with the animal
moving freely in the recording box. Afterwards, the animal was pre-
sented with a series of 10 electrical stimuli applied to the somatosen-
sory cortex with a minimum interval of 30s. Spontaneous and evoked
local field potentials and 1-volt rectangular pulses corresponding to
brain stimulations were stored digitally on a computer through an
analog/digital converter (CED 1401 Plus). Spontaneous local field po-
tentials were analyzed off-line with the help of the MatLab 7.4.0 soft-
ware (MathWorks, Natick, MA, USA). The power spectrum of the cor-
tical LFP activity was computed using the fast Fourier transform with a
Hanning window, expressed as relative power and averaged across each
recording session. Evoked field potentials were represented and ana-
lyzed with the help of the Spike 2 (CED, Milton, UK) program. Five
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successive field potentials were averaged, and the mean value of the
amplitude (in mV) was determined.

2.4. Tissue processing and immunofluorescence analysis

Appropriate tissue processing protocols were applied for immuno-
fluorescence analyses as following:

(i) mice enrolled for in-vivo MRI experiment (n = 5 for each group)
were sacrificed by transcardiac perfusion using 0.01 M phosphate-
buffered saline, pH 7.4 (PBS). Brains were immediately removed
and post-fixed with carnoy for 24 h at 4 °C and then embedded in
paraffin. Coronal sections of 8 um were incubated with the primary
antibodies rabbit anti-GSTpi (1:500, MBL International, Woburn,
MA, USA).
mice enrolled for electrophysiological experiment (n =5 for
MCAo-Vehicle and MCAo-Montelukast) were sacrificed by trans-
cardiac perfusion using 0.01 M PBS for 10min and then 4%
phosphate-buffered formalin for 10 min. Brains were removed,
post-fixed 3h in 4% phosphate-buffered formalin and cryopro-
tected in 30% sucrose solution at 4 °C until precipitation. Coronal
cryosections of 20 um were incubated with the primary antibody
rat anti-MBP (1:200, Millipore, Billerica, MA, USA).

(iii) GPR17-iCreERT2:CAG-eGFP report mice were sacrificed by trans-
cardiac perfusion using 0.01 M PBS for 10min and then 4%
phosphate-buffered formalin for 25 min. Brains were removed,
post-fixed 1h in 10% phosphate-buffered formalin and cryopro-
tected in 30% sucrose solution at 4 °C until precipitation.

(iD)

Double-immunofluorescence were performed on coronal cryosec-
tions of 20 um using chicken anti-GFP (1:1400; Aves Labs, Inc., Tigard,
OR, USA) coupled with rabbit anti-cleaved caspase-3 (1:100; Cell
Signaling Technology, Danvers, MA, USA), rat anti-BrdU (1:150;
Abcam, Cambridge, UK), rabbit anti-GSTpi (1:500; MBL, Woburn, MA,
USA), rabbit anti-NG2 (1:2000; Millipore, Temecula, USA) or EdU
(Baseclick GmbH, Neuried, Germany, following the manufacturer’s in-
structions). Whereas rabbit anti-Ibal (1;30,000; Wako Pure Chemical
GmbH, Neuss, Germany) were coupled with rabbit anti-Ym1 (1600;
StemCell Technologies, Vancouver, Canada) or rat-anti CD16/32
(1:100; BD Pharmigen, San Jose, CA, USA).

For double GFP/BrdU labelling, staining of BrdU was performed
first, incubating sections with HCI 2N for 45 min at room temperature.

The signal detection for rabbit anti-NG2 and rabbit anti-Ibal was
performed using High Sensitivity Tyramide Signal Amplification kit
(Perkin-Elmer, Monza, Italy; tyramide labelled with tetramethyl-rho-
damine for NG2 and tyramide-biotin plus streptavidin-488 for Ibal)
following the manufacturer’s instructions. For all the other antigens, the
signal detection was performed using fluorescent appropriate secondary
antibodies coupled to Alexa Fluor 488, Alexa Fluor 555 (both 1:500;
Invitrogen, Carlsbad, CA, USA).

Nuclei were labelled with Hoechst 33342 (5pg/ul, Invitrogen,
Carlsbad, CA, USA). Finally, sections were rinsed with PBS and em-
bedded with mounting medium Fluorsave’ (Calbiochem, San Diego,
CA, USA).

All the immunofluorescence experiments were performed on three
coronal brain sections (distant at least 500 um interval) at a level lo-
cated within the proximal territory supplied by the MCA from +0.8 to
—1.2mm from bregma for each brain [26].

2.5. Quantitative analysis of the histological and immunofluorescence
experiments

After identifying the boundaries of the ischemic lesion we selected
specific fields (281.25 um x 281.25pum for GFP,
636.40 um X 636.40 um for MBP and 325pum X 435um for GSTpi
analysis) and acquired images using a confocal microscope (merge of 8-
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um z-stack at 2-um intervals; Nikon A1R, Nikon, Tokyo, Japan) or a
fluorescence microscope (200 M; Zeiss, Oberkochen, Germany).

All quantitative analyses were performed using Photoshop CS6
(Adobe System, California, USA) or Fiji, an image-processing package of
the open source software ImageJ, by an investigator blinded to the
experimental groups.

In detail:

The expression of MBP was evaluated in the regions of cortex,
corpus callosum and striatum surrounding the ischemic core
(0-636.40 um from the border of ischemic damage) and expressed as
percentage of positive area.

The amount of GSTpi™ cells (cells/um?) was expressed as ratio of
the number in ipsilateral to contralateral side in order to normalize the
data of each different slice. In the ipsilateral side, the measurements
were performed for striatum and cortex through the whole peri-infarct
zone (0-435um from the border of ischemic damage), whereas, for
corpus callosum we selected the region close to the ischemic core. The
contralateral homologous areas were used as reference since myeli-
nating oligodendrocytes vary with anatomic regions [27].

The number of GFP positive cells was counted in the regions of
cortex, corpus callosum and striatum surrounding the ischemic core
(0-843.75 um from the border of ischemic damage). The double-posi-
tive GFP/BrdU, GFP/EdU was expressed as the number of positive
cellsymm?, whereas the number of, double-positive GFP/NG2 and GFP/
GSTpi cells was calculated and expressed as percentage of GFP positive
cells.

The number of double-positive Ibal/YM1 and Ibal/CD16/32 was
counted in the proximal (0-281.25pum from the border of ischemic
damage) and in the distal (562.5-843.75um from the border of is-
chemic damage) regions from the ischemic area.

2.6. Ex-vivo MRI analysis and data processing

A group of mice enrolled for in-vivo MRI experiment (n = 4 for each
group) were anesthetized with ketamine (100mg/kg) and xylazine
(20 mg/kg) at 8 weeks after MCAo and perfused transcardially with
0.01 M PBS containing 10% (w/v) formalin. The intact skulls were
excised, soaked in 10% formalin and stored at 4 °C for 24 h. After post-
fixation, intact skulls were rinsed in 0.01 M PBS and placed in a custom
built plastic tube filled with Fomblin® Y oil (Sigma-Aldrich,
Taufkirchen, Germany) — a perfluoropolyether polymer — to reduce MR
artefacts and cotton wool to minimize mechanical vibrations. Fixed
specimens were acquired with a 3D spin-echo diffusion tensor imaging
(DTI) sequence, using the following parameters: TE = 41.74 ms,
TR = 15, NA = 2, one by image and 19 non-collinear diffusion direc-
tions at b =1800s/mm? data matrix = 104 X 56 x 64 pixels,
FOV = 2.6 X 1.4 x 1.6 cm® (250 um® isotropic resolution) and acqui-
sition time of approximately 38 h per brain. Morphological images were
acquired using a 3D spin-echo scan (TE = 15ms, TR = 25s) with same
geometry as DTL

For DTI acquisition scheme, the diffusion gradients orientations
were determined by an electrostatic repulsion algorithm, uniformly
arranging gradient vectors in space. Such an ex-vivo approach allows to
increase signal to noise ratio and spatial resolution compared to DTI in-
vivo analysis [28].

Fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity
(A|D and radial diffusivity (AL) maps were created from DTI dataset
using DSI Studio software [29] and subsequently relative parallel and
perpendicular diffusion parameters (Dp,, and D) were calculated.
Previous studies have shown that although fixation reduces the mag-
nitude of water diffusion coefficients (MD, A| and AL) in the brain, it
does not alter diffusion anisotropy and relative diffusion parameters
[30,31]. FA, Dpar and Dy, were calculated in three ribbon-like in-
dividual regions of interest (ROIs), including cortex, corpus callosum
and striatum. These ROIs were drawn manually surrounding the edge of
the lesion for each mouse in three slices of 3D spin-echo scan images
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taken at level located between +0.8 to -2.2 mm from bregma. These
coronal sections were within the proximal territory supplied by the
MCA [32] and included the middle enlarged caudoputamen. As control,
specular contralateral ROIs were manually traced.

In the same brains, the number of fibers passing through selected
ROI in cortex, corpus callosum and striatum, in both hemispheres, was
evaluated. For tractography, we used DSI Studio software [29]. Fiber
tracts were generated using the following DTI tractography parameters:
FA threshold of 0.1 and a turn angle of 55°.

2.7. Statistical analysis

Mice were randomly assigned groups throughout. Data acquisition
and analyses were conducted in a blinded manner. Data are reported as
mean *+ standard deviation (SD). Statistical significance was set at
P < 0.05.

The multiple comparisons for in-vivo and ex-vivo diffusion MRI
analysis were performed by two-way ANOVA followed by Bonferroni
post-hoc tests. Statistical analysis of electrophysiological data was per-
formed by one-way ANOVA for repeated measures, with the Friedman
repeated measures ANOVA on ranks and/or a contrast analysis
(Shaphiro-Wilk test) when necessary.

Fiber tracking, 2h lesion volume and immunofluorescence data
were analyzed with Student’s t-test.

3. Results
3.1. Montelukast reduces ischemic damage in the acute phase after MCAo

The localization, extension and longitudinal evolution of brain le-
sion following permanent MCAo were evaluated by diffusion weighted
imaging (DWI) MRI analysis performed 2, 24 and 48 h after MCAo in
vehicle- (n = 9) and MTK-treated mice (n = 9) (Fig. 2).

At 2h, montelukast treatment did not affect the volume of the
cortical ischemic lesion (31.6 = 4.8 mm®) compared to vehicle
(30.2 + 3.9mm?).

To reduce intra-subject variability, lesion evolution at 24 and 48 h
was evaluated as % variation in infarct volume for each individual
animal compared to the 2 h value set to 100%. Two-way ANOVA ana-
lysis revealed a significant effect of treatment (P < 0.001), but not of
time and interaction.

In MCAo-Vehicle mice, the volume of brain lesion significantly in-
creased up to 139 = 22% and to 144 + 25% at 24 and 48 h, respec-
tively. In contrast, animals receiving MTK showed a smaller increase in
brain damage up to 112 * 11% and 105 = 13% (P < 0.01 and
P < 0.001 vs MCAo-Vehicle by Bonferroni post-hoc analysis at 24 and
48 h, respectively (Fig. 2B).

3.2. Montelukast reduces brain damage during the chronic phase after
MCAo

Longitudinal T2-weighted (T2W) MRI analysis, revealed the pre-
sence of a hyper-intense signal corresponding to ischemia-induced va-
sogenic edema up to the first week following MCAo. This hyper-intense
signal disappeared in the following weeks indicating a resolution of the
edema (Fig. 3A).

Further evaluation of brain hemisphere from T2W-images revealed
that the ipsilateral side of ischemic mice developed atrophy (Fig. 3A).
Two-way ANOVA analysis on data expressed as percentage of atrophy
revealed significant effects of time (P < 0.0001), treatment
(P < 0.05), and interaction between these variables (P < 0.05).

Specifically, the size of atrophy significantly developed compared to
one week after ischemia both in MCAo-Vehicle (P < 0.001 by
Bonferroni post-hoc analysis, for all time points) and MCAo-montelukast
(P < 0.001 by Bonferroni post-hoc analysis, for all time points) groups
(Fig. 3B). However, the extent of atrophy was significantly reduced by
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Fig. 2. Infarct volume at acute phases after MCAo. (A) DWI-
MRI brain coronal sections of a representative mouse treated

24h 2h

48h

with vehicle or montelukast taken at four different anatomic
levels (+0.80, —0.20, —1.20 and —2.20 mm from bregma) 2,
24, and 48 h after MCAo. The ischemic lesion is detectable as a
hypointense area (arrow). (B) Bar graph shows the quantita-
tive analysis of the brain damage volume determined by DWI
measurements and expressed as percent change relative to the
2h value set to 100%. Data are shown as mean *+ SD (n =9
mice/each group). Two-way ANOVA analysis followed by
Bonferroni post-hoc test, ** P < 0.01 and *** P < 0.001
versus MCAo-Vehicle at the corresponding time points.
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MTK treatment at 4™ and 8™ week (P < 0.05 vs MCAo-Vehicle at the
same time points by Bonferroni post-hoc analysis; Fig. 3B). No changes
in the value of contralateral hemisphere volume were detected
(Fig. 1S).

3.3. Montelukast induces faster recovery in local field potential

To gain information on the state of fiber connectivity after MTK
treatment, the field potentials evoked in the vibrissal motor cortex area
by single pulse stimulation of the ipsilateral barrel area of the

X
o

228
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somatosensory cortex were measured weekly starting from 2 weeks
before MCAo and up to 7 weeks after MCAo (Figs. 1B and 4 A). MCAo
induced a significant decrease (P < 0.01 for weeks 1 and 2 vs baseline
for both MCAo-Vehicle and MCAo-Montelukast groups) in the ampli-
tude of field potentials that was not recovered in MCAo-Vehicle mice
(P < 0.05 for week 7 vs baseline). Instead, in MCAo-Montelukast mice,
this value returned to baseline by the 5"-7" week after stroke
(Fig. 4C). In Sham-Vehicle group, no change in the amplitude of field
potentials was observed over the experimental period.

As illustrated in Fig. 4D, spontaneous local field potentials recorded
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Fig. 3. Brain atrophy size measurements at late phases after MCAo. (A) T2W-
MRI brain coronal sections of a representative mouse treated with vehicle or
montelukast (+0.80, —0.20, —1.20 and —2.20 mm from bregma) at different
time points after MCAo. Red (for Vehicle) and yellow (for MTK) dashed lines
indicate the manual drawings of the surface of contralateral hemisphere layered
on the ipsilateral one. (B) Bar graph shows the quantitative analysis of the
volume of the brain expressed as relative change of the surface of the con-
tralateral and ipsilateral hemisphere using the formula: 100*(L-R)/L (L = left,
contralateral hemisphere; R = right, ipsilateral hemisphere). Data are shown as
mean * SD (n = 9 mice/each group). Two-way ANOVA analysis followed by
Bonferroni post-hoc test, * P < 0.05 versus MCAo-Vehicle at the corresponding
time point. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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before MCAo in the three experimental groups presented a dominant
peak in the low theta band (4-6 Hz), characteristic of mice motor and
prefrontal cortices [33]. One week after MCAo, mice presented a sig-
nificant decrease in the amplitude of this dominant theta rhythm, as
well as in frequencies > 6 Hz (P < 0.001 vs baseline for both MCAo-
Vehicle and MCAo-Montelukast). In MCAo-Vehicle mice there were no
signs of recovery up to the final recording sessions (week 6, P < 0.001
vs baseline), while in MCAo-Montelukast group, local field potentials
were recovered at week 6 after MCAo.

3.4. Effect of montelukast on ex-vivo diffusivity parameters and fiber
tracking

To evaluate the effects of MTK on brain fibers reorganization, we
measured fractional anisotropy (FA) and relative axial (Dp,,) and radial
(Dyper) diffusivity by ex-vivo diffusion MRI analysis of brains collected
from mice treated with either vehicle or MTK for 8 weeks (Figs. 1A and
5 A).

Two-way ANOVA analysis shows that neither ischemia nor MTK
treatment induced any significant changes in FA, D;,; and Dy, in both
corpus callosum and striatum (Fig. 2S). Conversely, ischemia induced a
significant increase of FA (P < 0.001) and D, (P < 0.001) and a
significant decrease of Dpe, (P < 0.001) in cortex, suggesting fibers
reorganization (Fig. 5B). Furthermore, two-way ANOVA analysis re-
vealed an interaction between treatment and hemisphere (P < 0.05 for
Dpar and Dper) and, in ipsilateral cortex, a significant higher value of
Dpar in MCAo-Montelukast mice compared to the MCAo-Vehicle group
(P < 0.05 by Bonferroni post-hoc analysis) (Fig. 5B). These data sug-
gest that ischemia-induced brain fibers re-organization is enhanced by
MTK treatment.

This drug-mediated effect was further strengthened by fiber
tracking evaluation performed on the data obtained by ex-vivo diffusion
MRI analysis (Fig. 5C). The amount of fibers, expressed as ratio of ip-
silateral to contralateral side, was significantly increased in dorsal
cortex of MCAo-Montelukast mice (P < 0.05 vs MCAo-Vehicle by
Bonferroni post-hoc analysis) (Fig. 5D). No effect of MTK treatment was
observed in the corpus callosum (cc) and striatum. No changes in the
number of fibers were detected between MCAo-Vehicle and MCAo-
Montelukast groups in the contralateral side (Fig. 3S).

3.5. Effect of montelukast on mature oligodendrocytes

Next, we tested whether the effect of montelukast on electro-
physiological connectivity and on diffusivity/fiber tracking is asso-
ciated with myelin and oligodendrocyte protection. Thus, immuno-
fluorescence staining for MBP (a marker of myelin integrity) and GSTpi
(a typical marker of mature myelinating cells) were performed on brain
sections collected at 8 weeks from MCAo.

Montelukast significantly increased the expression of MBP
(P < 0.05) compared to vehicle in dorsal cortex (Figs. 6A and 4S),
whereas no significant difference of MBP immunoreactivity was ob-
served in either corpus callosum (cc) or striatum.

Similarly, the amount of GSTpi* cells (expressed as number in ip-
silateral/contralateral side) in MCAo-Montelukast group was statisti-
cally significant increased compared to MCAo-Vehicle in the dorsal
cortex (Fig. 6B), but not in either cc or striatum.

3.6. Effect of montelukast on oligodendrocyte precursor cells (OPCs)

To unveil whether the higher number of mature oligodendrocytes in
montelukast-treated mice in the chronic phase after MCAo could be
ascribed to an effect of montelukast on oligodendrocyte lineage ma-
turation after MCAo, we analysed the brain section of the inducible
reporter GPR17-iCreERT2:CAG-eGFP MCAo mice. These mice are
useful for fate-mapping studies, since cells that are OPCs at the moment
of tamoxifen administration are permanently labelled by GFP [26]
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Fig. 4. Effect of montelukast on the evoked and spontaneous local field potentials. (A) Animals were chronically implanted with two recording (Rec.) electrodes in
the right vibrissal motor cortex (M1) and with bipolar stimulating (St.) electrodes in the ipsilateral somatosensory barrel (S1) cortex. (B) Representative examples of
field potentials evoked in the M1 area by single pulse stimulation of S1 in the three groups of experimental animals recorded before (Baseline, B) and after surgery
(week 1, 6). Calibration bars are shown at the bottom right of the panel. (C) The graphs show the evoked field potential amplitudes across recording sessions before
surgery (week —2 and —1) and after surgery (from week 1 to week 7). Data are shown as mean + SD (Sham-Vehicle n = 4 mice; MCAo-Vehicle n = 6 mice; MCAo-
montelukast n = 8 mice). One-way ANOVA for repeated measures, *P < 0.05; **P < 0.01 versus Baseline. (D) Representative examples of spectral powers of
spontaneous local field potentials recorded from alert behaving animals before (Baseline) and one and six weeks after surgery. At the top of each spectrum is
illustrated a representative example of the field potential recorded in the vibrissal motor cortex. At the right are illustrated the quantitative analysis of averaged
power spectra collected from the three experimental groups. Data are shown as mean + SD (Sham-Vehicle n = 4 mice; MCAo-Vehicle n = 6 mice; MCAo-mon-
telukast n = 8 mice). One-way ANOVA for repeated measures, ***P < 0.001 versus baseline (week -1).
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allowing us to trace their destiny throughout animal’s life.

Our data confirmed that MCAo dramatically increased the number
of GFP* OPGs in the peri-infarct areas (dorsal cortex, cc and striatum)
at 2 weeks (Fig. 58) [26], and this response was further enhanced by

@ MCAo-Vehicle

mmm MCAo-Montelukast
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Fig. 5. Effect of montelukast on brain fiber re-
organization after MCAo. (A) Direction-en-
coded FA color maps of a representative cor-
onal brain slice at 0.60 mm from bregma of
vehicle- or montelukast -treated mouse (red =
anterior—posterior direction, blue = left-right,
green = superior-inferior). (B) Bar graphs
show the values of FA and of Dy, and Dp.,, the
axial and radial diffusivity normalized on
Trace, respectively, measured in the ipsilateral
and contralateral cortex. Data are expressed as
mean * SD (n = 4/each group). Two-way
ANOVA analysis followed by Bonferroni post-
hoc test, * P < 0.05 versus MCAo-Vehicle ipsi-
lateral. The effect of treatment, ischemia and
interaction is reported in the tables below each
graph. (C) Representative images of three-di-
mensional fiber tracking in selected ipsilateral
ROI (colored area) of corpus callosum (cc),
dorsal cortex and striatum in MCAo-Vehicle
and MCAo-montelukast mice. The directions of
fiber tracks were color-coded as reported at the
bottom. (D) Bar graphs show the quantification
of the number of fibers in ipsilateral normalized
to contralateral sides at 8 weeks after MCAo.
Data are expressed as mean = SD (n =4
mice/each group). Student’s t-test, * P < 0.05
vs MCAo-Vehicle. (For interpretation of the re-
ferences to colour in this figure legend, the
reader is referred to the web version of this
article.)

montelukast treatment (P < 0.05 in corpus callosum; Fig. 7A).

Then, we sought to determine which mechanism was related to the
increased number of GFP* OPCs, investigating cellular proliferation
and apoptosis. We assessed OPC proliferation in the acute (within 3
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Fig. 6. Effect of montelukast on oligodendrocytes at 8 weeks after MCAo. (A) Representative images of immunofluorescence staining for MBP (in red) in a field
containing ipsilateral cortex taken as shown in drawing (blue square) of MCAo-Vehicle and MCAo-Montelukast mice. Bar graphs report the quantification of the
percentage of positive area in cortex, corpus callosum (cc) and striatum. (B) Representative images of immunofluorescence staining for GSTpi (red), in a field
containing cortex (cx), corpus callosum (cc) and striatum (st), taken as shown in drawing from ipsilateral (blue rectangle) and contralateral (green rectangle) of
MCAo-Vehicle and MCAo-Montelukast mice. Bar graph reports the quantification of the number of GSTpi™ cells in ipsilateral normalized to contralateral regions.
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this figure legend, the reader is referred to the web version of this article.)

days) and in the sub-acute (between 11 and 14 days) phases of brain
ischemia, evaluating BrdU and EdU cellular incorporation at 2 weeks
after MCAo, respectively. Montelukast significantly stimulated OPC
proliferation, as reflected by increased numbers of BrdU™ /GFP* cells
in corpus callosum (P < 0.05; Fig. 7B) and of EAUY/GFP* cells in
dorsal cortex (P < 0.01; Fig. 7B), compared to MCAo-Vehicle group.
On the other hand, montelukast did not influence apoptotic process of
GFP* OPCs at 3 days after MCAo since no statistical difference was
found on the number of GFP*/caspase-3a® cells between MCAo-
Montelukast and MCAo-Vehicle groups (Fig. 6S).

Since oligodendrocyte lineage maturation is fundamental for re-
myelination and functional recovery after stroke, we assessed whether
the recombined GFP™ OPCs cells are able to undergo terminal differ-
entiation at sub-acute (2 weeks) and chronic (8 weeks) phases of brain
ischemia. At 2 weeks, we found that montelukast does not influence the
fate of OPCs; in fact, the percentage of GFP™ cells expressing NG2
(marker of early OPCs) or GSTpi was not different between MCAo-
Montelukast and MCAo-Vehicle groups (Fig. 7C). At 8 weeks, however,
the percentage of GFP*/GSTpi* cells raised significantly in MCAo-
Montelukast group compared to MCAo-Vehicle group (P < 0.05;
Fig. 7D), suggesting that montelukast could increase oligodendrocyte
replacement after MCAo.
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SD (n = 5/groups). Student’s t-test * P < 0.05 vs MCAo-Vehicle. Scale bar: 50 um. (For interpretation of the references to colour in

3.7. Montelukast enhances M2 polarized microglia after ischemia

Recent studies have demonstrated the role of microglia/macro-
phages in recruitment and differentiation of OPCs, leading remyelina-
tion [34]. In particular, has been shown that the M1 phenotype impairs
oligodendrocytes regeneration, while M2 phenotype promotes oligo-
dendrogenesis and remyelination [35].

Thus, we investigated whether montelukast is able to regulate mi-
croglia/macrophage polarization after stroke evaluating the expression
of CD16/32 and YM1 for M1 and M2, respectively [36]. Montelukast
treatment significantly increased the numbers of M2 polarized micro-
glia/macrophages, labeled for Ibal and YM1, in the proximal region at
3 days after MCAo (P < 0.05; Fig. 8A). No montelukast-mediated ef-
fect was observed on the number of M1 polarized microglia/macro-
phages, labeled for Ibal and CD16/32 (Fig. 8B).

4. Discussion

We have previously shown that montelukast reduces the extent of
brain damage in the acute phase of ischemic injury [9], as also con-
firmed by other groups [11,24]. In this study, we focused on the long-
term protective effect of montelukast on fibers re-organization and
electrophysiological transmission in MCAo mice. Furthermore, we in-
vestigated the effect of montelukast on oligodendrocytes, the myelin
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Fig. 7. Effect of montelukast on oligodendrocyte precursor cells (OPCs) after MCAo. Representative images of immunofluorescence in fields containing cortex, corpus
callosum (cc) and striatum of MCAo-Vehicle and MCAo-Montelukast mice. Arrows show double-positive cells. (A) Staining for GFP (green) in ipsilateral and
contralateral side 2 weeks after MCAo. Bar graphs report the quantification of the number of GFP™ cells in ipsilateral regions (B) Double-immunofluorescence
staining for BrdU (red) (upper line) or EAU (red) (lower line) and for GFP (green) in ipsilateral regions surrounding the ischemic core 2 weeks after MCAo. Bar graphs
report the quantification of the number of double GFP*- BrdU* cells and double GFP*- EAU" cells in ipsilateral cortex, cc and striatum. (C) Double-immuno-
fluorescence staining for NG2 (red) (upper line) or GSTpi (red) (lower line) and for GFP (green) in ipsilateral regions surrounding the ischemic core 2 weeks after
MCAo. Bar graphs report the percentage of GFP- NG2* over GFP ™" cells in ipsilateral cortex, cc and striatum, and the percentage of GFP - GSTpi " cells over GFP "
cells in the whole peri-infarct zone. (D) Double-immunofluorescence staining for GFP (green) and GSTpi* (red) in ipsilateral regions surrounding the ischemic core 8
weeks after MCAo. Bar graphs report the percentage of GFP*- GSTpi™* cells over GFP™ cells in the whole peri-infarct zone. Data are expressed as mean + SD (n = 5/
groups). Student’s t-test * P < 0.05, ** P < 0.01 vs MCAo-Vehicle. Scale bar: 50 um. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

producing cells, a yet unexplored target for neuro-reparative strategies in rodents, indicating that montelukast is able to cross intact blood
after brain ischemia. brain barrier and, even if it has a short half-life, needs hours to accu-
In order to block the effects related to early [6] and chronic CysLTs mulate in brain [37]. Moreover, montelukast pre-treatment did not
release after ischemia, montelukast was administered before and after affect the susceptibility to ischemia, since no difference was observed in
MCAo. The pre-treatment is justified by pharmacokinetic data collected the size of ischemic lesion at 2h after MCAo in montelukast- and
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Fig. 8. Effect of montelukast on microglia/macrophages polarization 3 days after MCAo. Representative images of immunofluorescence for YM1 (red) (A) or CD16/
32 (red) (B) and for Ibal (green) in regions surrounding the ischemic core of MCAo-Vehicle and MCAo-Montelukast mice. Bar graphs report the quantification of the
number of YM1" and CD16/327 cells. Data are expressed as mean + SD (n = 5/groups). Student’s t-test * P < 0.05 vs MCAo-Vehicle. Scale bar: 50 um. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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vehicle-treated mice.

In line with previous results [10], montelukast exerted long-term
protection against the severe brain atrophy developing after stroke.
However, since drug-induced reductions in ischemic lesion volume do
not necessarily imply any improvement in animals’ functional outcome,
which is instead an essential requisite to prove drug efficacy [38], we
showed that montelukast-induced amelioration of brain atrophy was
also associated to restoration of cortical field potentials, as evaluated by
electrophysiological tests. Specifically, we reported for the first time,
that, in living and freely-moving mice, induction of brain ischemia was
associated to early and chronic reduction in the amplitude of evoked
field potentials, as well as of spontaneous local field potentials. We also
showed that both these alterations were restored to control level by
chronic montelukast treatment, suggesting that chronic drug adminis-
tration induces recovery of cell connectivity in the regions surrounding
the ischemic lesion. To support this hypothesis, we also implemented
the montelukast-induced functional effects with data on structure
connectivity, obtained by ex-vivo MRI analyses performed to evaluate
DTI parameters and fiber tracking. DTI data analyses revealed that, 8
weeks after stroke, there was an increase of FA and Dp,, values and a
decrease of Dy, values in ipsilateral motor cortex, suggesting, in line
with previous observations [28], spontaneous fibers re-organization in
the region surrounding the ischemic area. Ischemia-induced changes of
these parameters were enhanced by montelukast treatment. Although
no differences in FA and Dy, mean values were observed between ve-
hicle and montelukast-treated mice in the ipsilateral cortex, the value of
Dpar Was significantly higher in montelukast-treated mice compared to
vehicle. This apparent inconsistency between FA and directional dif-
fusivity has been already described in other models of neurodegen-
eration [39] and could indicate that, in addition to FA, diffusivity
parameters should be considered as indices of ischemic-induced axonal
and myelin damage at chronic stages [40]. The effect of montelukast on
fiber re-organization was also confirmed by DTI-fiber tracking analysis
revealing that the drug increased the number of fibers in the ipsilateral
cortex compared to vehicle. These data suggested that montelukast is
able to either prevent and/or repair fiber disruption, thus contrasting
the loss of connectivity occurring in the ischemic cerebral cortex.

Previous DTI studies have demonstrated that, after ischemia, cere-
bral tissues show a reduction in both myelin content and number of
oligodendrocytes [41]. Our DTI and electrophysiology data now pro-
vided direct evidence of altered structural and functional connectivity
in the regions around ischemic lesions in rodents, indicating that, be-
sides neurons, oligodendrocytes are also highly susceptible to ischemic
insults [14] and thus emphasizing the role of oligodendroglial cells and
myelination in neural connectivity [17]. Thus, protection or recovery of
white matter could promote neurological functions, including sensor-
imotor functions, by enhancing the electrophysiological transmission of
neuronal signals between different brain areas.

In this study we reported that montelukast improves white matter
integrity increasing the number of mature oligodendrocytes and pos-
sibly reducing myelin loss, as shown by higher expression of MBP in the
ipsilateral dorsal cortex of MCAo-Montelukast mice. In the ipsilateral
cortex of vehicle-treated mice, we observed a slight increase in the
number of mature GSTpi ™ oligodendrocytes compared to contralateral
regions, likely indicating an attempt to respond to oligodendrocyte
injury. Although with some differences, this is in line with previous
data reporting hypoperfusion-induced white matter lesions in rats after
bilateral common carotid artery ligation [42], suggesting involvement
of oligodendrocytes in post-ischemic remodelling of cerebral tissue. Our
data, showing that montelukast further amplified this response, sig-
nificantly increasing the number of GSTpi® cells in the ipsilateral
cortex compared to vehicle, strengthened this hypothesis.

The mechanisms underlying montelukast-mediated white matter
recovery could be manifold. Firstly, we observed an increased recruit-
ment of OPCs in peri-ischemic areas that was significantly enhanced by
montelukast treatment. In this regard, we demonstrated that
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montelukast increased the proliferation of OPCs in the acute and sub-
acute phase after ischemia. This data is corroborated by a recent study
showing that montelukast stimulates proliferation of precursors cells in
the hippocampal dentate gyrus of aged rodents and that this effect re-
sulted in cognitive improvement [13]. This observation is further sus-
tained by other pharmacological studies showing that improvement of
long-term neurological functions could be enhanced by OPC prolifera-
tion [14,43]. However, we can’t rule out also a possible effect of
montelukast on cellular migration in the increased recruitment of OPCs.

Secondly, we showed for the first time that montelukast, in the
chronic phase of stroke, increased the maturation of recruited OPCs.
Stroke, itself, leads the proliferation of OPCs [44], but most of them fail
to reach maturation, resulting in poor white matter recovery [45]. In
our hypothesis, it is unlikely that montelukast drives differentiation
acting directly on OPCs. Indeed, in our unpublished data, montelukast
was not able to overcome the block of differentiation induced by TNF-a
in OPC culture, suggesting a possible involvement of other cells. Sub-
stantial evidence shows that microglia/macrophages modulates ma-
turation of oligodendrocyte during CNS remyelination [43,46,47], and
it is widely accepted that microglia/macrophages M2 phenotype pro-
motes oligodendrogenesis and OPCs maturation, while the microglia/
macrophages M1 phenotype impairs oligodendrocytes regeneration
[35,48]. At 3 days after MCAo, our data showed that montelukast in-
creased the number of M2 microglia/macrophages, suggesting that OPC
differentiation observed could be an indirect microglia-mediated effect.
This aspect is particularly relevant and the molecular and cellular
crosstalk mechanisms needs to be further investigated in future studies.
Indeed, montelukast is not only an antagonist of CysLTR-1, but also of
other targets, such as GPR17 and PDEs [9,49]. These receptors are lo-
calized in different CNS cells and their expression or activation changes
after stroke [49]. Thus, montelukast may offer improved therapeutic
efficacy, targeting different cell types and multiple functions affected by
stroke.

In summary, we showed that the already marketed and safe anti-
asthmatic drug montelukast improves spontaneous long-term electro-
physiological recovery in ischemic mice by preserving brain fibers
connectivity and white matter integrity. These beneficial effects can be
ascribed to a double action of montelukast on OPCs. Firstly, mon-
telukast increased the pool of OPCs available for full maturation, en-
hancing their proliferation, and secondly, it promoted likely by an in-
direct manner oligodendrocyte differentiation.

Together with the previous observed neuroprotective effects of
montelukast, such as decrease of oxidative stress, inflammation and
release of glutamate [49], our findings, mostly concentrated on glial
cells, could comprehensively explain the ability of montelukast to lead
long-term recovery after stroke.

However, our in-vivo experimental plan does not allow us to define
whether the beneficial effects of montelukast treatment could be as-
cribed to an acute or chronic action of the drug. Furthermore, the ex-
perimental setting used in the present study does not allow to ascertain
whether the enhanced OPCs differentiation is a direct effect of mon-
telukast on these cells or is related to changes in the microglial phe-
notype. Further studies are needed to evaluate the direct effect of
montelukast on microglial polarization and the underlying mechan-
isms.

In our opinion, these data provide the rationale for montelukast
“repurposing” in this and other neurodegenerative diseases, sub-
stantially reducing the risk, times and costs associated with the devel-
opment of new safe and effective drugs. In this respect, the dose
chronically administered in this study was the same that was effective
in a murine model of asthma [50].

More in general, our data open up new pharmacological opportu-
nities to treat stroke focusing on oligodendrocyte protection and white
matter reorganization.
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