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Stroke is a leading cause of acute death related in part to brain oedema, blood–brain barrier disruption and glial inflammation. A

cyclin-dependant kinase inhibitor, (S)-roscovitine, was administered 90 min after onset on a model of rat focal cerebral ischaemia.

Brain swelling and Evans Blue tissue extravasation were quantified after Evans Blue injection. Combined tissue Evans Blue fluores-

cence and immunofluorescence of endothelial cells (RECA1), microglia (isolectin-IB4) and astrocytes (glial fibrillary acidic protein)

were analysed. Using a Student’s t-test or Mann–Whitney test, (S)-roscovitine improved recovery by more than 50% compared to

vehicle (Mann–Whitney, P<0.001), decreased significantly brain swelling by 50% (t-test, P¼ 0.0128) mostly in the rostral part of

the brain. Main analysis was therefore performed on rostral cut for immunofluorescence to maximize biological observations (cut

B). Evans Blue fluorescence decreased in (S)-roscovitine group compared to vehicle (60%, t-test, P¼ 0.049) and was further sup-

ported by spectrophotometer analysis (Mann–Whitney, P¼0.0002) and Evans Blue macroscopic photonic analysis (t-test,

P¼ 0.07). An increase of RECA-1 intensity was observed in the ischaemic hemisphere compared to non-ischaemic hemisphere.

Further study showed, in the ischaemic hemisphere that (S)-roscovitine treated group compared to vehicle, showed a decrease of:

(i) endothelial RECA-1 intensity of about 20% globally, mainly located in the cortex (�28.5%, t-test, P¼ 0.03); (ii) Microglia’s

number by 55% (t-test, P¼0.006) and modulated reactive astrocytes through a trend toward less astrocytes number (15%, t-test,

P¼ 0.05) and astrogliosis (21%, t-test, P¼ 0.076). To decipher the complex relationship of these components, we analysed the six

biological quantitative variables of our study by principal component analysis from immunofluorescence studies of the same ani-

mals. Principal component analysis differentiated treated from non-treated animals on dimension 1 with negative values in the

treated animals, and positive values in the non-treated animals. Interestingly, stroke recovery presented a negative correlation with

this dimension, while all other biological variables showed a positive correlation. Dimensions 1 and 2 allowed the identification of

two groups of co-varying variables: endothelial cells, microglia number and Evans Blue with positive values on both dimensions,

and astrocyte number, astrogliosis and brain swelling with negative values on dimension 2. This partition suggests different mecha-

nisms. Correlation matrix analysis was concordant with principal component analysis results. Because of its pleiotropic complex

action on different elements of the NeuroVascular Unit response, (S)-roscovitine may represent an effective treatment against oe-

dema in stroke.
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Abbreviations: BBB ¼ blood–brain barrier; CDK ¼ cyclin-dependent kinases; DGN ¼ deep grey nuclei; EB ¼ Evans Blue; GFAP

¼ glial fibrillary acidic protein; IB4 ¼ isolectin-IB4; IBA-1 ¼ ionized calcium-binding adapter molecule 1; MCA ¼middle cerebral

artery; MW ¼Mann–Whitney; NVU ¼ NeuroVascular Unit; OCT ¼ optimal cutting temperature; PCA ¼ principal component

analysis; RECA1 ¼Rat Endothelial Antigen 1; ROI ¼ regions of interest; tMCAo ¼ transient middle cerebral artery occlusion.

Introduction
In 2016, the number of stroke-related deaths was 5.5

million, the number of disability-adjusted life-years

(DALYs) lost was 116 million, there were 13.7 million

new strokes cases (Johnson et al., 2019). Life-threatening,

space-occupying brain oedema occurs in 1–10% of

patients with acute supratentorial infarct (Shaw et al.,

1959; Frank, 1995; Sakai et al., 1998). The prognosis of

malignant middle cerebral artery (MCA) infarctions is

poor, with case fatality rates of nearly 80% (Hacke

et al., 1996; Berrouschot et al., 1998). No medical treat-

ment has been proven effective. In patients with malig-

nant MCA infarction, decompressive surgery undertaken

within 48 h of stroke onset reduces mortality and

increases the number of patients with a favourable func-

tional outcome and is the only approach that showed its

efficacy (Vahedi et al., 2007; Hofmeijer et al., 2009).

Oedema has two components: cytotoxic and vasogenic

oedema (Michinaga and Koyama, 2015). Cytotoxic oe-

dema is a massive cell swelling affecting mainly astro-

cytes, caused by anion and cation intracellular

accumulation, due in part to failure of ATP-dependent

Naþ/Kþ pumps. Vasogenic oedema, due to blood–brain

barrier (BBB) disruption, induces extravasation of plasma,

serum proteins and water. Ischaemic cascade and blood

flow restoration contribute to Neurovascular Unit (NVU)

inflammation which causes BBB permeability increase.

The BBB permeability allows the infiltration of leukocytes

involved in oedema formation and in inflammatory cyto-

kines release that promotes inflammation of brain

parenchyma.

Roscovitine is a potent inhibitor of cyclin-dependent

kinases (CDK) 1, 2, 5, 7 and 9 and exists in two stereo-

isomers, (R)- and (S)-roscovitine (Meijer et al., 1997;

Bach et al., 2005). CDKs are a family of kinases first

known for their role of cell cycle regulators but also

involved in a different process. In particular, CDK5 is

implicated in multiple cellular processes in the central

nervous system including neuronal migration and synaptic

signalling (Ohshima et al., 1999; Li et al., 2001).

Increasingly, in vitro and in vivo evidences show the role

of CDKs and, CDK5 hyperactivation in neuronal death

during ischaemic stroke (Love, 2003; Wen et al., 2005;

Meyer et al., 2014; Shin et al., 2019). (S)-roscovitine

showed a neuroprotective effect in vitro and in two ex-

perimental murine models of focal cerebral ischaemia

(Menn et al., 2010; Rousselet et al., 2018).

Studies on transient middle cerebral artery occlusion

(tMCAo) rat model showed that (S)-roscovitine was able

to dramatically decrease brain oedema (Rousselet et al.,

2018). Here, we investigate the mechanisms implicated in

the anti-oedematous effect of (S)-roscovitine in tMCAo

rat 48 h after reperfusion (Fig. 1A), we hypothesized that
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(S)-roscovitine effect may be mediated by a complex

modulation of the NVU. To test our hypothesis, we

designed an NVU integrated approach to study (S)-rosco-

vitine effect on oedema, BBB disruption, endothelial cells,

astrocytes and microglia.

Materials and methods

Animals

Adult male Sprague-Dawley rats (360–500 g bodyweight)

were purchased from Janvier Labs (Le Genest-Saint-Isle,

France) and housed in pairs. All rats were kept in a tem-

perature-controlled room (21 6 0.5�C) under a 12-h light/

dark cycle. All experiments were conducted in accordance

with directives from the European Community Council

(2010/63/EU) and French legislation (code rural et de la

pêche maritime, in particular articles R.214-87 to R.214-

126) on animal experimentation. Procedures were vali-

dated by the Animal Experimentation Ethics Committee

No. 074 and the MINISTÈRE DE L’ENSEIGNEMENT

SUPERIEUR, DE LA RECHERCHE, ET DE

INNOVATION under the number APAFIS#12925-

2018010511189374 and are reported in compliance with

the ARRIVE (Animal Research: Reporting In Vivo

Experiments) guidelines(Kilkenny et al., 2010) and the

principles of replacement, refinement and reduction (3Rs).

A previous study made it possible to refine the doses of

inhibitor used on the animal, and thus to reduce the

number of animals used (Rousselet et al., 2018). In order

to limit the stress and the pain of the animals, an accli-

matization period of 1 week will be respected on their ar-

rival. They were housed collectively, in an enriched

environment with a Polyvinyl chloride tunnel. Forty-two

animals were included in this study, 31 in the first ex-

periment set and 11 in the second experiment set. All

rats had ad libitum access to food and water.

Surgical procedure

tMCAo was achieved as previously described (Menn

et al., 2010; Rousselet et al., 2018). Briefly, rats were

deeply anaesthetized and maintained with 2% isoflurane

in air. Rectal temperature was maintained at 37 6 0.5�C

with a heating pad. After temporary suture of the com-

mon and external carotid arteries and coagulation of the

external carotid artery, a 4–0 monofilament suture

(4037PK5Re, Doccol Corporation) was introduced into

the right internal carotid artery lumen and advanced until

resistance was felt (620 mm). After anaesthesia recovery,

a neurological score was performed just before 90 min of

ischaemia onset. Then animals were anaesthetized again

for withdrawal of monofilament to allow MCA reperfu-

sion. The temporary suture on the external carotid artery

was permanently tied off to prevent blood loss, and the

caudal temporary suture placed around the common ca-

rotid artery was removed to allow cerebral blood flow

release. Finally, 15 min after reperfusion, an intravenous

Fig. 1 Experimental design. Transient focal cerebral ischaemia was induced in adult Sprague-Dawley rats by transient occlusion of middle

cerebral artery for 90 min (A). (S)-roscovitine (n¼ 15) or its vehicle (cyclodextrin) (n¼ 16) was administered 15 min post-reperfusion by an

intravenous bolus (25 mg/kg body weight) followed by subcutaneous injection (25 mg/kg body weight) 20 min post-reperfusion and 24 h post-

reperfusion. Neurological scoring was performed before surgery, just prior to reperfusion, 24 h post-tMCAo and 48 h post-tMCAo. EB was

injected through lateral tail vein (2.5 ml/kg) 46 h post-tMCAo and then animals were euthanized and brain was removed and cut in 5 coronal

slices A, B, C, D, E (B).
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jugular vein injection of 1.9 ml of vehicle solution (30%

hydroxypropyl b-cyclodextrin in phosphate buffer) or (S)-

roscovitine (25 mg/kg in vehicle solution) at a flow rate

of 0.48 ml/min was performed. Cyclodextrin allowed the

maximum solubilization of (S)-roscovitine among several

excipients available for human injectable formulation

(Menn et al., 2010). The animals were sutured and two

subcutaneous injection of 1.9 ml of the same solution

were performed 5 min after intravenous and 24 h post-is-

chaemia (25 mg/kg). Post-operative care and observation

were carried out until the animal recovered consciousness

and included post-operative subcutaneous injection of sa-

line solution, subcutaneous administration of buprenor-

phine (0.05 mg/kg) and provision of softened food and

gelled water. The weight, blood glucose level and body

temperature of the animals were measured 30 min before

surgery, at the time of occlusion (0’), just before reperfu-

sion, at 24 and at 48 h (Supplementary Table 1).

Exclusion criteria

The following exclusion criteria were used: (i) rats with

combined neurological score < 2.5 just before reperfusion

(T 1h15) were immediately excluded and euthanized; (ii)

rats which had no Evans Blue (EB) extravasation visible

in fresh slices; (iii) rats which had no infarct visible in tri-

phenyl tetrazolium chloride staining; (iv) rats that died

within 48 h; (vi) rats that reached the study’s endpoint

(Supplementary Table 2) were immediately excluded and

euthanized (Supplementary Figure 1).

Quality control for data collection and data

processing

Rats were allocated to treatment groups. All measure-

ments were assessed under blind conditions (L.L.R.), and

brain swelling and EB extravasation volume were per-

formed by two independent researchers (L.L.R. and

C.L.R.).

Neurological scoring procedure

Neurological function was assessed just prior to reperfu-

sion, 24 h and 48 h post-surgery using the modified

method of (Jiang et al., 2005) consisting in summing of

the results of two behavioural tests scored on a 0-to-4

scale each (Supplementary Table 3). To assess a potential

beneficial effect of treatment on behavioural outcome, re-

covery level was calculated as follows.

Recovery %ð Þ ¼

Total neurological score T 1h30�
Total neurological T 49h30

� �

Total neurological score T 1hT

2
64

3
75�100:

Experimental procedures

Two independent set of experiments were carried out and

described below. The first experiment set (n¼ 31)

included EB studies and immunofluorescence analysis

[n¼ 8 vehicle; n¼ 8 (S)-roscovitine], and biochemical

analysis for western blot [n¼ 8 for vehicle; n¼ 7 for

(S)-roscovitine]. The second experiment set (n¼ 11) con-

cerned microglia staining with ionized calcium-binding

adapter molecule 1 (IBA1) marker to support our prior

results [n¼ 5 for vehicle and n¼ 6 for (S)-roscovitine].

EB injection

Forty-six hours after tMCAo, 2.5 ml/kg of 4% EB diluted

in NaCl was injected by the lateral tail vein. Animals

were sacrificed 48 h after tMCAo by intraperitoneal injec-

tion of pentobarbital sodique. Then, 200 ml of pre-

warmed 0.9% saline (37�C) at an outflow of 18.5 ml/min

was injected through the left cardiac ventricle for 15 min

to wash EB away from the circulation. The brain was

immediately removed from the skull and placed into a

brain matrix. The olfactory bulb and cerebellum were

dissected, and then the brain was cut in five 2 mm-cor-

onal-slice. Whole brain and five coronal brain slices pic-

tures were taken to measure the brain swelling. In slices

A, C and E, right hemisphere (lesioned) of the brain was

separated from the left along the mid-line, and both sides

were immediately frozen in liquid nitrogen for spectro-

photometer analysis. Slices B and D were fixed in 4%

paraformaldehyde for 24 h followed by 48 h sucrose im-

mersion and embedded in optimal cutting temperature

compound for immunohistochemical analysis. Forty

micrometre thick sections were cut using cryostat in the

coronal plane from optimal cutting temperature

embedded slices B and D.

Brain swelling and EB extravasation
measurement

Ischaemic ipsilateral hemispheres (iH) and contralateral

hemisphere (cH) volume were measured in coronal sec-

tions images using the ImageJ software in double-blinded

condition. Brain swelling was then calculated as a per-

centage of the hemispheres volume according to the fol-

lowing formula:

Brain swelling ¼ Vol iH� Vol cHð Þ
Vol cH

� �
�100:

EB extravasation volume was then calculated as a per-

centage of the iH volume according to the following

formula:

EB extrav: volume ¼ Vol EB

Vol iH
�100:

Spectrophotometer analysis

Each hemisphere slice was weighed and homogenized sep-

arately in 0.5 ml phosphate-buffered saline and 0.5 ml of

trichloroacetic acid (100%). Brain samples were centri-

fuged for 20 min at 10 000 rpm and allowed to cool
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down at 4�C for 10 min. For fluorescent measurement,

an aliquot was diluted 1:3 with ethanol. Fluorescence of

EB was measured at an excitation wavelength of 620 nm

and an emission wavelength of 680 nm (Microplate read-

er Varioscan Flash). Calculations were based on external

standards in the solvent (l00 ng/ml–3.333 mg/ml).

Immunohistofluorescence analysis

B and D tissues slices were washed for 30 min in a phos-

phate-buffered saline solution containing 0.3% triton

100� to permeabilize cell membranes. Next, to block

nonspecific binding, the tissue was saturated with a solu-

tion containing 5% Normal Goat Serum (abcam,

ab7481) for 1 h. Tissues were incubated at 4�C with the

microglia marker isolectin-IB4 (IB4; 1:100, Thermofisher

Scientific I21411) during 48 h or rabbit glial fibrillary

acidic protein (GFAP) antibody (1:200, Invitrogen

53989282) and mouse RECA-1 antibody (1:200, Biorad

MCA970GA) overnight. IB4 and GFAP were directly

conjugated with an Alexa 488 dye treatment. Slices incu-

bated with RECA-1 were then incubated with an anti-

mouse secondary antibody conjugated with Alexa488

(1:1000, Thermofisher Scientific A-11001). Slices were

mounted in a medium with 4’,6-diamidino-2-phenylindole

(Fluoromount-GTM). Observations were made using the

Zeiss Axio Imager M2 microscope. For IB4 staining, cell

count was performed at 20� magnification on three

regions of interest (ROI) in the cortex and three in deep

grey nuclei (DGN) for each slice. DGN ROI were mainly

located in the putamen. RECA-1 intensity and GFAP cell

intensity were measured on 20� magnification pictures

on two ROI in the cortex and two ROI in DGN. The

ROIs were located respectively in the cH, EB extravasa-

tion zone (Infarct), thearea surrounding the infarct (per-

ilesional) and the area immediately in contact with infarct

(boundary). Results were expressed relative to healthy

hemisphere ROI.

Immunohistology

Animals were sacrificed 48 h after tMCAo and perfused

with saline at 37�C followed by 4% paraformaldehyde

fixation through the left cardiac ventricle. The brain was

immediately removed from the skull and placed in a

brain matrix and the olfactory bulb and cerebellum were

removed. Brain was fixed in 4% paraformaldehyde for

24 h and then paraffin embedded. Ten micrometre slices

were cut on microtome. Immunohistochemical analysis

was achieved on tissue with anti-IBA1 (1:400; Wako

019-19741) coupled with horseradish peroxidase and

stained using diaminobenzidine. Slides were scanned by

nanozoomer HAMAMATSU and Image analysis was per-

formed with NIS-Elements program (Nikon). ROI were

measured on the cortex of a healthy hemisphere, ischae-

mia boundary area and infarct core. ROI from infarct

core and boundary were combined to calculate ipsilateral

area fraction.

Biochemical analysis

Animals were sacrificed 48 h after tMCAo as previously

described. The olfactory bulb and cerebellum were

removed, and a first 2 mm-coronal-slice was cut and tri-

phenyl tetrazolium chloride stained to confirm ischaemia.

The rest of iH and cH were snap-frozen separately.

Whole hemispheres were then homogenized by tissue-lyser

in radioimmunoprecipitation buffer (150 mM NaCl,

25 mM Tris-HCl Ph7.5, 1% Triton x100, 0.1% sodium

dodecyl sulfate, 1% Na deoxycholate, 10 Mm iodoaceta-

mide and 100 mM phenylmethylsulfonyl fluoride), supple-

mented with protease inhibitor cocktail tablets (Complete

tablets, ROCHE) in the ratio of 1 tablet/10 mL radioim-

munoprecipitation buffer. After centrifugation at 14.5 g

for 15 min at 4�C, the supernatant fluid was collected.

The total protein concentration of each sample was deter-

mined using Lowry protein assay (Lowry et al., 1951).

Soluble fraction aliquots were frozen and stored until use

at 80�C.

Western blot

Equivalent protein amounts from each sample were

heated at 70�C for 10 min for denaturation, resolved by

electrophoresis using a 10% sodium dodecyl sulfate–poly-

acrylamide gel and transferred to polyvinylidene fluoride

membranes. Blots were blocked for 1 h at room tempera-

ture in blocking solution (Tris-buffered saline containing

0.1% Tween-20 and 5% non-fat dried milk). Blots were

incubated overnight at 4�C with primary antibody anti-

occludin (1:200, 711500 Invitrogen) diluted in blocking

solution and for 2 h at room temperature with secondary

antibody conjugated with horseradish peroxidase (1:10

000, 31460 Thermofisher). Specific immunoreactivity was

visualized using chemiluminescence enhanced chemilumin-

escence and enhanced chemiluminescence imager.

Molecular masses of detected products were estimated by

their migratory proximity to prestained protein markers

(Biorad, Mississauga, ON). Following their initial use,

each blot was stripped and reprobed with anti-b-actin

(1:20 000) to provide a control for load variations be-

tween samples. Image StudioTM Lite program was used

to measure the density of bands on western blots in a

blinded manner. The relative optical densities within a

same area size were measured for each sample, and nor-

malized to the relative optical densities obtained for its

corresponding b-actin. The resulting (S)-roscovitine and

vehicle values in ischaemic and healthy hemisphere were

then compared using a non-paired, two-tailed Student’s t-

test. Significant differences were accepted to P-values

<0.05. Each blot was duplicated to validate the results.

Normalization of densitometric data to untreated control

(assigned a value of 100) was used for data presentation
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in order to factor out run-to-run variability between ab-

solute densitometry values assigned to an individual slot.

Statistical analysis

Sample sizes were determined based on previous tMCAo

studies with (S)-roscovitine performed in our laboratory

(Rousselet et al., 2018). The statistical comparison be-

tween treated and non-treated animals for the different

quantitative variables studied was performed on the

GraphPad Prism 5 software (San Diego, USA). Gaussian

distribution of the variables was tested by the Shapiro–

Wilk normality test. Gaussian variables were then ana-

lysed by a two-tailed unpaired Student’s t-test, whereas

non-Gaussian distributed variables were analysed by a

non-parametric Mann–Whitney (MW) U test. For all the

tests, the significance threshold was set at 0.05.

Principal component analysis and
correlation matrix

Principal component analysis (PCA) was used to study

the similarities between individuals based on six variables

measured on slice B: brain swelling volume, BBB disrup-

tion (EB extravasation fluorescence intensity), endothelial

cell activation (RECA 1 intensity), microglia and astro-

cyte number, and astrogliosis (GFAP intensity/cell). The

stroke recovery level was also included as a supplemen-

tary quantitative variable, i.e., it was not used in the

PCA computations, but it was displayed on the correl-

ation plot to help to interpret the dimensions of variabil-

ity. (S)-roscovitine treatment was also included as a

categorical supplementary variable [binary variable with

two categories: (S)-roscovitine versus vehicle to group

individuals and construct confidence ellipses]. PCA com-

putation and representation were conducted on the R

software using the packages FactoMineR and FactoExtra.

Prior to the analysis, all variables were standardized.

A correlation matrix was also computed to study the

relationship between the seven variables using the pack-

age ‘corrplot’ in the R software.

Data availability

The data that support the findings of this study are avail-

able from the corresponding author, upon reasonable

request.

Results

Baseline characteristics

Mortality and physiological parameters were recorded

throughout the tMCAo procedure and until the day of

sacrifice (Supplementary Table 1). Body temperature was

maintained around 37�C throughout the anaesthesia pro-

cedure and did not show a significant difference before

or after reperfusion. On the day of sacrifice, no difference

was observed between the vehicle group and the treated

group concerning temperature and glucose concentration

for experiment set 1 and 2.

(S)-roscovitine improved
neurological score

Analysis of neurological score progression over time

showed that (S)-roscovitine treated group presented a sig-

nificantly lower neurological score, so a higher recovery

level, than vehicle-treated group at 48 h (MW P¼ 0.001)

(Table 1, experiment # 1). Both suspension subscore and

rotation subscore were significantly higher on vehicle-

treated group than in (S)-roscovitine.

(S)-roscovitine decreased brain
swelling

(S)-roscovitine treatment decreased brain swelling by

about 50% 48 h after reperfusion cortex [(S)-roscovitine:

9.8 6 9.8% versus vehicle: 20.6 6 6.7%; t-test

P¼ 0.0128] (Fig. 2C). The difference between (S)-roscovi-

tine and vehicle-treated groups took place mostly in the

rostral side of the brain (Slice A, B and C) (Fig. 2D).

(S)-roscovitine reduced EB
extravasation

(S)-roscovitine group presented a trend toward a

decreased EB extravasation, measured on macroscopic

observations, by about 30% [(S)-roscovitine: 21.6 6

9.9% versus vehicle: 31 6 12.9%; (t-test p¼ 0.07)]

(Fig. 2E). Similarly to oedema measurement, the differ-

ence between (S)-roscovitine and vehicle-treated groups

took place principally in the rostral side of the brain

[Slice A (9.3% versus 25.35%, t-test, P¼ 0.03) and B

(19.8 6 34.4%, t-test, P¼ 0.049)] (Fig. 2F). In addition,

EB spectrophotometry measurement on slices A, C and E

(Fig. 2G), showed on rostral slice A considerable decrease

of EB extravasation on (S)-roscovitine treated group (iH/

cH ¼1.1 6 0.22) compared to vehicle (3.73 6 3.2) (MW,

P¼ 0.0002). No differences between groups were

observed on more caudal slices C and E.

EB extravasation decrease after
treatment was associated with
endothelial RECA-1 labelling
decrease and preservation of
dimeric occludin form

EB fluorescence analysis on rostral slices B (Fig. 3A–C)

showed that (S)-roscovitine group presented a significant-

ly lower level of EB (1.15 6 0.19) than the vehicle group

(1.74 6 0.74) (t-test P¼ 0.049) (Fig. 3C and D). An in-

crease of RECA-1 intensity was observed on infarct zone
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(Cortex: þ81.6 6 67.1%; DGN: þ66.5 6 72.9%) and

on perilesional region (Cortex: þ49.6 6 33.2%; DGN:

þ31.5 6 19.3%) of the vehicle group compared to cH

(Fig. 3E). No significant difference between vehicle and

(S)-roscovitine groups on the infarct zone was observed.

Normalized RECA-1 intensity comparison in the perile-

sional area showed a trend toward a decrease of endothe-

lial RECA-1 intensity of about 20% globally in the

treated group compared to vehicle (þ20 6 26% versus

þ40 6 37%; MW¼ 0.11) mainly located in the cortex

(þ21.1 6 22.4% versus þ49.6 6 33.2%) (t-test,

P¼ 0.03). In addition, morphological observation at 63�
showed on vehicle group a more degraded cell staining,

on perilesional and on infarct region than on cH

(Fig. 3C). Western blot analysis of tight-junction protein

occludin showed a decrease of the damaged monomeric

form of the protein on (S)-roscovitine group compared to

vehicle (�17.5 6 24.6%; t-test P¼ 0.032) (Fig. 3F). No

variation between groups was measured on the contralat-

eral non-ischaemic hemisphere. Full-size blots are pro-

vided as Supplementary material (Supplementary Fig. 2).

(S)-roscovitine decreased microglia’s
number

In the adjacent sections, number of IB4-positive microglia

was measured (Fig. 4A and B). For microglia number,

the comparison of treated versus non-treated: (S)-roscovi-

tine group showed a significantly lower number of micro-

glia per mm2 (108 6 70 cell/mm2) than vehicle group

(240 6 107 cell/mm2) (t-test P¼ 0.006) (Fig. 4C). This de-

crease was observed both in cortex [(S)-roscovitine: 129

cell/mm2 6 68 versus vehicle: 250 cell/mm2 6 129, MW

P¼ 0.0325] and the DGN [(S)-roscovitine: 87 cell/mm2 6

80 versus vehicle: 230 cell/mm2 6 95; t-test P¼ 0.003].

In addition, IBA1 staining experiments (Fig. 4D and E)

showed that (S)-roscovitine treatment decreased by 41%

microglia density in the ipsilateral ischaemic hemisphere

compared to the vehicle (0.0211 6 0.0098 versus

0.0358 6 0.0165; t-test P¼ 0.050).

(S)-roscovitine modulated reactive
astrocytes

In order to quantify the effect of (S)-roscovitine on astro-

gliosis after cerebral ischaemia, GFAP immunolabelling

was performed on adjacent sections (Fig. 5A–C). Analysis

was performed on cH, EB extravasation periphery zone

(Perilesional and Boundary) and EB extravasation zone

associated with infarction. Quantification of astrocytes

number showed that they were very few isolated astro-

cytes in the infarct area of vehicle and (S)-roscovitine

groups. However, in the perilesional-boundary area, there

was a trend toward a decrease of astrocytes number in

the (S)-roscovitine group (350 cells/mm2 6 99) compared

to vehicle (422 cells/mm2 6 65) (t-test P¼ 0.05)

(Fig. 5D). This decrease took place only in DGN in

which astrocytes number was 337 cells/mm2 6 130

in (S)-roscovitine group compared to 469 cells/mm2 6 96

in the vehicle group (t-test P¼ 0.019) but not in the cor-

tex: (S)-roscovitine: 362 6 88 versus vehicle: 375 6 103, t-

test P ¼ 0.39.

(S)-roscovitine group presented a trend toward smaller

normalized GFAP intensity per astrocyte (168.1 6

54.95%) compared to vehicle group (213.6 6 65.0) (t-test

P¼ 0.076). This trend took place mainly in the DGN

[vehicle: 202.3 6 87.5%; (S)-roscovitine: 153.3 6

55.6%; t-test P¼ 0.10] but was not confirmed in the cor-

tex [vehicle: 218.0 6 68.8; (S)-roscovitine: 182.9 6 79.5;

t-test P¼ 0.18].

Joint analysis of the effect of
(S)-roscovitine on the different
variables

PCA was used to study the similarities between individu-

als based on six variables measured on slice B: brain

swelling volume, EB fluorescence intensity, RECA 1 in-

tensity, microglia and astrocyte number, and astrogliosis

(GFAP intensity/cell). Stroke recovery level was projected

as a supplementary quantitative variable. PCA

Table 1 Neuroprotective effect of (S)-roscovitine on neurological score

T 1 h 30 T 48 h Recovery 48 h (%)

Median (25%; 75%) Range Median (25%; 75%) Range Median (25%; 75%) Range

Combined

Vehicle (n ¼ 16) 4 (3.12; 4.8) (2.5–6) 5 (4.5; 6.5) (3–8) �21.59 (�45.83; �12.95) (�180 to 10)

S)-roscovitine (n ¼ 15) 4.5 (4; 5) (3–5) 3 (3; 4.5)** (0–6.5) 33.33 (0; 40)** (�62.5 to 100)

Tail suspension

Vehicle (n ¼ 16) 2 (1.5; 2) (1–3) 2.5 (2; 3) (1–4) �22.5 (�87.5; 0) (�250 to 0)

(S)-roscovitine (n ¼ 15) 2 (2; 2.5) (1.5–2.5) 2 (1.5; 2.5)* (0–3.5) 20 (�25; 40)** (�75 to 100)

Spontaneous rotation

Vehicle (n ¼ 16) 2.25 (2; 3) (1–3.5) 3 (2.12; 3.5) (2–4) �20 (�50; 0) (-150 - 33,3)

(S)-roscovitine (n ¼ 15) 2.5 (2; 3) (1–3.0) 1.5 (1; 2)*** (0–3.5) 40 (0; 60)** (-75 - 100)

Rats underwent neurological scoring [vehicle: n¼ 16; (S)-roscovitine: n¼ 15) just prior reperfusion (T 1 h 30) and 48 h post-MCAo. Recovery was calculated as a percentage of

neurological score decrease from 90 min. Data are presented as median and interquartile. Data were analysed by the MW test to compare behavioural deficit between the groups

at each time.

*P� 0.05; **P � 0.01 and ***P� 0.001.
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Fig. 2 (S)-roscovitine decreases brain swelling and EB extravasation after tMCAO. (A) Rostro-caudal slices A, B, C, D, E.

Macroscopic pictures of the slices in (S)-roscovitine group (n¼ 8) and vehicle group (n¼ 8). (B) To calculate brain swelling volume (C), as the

average of brain swelling volume of each slice (D). On these pictures, EB extravasation volume was also measured (E), as an average of EB

extravasation volume of each slice (F). Spectrophotometric analysis of EB extravasation was carried out on slice A, C and E (G). Measurements

were performed by two blind operators. * P� 0.05; ** P� 0.01; *** P� 0.001.
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Fig. 3 EB extravasation decrease is associated with RECA-1 signal inhibition and preservation of dimeric occludin form.

(A) Rostro-caudal position of slice B, used for endothelial assessment. (B) Two analysed regions: cortex and DGN of ischaemic hemisphere

called perilesional and infarct, respectively around and in the EB extravasation area (purple). EB emits at 680 nm, i.e., in red, however, to make

the figures easier to interpret for colour blind readers, we converted red channel to purple (original red colour can be seen in Supplementary

Fig. 3). (C) Immunohistofluorescent analysis of slice B of EB and endothelial cells on (S)-roscovitine (n¼ 8) and vehicle group (n¼ 8). EB

extravasation fluorescence (a, b) was measured on the entire hemisphere, the cortex, and the DGN (D). Scale bars length is 2 mm. On the same

section, endothelial cells were labelled with RECA-1 antibody (c, d). Intensity of RECA-1 was measured on Infarct and Perilesional region of

cortex and DGN and normalized by contralateral RECA-1 intensity (E). Measurements were performed by blind operator. Morphological state

of endothelial cell was observed on contralateral (e, f, g, h), perilesional (i, j, k, l) and infarct (m, n, o, p) regions of (S)-roscovitine and vehicle

group at 20� (Scale bar length is 100 mm) and 63� (Scale bar length is 50 mm) magnification. Occludin concentration on the brain was measured

on different animals treated with (S)-roscovitine (n¼ 7) or vehicle (n¼ 8) (F). Results are expressed as a ratio of monomer (55 kDa) and dimer

conformation (110 kDa) of the protein, on ipsilateral ischaemic hemisphere. NC ¼ negative control. Error bars expressed standard deviation. *

P� 0.05; # P� 0.10.
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Fig. 4 (S)-roscovitine decreases microglia’s number. (A) Rostro-caudal position of slices B, used for analysis. (B)

Immunohistofluorescent analysis on slice B of EB and microglia (a, b) in (S)-roscovitine (n¼ 8) and vehicle group (n¼ 8) (Scale bar length is

2 mm). Isolectin B4 marking was used for microglia count (c, d) (Scale bar length is 100 mm). Microglia were differentiated from blood vessels by

morphological observation (e, f and Supplementary Fig. 3) (Scale bar length is 50 mm). Measurements were performed by blind operator. Number

of microglia was measured on cortex and DGN and combined in total measurement (C). (D) Immunohistochemical analysis of the second

experimental protocol on paraffin-embedded tissue of (S)-roscovitine treated animal (n¼ 6) and vehicle-treated animal (n¼ 5). Microglia were

labelled with IBA1 antibody coupled with horseradish peroxidase and stained by diaminobenzidine. Microglia density was measured on healthy

cH (c, d), on boundary (e, f) and infarct (g, h) region of cortex. IBA1-positive area fraction in border and infarct were combined to calculate

ipsilateral area fraction (E). ROI were placed by blind operator and area fraction calculation was performed with NIS-Elements program (Nikon).

a, b: Scale bars length is 2 mm; c–h: Scale bars length is 100 mm. * P� 0.05; ** P� 0.01.
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differentiated (S)-roscovitine treated from non-treated ani-

mals (vehicle-treated) on dimension 1 (Fig. 6A) with the

non-treated animals presenting positive values on dimen-

sion 1 and the (S)-roscovitine treated animals negative

values. Treated animals seem to be globally more homo-

geneous than non-treated animals as shown by the size

of the confidence ellipse around the barycentre of each

group. All six cellular variables showed a positive correl-

ation with dimension 1 (Fig. 6A). Among them, astro-

cyte’s and microglia’s numbers, brain swelling and EB

were the ones with the highest values, and thus probably

the ones the most implicated in the discrimination of

treated from non-treated animals. On dimension 2,

RECA-1 and astrogliosis showed the highest correlation

with opposite effects. Based on these two first principal

component, it was possible to separate two groups of

variables: the first group includes RECA-1, the number

of microglia and EB that have positive values on both

dimensions and the second group includes astrogliosis,

astrocyte’s number and brain swelling that show positive

values on dimension 1, and negative ones on dimension

2 (Fig. 6A and B).

Fig. 5 (S)-roscovitine effect on astrocytes’ number and astrogliosis. (A) Rostro-caudal position of slice B, used for analysis. (B) The

three analysed regions in the cortex and DGN of ischaemic hemisphere called perilesional, boundary and infarct, respectively around, at the

border and in the EB extravasation area (red). (C) Immunohistofluorescent analysis on slice B of EB and astrocytes (a, b) on (S)-roscovitine

(n¼ 8) and vehicle group (n¼ 8) (Scale bars length is 2 mm). Astrocytes were labelled with GFAP antibody. Number of astrocytes and intensity of

GFAP per astrocytes were measured on perilesional (c, d), boundary (e, f) and infarct (g, h), region of cortex and DGN (Scale bars length is

100 mm). Measurements were performed by blind operator. Number of astrocytes in perilesional and border region were combined and

represented in table (D). Intensity of GFAP per astrocytes in perilesional and border was normalized by contralateral GFAP intensity per

astrocyte and combined in table (E). * P� 0.05; # P� 0.10.
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Fig. 6 PCA. PCA of six variables measured on 16 individuals [vehicle n¼ 8; (S)-roscovitine n¼ 8]: oedema volume, EB extravasation intensity,

endothelial cells activation (RECA-1 intensity), microglia and astrocytes number (cell/mm2) and astrogliosis (GFAP intensity/cell) (A). Recovery

was projected on the model. An individual who is on the same side of a given variable has a high value for that variable. An individual who is on

the opposite side of a given variable has a low value for that variable. PCA biplot: variance explained by PCA biplot is 64.2% (principal

component 1: 42.6%; PC2: 21.6%). Barycentres (square symbols) representing the centre of masse of individuals of each group of rats, and their

corresponding 95% confidence ellipse were also added on the PCA representation (B). Correlation of variables with dimension 1 (principal

component 1) and dimension 2 (PC2) (C). Correlation matrix of variables: positive correlations are displayed in blue and negative correlations in

red colour. Colour intensity and the size of the circle are proportional to the correlation coefficients.
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Correlation matrix, computed to study the relationship

between the seven variables (Fig. 6C), showed that stroke

recovery was highly negatively correlated with brain swel-

ling and moderately negatively correlated with astroglio-

sis. On the opposite, positive correlations were observed

between the astrocyte number and brain swelling, and, to

a lesser extent, between microglia number and astroglio-

sis. Microglia number was moderately positively corre-

lated with RECA-1 intensity and astrocytes number.

Finally, EB was moderately positively correlated with

RECA-1 and astrogliosis. These results are concordant

with the ones obtained on the PCA analysis, where a

positive correlation is found between the majority of the

variables, except the stroke recovery which was the only

one with negative values on the first dimension of the

PCA. Furthermore, the majority of high positive correla-

tions were observed between variables that were found to

co-vary in the dimension 2 of the PCA.

Discussion
Our data, in a transient model of focal cerebral ischae-

mia, showed that combining intravenous and subcutane-

ous administration of a CDK inhibitor, (S)-roscovitine,

decreased significantly brain swelling and EB extravasa-

tion and was associated with neurological improvement.

Further cellular analysis showed that (S)-roscovitine inhib-

ited significantly endothelial activation, microglia prolifer-

ation and that it showed a trend toward decreased

astrocytes proliferation and astrogliosis. PCA integrating

preceding data allowed us to better understand the re-

spective role of the NVU components and to suggest

mechanisms associated with brain swelling, BBB disrup-

tion and cellular interactions.

We observed that (S)-roscovitine administered 90 min

after ischaemia onset decreased strongly cerebral brain

swelling by more than 50%. Very few studies reported a

beneficial effect of non-pharmacological and pharmaco-

logical treatment on brain swelling after cerebral ischae-

mia (Shah and Kimberly, 2016).

We observed in the same animals that (S)-roscovitine

treatment favoured neurological recovery unrelated to

glucose level and body temperature (see Supplementary

Table 1). Previous studies already showed neuroprotective

and neurological recovery effect of (S)-roscovitine in ro-

dent models of cerebral ischaemia (Menn et al., 2010;

Rousselet et al., 2018) with a decrease of the size of in-

farction in treated animals. Both mechanisms of neuro-

protection and anti-oedema effect may play a role in

neurological recovery. Studies with the R enantiomer of

roscovitine [For review, see Timsit and Menn (2012)] did

not report anti-oedema effect on different models of focal

ischaemia and may be related to a specific effect of the S

form or the absence of oedema analysis. Other CDK in-

hibitor (Osuga et al., 2000) studies also showed a

decrease of size of infarction in rodent model of focal is-

chaemia but did not mentioned anti-oedema effect.

A common rostro-caudal gradient was observed both

on brain swelling and with EB suggesting that both

events are linked. Furthermore (S)-roscovitine effect was

mainly observed in the rostral cuts of the ischaemic

brain. EB extravasation’s roscovitine effect was supported

by three different techniques: histofluorescence analysis

based on the natural fluorescent property of EB (Saria

and Lundberg, 1983), spectrophotometer analysis and EB

macroscopic photonic analysis. To our knowledge, it is

the first time that this EB fluorescence property is used

to assess BBB permeability in a model of ischaemia.

Rostro-caudal gradient does not appear to be frequently

described and might be related to the severity of ischae-

mia which could be different in the rostral compared to

the caudal part or to other unknown mechanisms (Choi

et al., 2009; Yli-Karjanmaa et al., 2019).

This is the first observation, to our knowledge, con-

cerning a CDK inhibitor beneficial effect on BBB perme-

ability in ischaemia and other neurological diseases.

Cellular effect of (S)-roscovitine
after focal ischaemia

Endothelial cells

The involvement of endothelial cells activation after brain

ischaemia is no longer to be demonstrated (Pan et al.,

2016; Wong et al., 2019). Here, we observed after focal

ischaemia an increase of RECA-1 intensity, a cell surface

antigen on rat endothelial cells (Duijvestijn et al., 1992),

in perilesional area and a greater increase in lesional area

compared to healthy hemisphere. From this observation,

we suggest that RECA-1 intensity may be related to

endothelial activation after an endothelial stress associ-

ated with an increase of the protein level of RECA-1 pro-

tein, or even to endothelial oedema, and less likely at the

acute stroke phase, a signal of neo-angiogenesis.

(S)-roscovitine decreased significantly RECA-1 immuno-

fluorescence intensity in the perilesional cortex and

tended to decrease not significantly in the perilesional

DGN but not in the lesional area, i.e., the core of ischae-

mia. Differences in RECA1-1 endothelial cells intensity

between the lesion and the perilesional area may be

explained by the severity of ischaemia while having a

penumbra-like area in the perilesional areas. RECA-1 in-

tensity has not been described in focal ischaemia.

Furthermore, global analysis of occludin on western blot,

a key specific protein at the tight junction between endo-

thelial cells (Cummins, 2012), playing a role in BBB in-

tegrity, further supported the role of (S)-roscovitine in

endothelial cells. It is not clear if (S)-roscovitine plays a

role directly on endothelial cells or if this effect is related

to an indirect effect on neurons, astrocytes or microglial

cells. Studies in the CNS and outside support a direct

role, at least partially, of (S)-roscovitine in endothelial
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cells: (i) over-expression of CDK5 together with p35/p25

was observed in apoptotic brain endothelial cells in hyp-

oxic regions of stroked tissue and was associated to cellu-

lar damages as responses to hypoxic condition (Mitsios

et al., 2007); (ii) (R)-roscovitine prevented endothelial ac-

tivation and leukocyte-endothelial cell interaction in vitro

and in vivo, in venules of mouse cremaster muscle, by in-

hibition of CDK5 and 9 (Berberich et al., 2011).

To our knowledge, this is the first observation that a

CDK inhibitor decreases RECA-1 activation and occludin

depolymerization in ischaemic stroke. There are argu-

ments (see above) supporting a direct effect of (S)-rosco-

vitine on endothelial cells activation. Whether this effect

predominates on arteries or veins remain to be

determined.

Microglial inhibition by (S)-roscovitine

Resident microglia cells are activated from the first

minutes of cerebral ischaemia. A proliferation peak of

microglia is observed around 48–72 h post-stroke (Denes

et al., 2007). Microglia activation following stroke is pre-

dominantly harmful in the acute phase of ischaemic

stroke (Thurgur and Pinteaux, 2019).

In our study, (S)-roscovitine treatment halved microglia

number as observed by IB4 staining in the ischaemic

hemisphere compared to vehicle. Although IB4 is a mark-

er of both endothelial and microglial cells (Boscia et al.,

2013), morphologic-oriented counting allowed us to pre-

cisely evaluate microglia number. Another marker of

microglia IBA1 confirmed our prior results. Inhibition of

microglia proliferation by CDK inhibitor was also

observed in a rat tMCAo model (Zhang et al., 2009)

with (R)-roscovitine but not (S)-roscovitine. Furthermore

(R)-roscovitine was injected 24 h before MCA occlusion

by intracerebroventricular infusion. Other publications

also showed that (R)-roscovitine, decreased microglia acti-

vation or proliferation on other model of neurological in-

jury (Hilton et al., 2008; Kim et al., 2019; Tomov et al.,

2019).

Here, we observed a major decrease of microglia’s

number with (S)-roscovitine administration after brain is-

chaemia as previously suggested but not shown (Timsit

and Menn, 2012).

(S)-roscovitine’s effect on reactive
astrocyte

Reactive astrocytes, characterized by proliferation and

astrogliosis [defined by GFAP upregulation (Zamanian

et al., 2012; Hol and Pekny, 2015)], promote infarct pro-

gression (Yao et al., 2015), exacerbate inflammation

(Colombo and Farina, 2016), compromise BBB function

(Tan et al., 2019) and aggravate cytotoxic oedema

(Manley et al., 2000; Liu and Chopp, 2016). No GFAP

signal was detected in the lesion area itself probably be-

cause of astrocyte necrosis in the core of ischaemia. (S)-

roscovitine decreased astrocyte’s number as observed with

GFAP staining signal, after ischaemic stroke compared to

vehicle in the DGN perilesional-boundary and showed a

trend toward a smaller normalized GFAP intensity per

astrocyte. Gutiérrez-Vargas et al. (2015) previously

observed in tMCAO rat model that CDK5-RNAi intra-

hippocampal injection was associated with a decrease in

astrocyte hyperactivity (Gutiérrez-Vargas et al., 2015).

Becerra-Calixto et al. (2018), also observed that CDK5-

KD astrocyte transplantation in a global cerebral ischae-

mia model prevented neuronal and astrocyte loss.

Furthermore, (R)-roscovitine prevented astroglial apop-

tosis and reactive astrogliosis in other acute and chronic

experimental neurological models (Di Giovanni et al.,

2005; Hyun et al., 2017; Zhong et al., 2019).

Here, we observed an effect of (S)-roscovitine, possibly

mediated by CDK5 inhibition, on reactive astrocytes.

Principal component analysis

From the idea that the activity of the brain is linked to

local circulation (Roy and Sherrington, 1890) emerged

the concept of NVU or neuro-glio-vascular unit which

consists of an assembly of neurons, interneurons, astro-

cytes, microglia, basal lamina, smooth muscle cells, peri-

cytes, endothelial cells and extracellular matrix (Hawkins

and Davis, 2005). To decipher the complex relationship

of some of these components, we analysed the quantita-

tive variables of our study by PCA. To our knowledge,

only few studies used PCA for quantitative cell-related

biological phenomenon. Few reported on specific morph-

ology of microglia (Fernández-Arjona et al., 2017; Heindl

et al., 2018) and on the metabolic coupling of the human

NVU (Maoz et al., 2018). PCA of six histological varia-

bles, including neovascularization, oedema and neutrophil

infiltration, was also used by Galiacy et al. (2011) to

understand the relation between variables on the corneal

scarring model. Furthermore, Ferguson et al., (2013)

crossed behavioural variables and histological variables to

extract features that were conserved across different spi-

nal cord injury models. However, we failed to identify

studies integrating components of the NVU as variables

for PCA, used here as an exploratory data analysis.

We conducted PCA on 16 animals for the seven corre-

lated quantitative variables RECA-1, microglia number,

EB, brain swelling, astrocytes number, astrogliosis, and fi-

nally stroke recovery as a supplementary variable. PCA

differentiated treated from non-treated animals on dimen-

sion 1 with negative values in the treated animals, and

positive values in the non-treated animals. Interestingly,

stroke recovery presents a negative correlation with this

dimension, while all other variables show a positive cor-

relation. Dimensions 1 and 2 allowed the identification

of two groups of co-varying variables: endothelial cells as

identified by RECA-1 antibody, microglia number and

EB with positive values on both dimensions, and astro-

cyte number, astrogliosis and brain swelling with negative

values on dimension 2. This partition suggests different
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mechanisms, one related to BBB in relation with endothe-

lial cells integrity and microglia proliferation, and another

one related to brain swelling and reactive astrocytes.

Concerning the first supposed mechanism, endothelial

cells obviously play a key role in BBB integrity, but PCA

suggests that its integrity is dependent on microglia. It is

consistent with actual knowledge that activated microglia

can activate endothelial cells and induce endothelial nec-

roptosis by triggering the production of cytokines or che-

mokines, reactive oxygen species and matrix

metalloprotease (da Fonseca et al., 2014; Chen et al.,

2019). Concerning the second supposed mechanism, co-

variance of brain swelling and reactive astrocyte, seen in

the PCA and in the covariance matrix, interpretation

seems more complex. Brain swelling that is measured in

these experiments is generally attributed to vasogenic oe-

dema; PCA analysis suggests that reactive astrocytes as

studied by astrogliosis and astrocyte proliferation play a

role in brain swelling. Whether this role is mediated by

cytotoxic oedema prominent in astrocytes remains to be

established (Stokum et al., 2015). Interestingly, brain

swelling was negatively correlated to stroke recovery.

This is expected since swelling is an independent predict-

or of poor outcome after stroke (Battey et al., 2014).

These results therefore suggest that (S)-roscovitine effect

is mediated by the modulation of the entire NVU re-

sponse to ischaemia and not led by one single cell type.

Correlation matrix confirms the strong relationship be-

tween NVU component including microglia, endothelial

cells and astrocytes.

Conclusion
Here, we used a NVU integrated approach to understand

the anti-oedematous effect of (S)-roscovitine. To our

knowledge, this is the first observation, in ischaemic

stroke, showing a CDK inhibitor beneficial effect on BBB

permeability and brain swelling through endothelial-cells-

activation inhibition and control of microglia and reactive

astrocytes.

Supplementary material
Supplementary material is available at Brain

Communications online.
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