
Original Article

Sustained (S)-roscovitine delivery
promotes neuroprotection associated
with functional recovery and decrease in
brain edema in a randomized blind focal
cerebral ischemia study

Estelle Rousselet1,2,3, Anne Létondor1,2, Bénédicte Menn3,
Yann Courbebaisse4, Marie-Lise Quillé1,2 and Serge Timsit1,2,5

Abstract

Stroke is a devastating disorder that significantly contributes to death, disability and healthcare costs. In ischemic stroke,

the only current acute therapy is recanalization, but the narrow therapeutic window less than 6 h limits its application.

The current challenge is to prevent late cell death, with concomitant therapy targeting the ischemic cascade to widen the

therapeutic window. Among potential neuroprotective drugs, cyclin-dependent kinase inhibitors such as (S)-roscovitine

are of particular relevance. We previously showed that (S)-roscovitine crossed the blood–brain barrier and was neu-

roprotective in a dose-dependent manner in two models of middle cerebral artery occlusion (MCAo). According to the

Stroke Therapy Academic Industry Roundtable guidelines, the pharmacokinetics of (S)-roscovitine and the optimal mode

of delivery and therapeutic dose in rats were investigated. Combination of intravenous (IV) and continuous sub-cuta-

neous (SC) infusion led to early and sustained delivery of (S)-roscovitine. Furthermore, in a randomized blind study on a

transient MCAo rat model, we showed that this mode of delivery reduced both infarct and edema volume and was

beneficial to neurological outcome. Within the framework of preclinical studies for stroke therapy development, we here

provide data to improve translation of pre-clinical studies into successful clinical human trials.
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Introduction

Stroke is the third most frequent cause of death and the
first cause of acquired disability in adults.1 Stroke is
classified as hemorrhagic or ischemic strokes, with ische-
mic strokes accounting for about 80% of cases. To date,
the only emergency therapeutic solution is recanalization
through thrombolysis and/or thrombectomy. However,
notably due to the short intervention window (< 6
hours) and hemorrhagic transformation risk, only a
small percentage of acute ischemic stroke patients are
eligible for this treatment.2 Therefore, developing a
new therapeutic strategy is a major public health issue.

Although numerous clinical trials failed before the
advent of recanalization, neuroprotection, associated to
recanalization, remains a potentially promising strategy

to widen the therapeutic window. The current challenge
is to develop pleiotropic molecules targeting several
events in the ischemic cascade.1,3
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Among potentially promising drugs to treat
ischemia, the cyclin-dependent kinase (CDK) inhibitors
2, 6, 9-trisubstituted purine analogs, such as
olomoucine, roscovitine and flavopiridol, are of par-
ticular relevance.4 There is increasing evidence for a
neuroprotective effect of roscovitine, a potent inhibitor
of CDK 1, 2, 5, 7, and 95,6 in neurological diseases
including stroke,7–9 traumatic brain injury,10

Niemann-Pick disease,11 amyotrophic lateral sclerosis12

and Alzheimer’s disease.13

Roscovitine exists in two stereoisomers, (R)- and
(S)-roscovitine, each of which displayed neuroprotec-
tive effectiveness in in vitro and in vivo neuronal
death models of global and focal cerebral ischemia.8,9

This neuroprotective effect is mediated by a wide range
of biological pathways, such as excitotoxicity, apop-
tosis and inflammation.4,8,14,15 Although the dextrogyre
(R) isomer of roscovitine displays slightly better in vitro
inhibitory activity on CDKs than its levogyre (S) coun-
terpart,5,6 we previously showed that (S)-roscovitine
had a significantly stronger neuroprotective effect in
primary neuronal culture following kainic acid
treatment.9 In addition, we also previously showed
that (S)-roscovitine dose-dependently reduced brain
infarct volume in rodent models of both permanent
and transient focal ischemia.9

Because of numerous unsuccessful attempts to trans-
late promising pre-clinical trials into positive outcomes
in humans,1 the Stroke Academic Industry Roundtable
(STAIR) made recommendations to improve the qual-
ity of pre-clinical trials, such as defining the pharmaco-
kinetics and minimum effective and maximum tolerated
doses with respect to functional endpoints that are
more relevant to human clinical trials.16,17 In accord-
ance with the STAIR guidelines, we investigated the
pharmacokinetic properties of (S)-roscovitine, with a
view to optimizing its mode of delivery. A randomized
blind study subsequently established dose-response
relationships between different doses of (S)-roscovitine
and several functional and histological outcomes. The
data showed that the combination of two (S)-roscov-
itine delivery modes induced a significant neuroprotec-
tive effect, associated with improved functional
outcome and reduced brain edema.

Methods

Animals

Adult male Sprague-Dawley rats (275–320 g body
weight) were purchased from Janvier Labs (Le
Genest-Saint-Isle, France) and housed in pairs. All
rats were kept in a temperature-controlled room
(21� 0.5�C) under a 12-h light/dark cycle. All experi-
ments were conducted in accordance with directives

from the European Community Council (2010/63/EU)
and French legislation (Act no. 87-848, Ministère de
l’Agriculture et de la Forêt) on animal experimentation.
Procedures were validated by the institutional review
board of Normandy, France (CENOMEXA) under
the approval number A14118015, and are reported in
compliance with the ARRIVE (Animal Research:
Reporting in Vivo Experiments) guidelines. All rats
had ad libitum access to food and water.

Drug synthesis

(S)-roscovitine was synthesized and provided by
Kaı̈ronkem (Marseille, France). (S)-Roscovitine
(batch N� K401.6) was 98% pure (HPLC).

(S)-roscovitine solution for intravenous (IV) bolus
injection was prepared with 4mg/ml (S)-roscovitine
dissolved in a vehicle solution containing 30% hydro-
xypropyl ß-cyclodextrin (HPbCD) in 0.1 M phosphate
buffer (PB) (pH¼ 7.4). The solution for subcutaneous
(SC) infusion was prepared with 0.14mg/ml (0.1mg/kg
body weight) or 1.43mg/ml (1mg/kg body weight) dis-
solved in saline containing 50mM HCl vehicle solution
(pH¼ 1.5).

Experimental design

Two independent experiments were carried out.
Experiment 1 was carried out to assess the effect of

different (S)-roscovitine delivery modes on pharmaco-
kinetic parameters in healthy rats (Figure 1(a)).

(S)-roscovitine was administered at T0, either by IV
bolus of 1.9ml at 25mg/kg body weight (‘‘bolus
group’’, n¼ 3) or by SC infusion (‘‘pump group’’,
n¼ 3). For one group of animals, bolus injection was
immediately followed by SC infusion of 1mg/kg/h for
48 h (‘‘bolusþpump’’ group, n¼ 6). Blood was
sampled at T0, T 5min, T 30min, T 1 h, T 3 h, T 6 h,
T 8 h, T 24 h and T 48 h for the bolus and bolus þ
pump groups and at T 0, T 1 h, T 4 h, T 12 h, T 24 h
and T 48 h for the pump group, to assess (S)-roscovitine
concentration in plasma.

Experiment 2 was carried out to assess the dose-
response effects of (S)-roscovitine on neurological
score, infarct volume and brain edema in tMCAo rats
(Figure 1(b)).

(S)-roscovitine solution (1.9ml) was administered
15min post-reperfusion by IV bolus (25mg/kg body
weight) into the external jugular vein at a constant
rate (0.5ml/min) using a syringe pump. At 20-min
post-reperfusion, the InfuDisk pump (Med-E-Cell)
was fitted for SC infusion of (S)-roscovitine, and ani-
mals received a 0.1mg/kg/h (‘‘0.1mg/kg group’’,
n¼ 10) or 1mg/kg/h dose (‘‘1mg/kg group’’, n¼ 13).
The pumps were secured to the animal with a
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back-pack apparatus and left in place for 48 h. Infusion
pumps delivered 10ml of solution at a rate of 0.21ml/h
and were weighed before and after treatment to deter-
mine the effective (S)-roscovitine dose delivered.
Control animals received an IV bolus of vehicle solu-
tion þ SC vehicle solution (‘‘vehicle group’’, n¼ 13).
The neurological score of each rat was measured just
prior reperfusion after anesthesia recovery (T 1h30) and
48 h post-occlusion (T 49h30). Blood was then sampled,
and the rats were euthanized for histological analyses.

Pharmacokinetics

Blood sampling. For pharmacokinetic analysis, in healthy
animals, blood samples (200mL) were collected from
the saphenous vein with Microvette capillary blood

collection tubes treated with Lithium Heparin
(Sarstedt, France). Blood was sampled at T 0, T
5min, T 30min, T 1 h, T 3 h, T 4 h T 6 h, T 8 h, 12 h,
T 24 h and T 48 h. A saline solution (200mL) was
administered subcutaneously to compensate for the
lost blood volume. Samples were centrifuged at 2000g
for 5min at 4�C to separate the plasma.

(S)-roscovitine plasma assay by HPLC-MS/MS. (S)-roscov-
itine was administered by IV bolus or/and SC infusion
(0.1 or 1mg/kg/h) under isoflurane gas anesthesia (3 to
10 rats per time point). An internal standard solution of
olomoucine (0.500 ng/mL in ethanol) was added to
plasma samples (25mL). They were then prepared by
liquid–liquid extraction and injected for HPLC-MS/
MS analysis.

Figure 1. Experimental design. (a) Experiment 1: Effect of delivery mode of (S)-roscovitine on pharmacokinetic parameters in

healthy rats: Healthy rats received (S)-roscovitine at T0 either by IV bolus (25 mg/kg, n¼ 3), SC infusion (1 mg/kg/h for 48 h, n¼ 3) or

both (25 mg/kgþ 1 mg/kg/h for 48 h, n¼ 6). In order to measure (S)-roscovitine concentration in plasma, blood was collected at T0, T

5 min, T 30 min, T 1 h, T 3 h, T 6 h, T 8 h, T 24 h and T 48 h for bolus and bolus þ pump groups and at T 0, T 1 h, T 4 h, T 12 h, T 24 h

and T 48 h. (b) Experiment 2: Dose-response effect of (S)-roscovitine administration after transient middle cerebral artery occlusion

on histopathological and neurological score in rats: Transient focal cerebral ischemia was induced in adult rats for 90 min. (S)-

roscovitine or its vehicle control was administered 15 min post-reperfusion by an IV bolus (25 mg/kg body weight) followed by SC

infusion for 48 hours: Vehicle (n¼ 12–13), 0.1 mg/kg/h (n¼ 10) or 1 mg/kg/h (n¼ 13). Neurological scoring was performed just prior

to reperfusion and 48 h post-tMCAo. Blood was collected 48 h post-tMCAo to measure (S)-roscovitine concentration in plasma, then

animals were euthanized and brain infarction volumes were measured by TTC staining.
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Pharmacokinetic parameters. Pharmacokinetic analysis of
plasma (S)-roscovitine was performed using the
Phoenix�, WinNonlin� pharmacokinetic software
package (version 4.1) (Pharsight, USA). The pharma-
cokinetic parameters evaluated comprised: area under
concentration-time curve extrapolated to infinity (AUC
inf), area under the concentration-time curve between 8
and 48 h (AUC 8-48 h), extrapolated concentration at
time 0 h (C0), distribution half-life (T1/2 -a), elimin-
ation half-life (T1/2-b), clearance (Cl), and volume of
distribution (Vd).

Transient middle cerebral artery occlusion (tMCAo)
model

tMCAo and reperfusion procedures. tMCAo was achieved
as previously described.18 Briefly, rats were deeply
anesthetized and maintained with 2% isoflurane in a
70%/30% gas mixture (N2O/O2). Rectal temperature
was maintained at 37� 0.5�C with a heating pad.
Cerebral blood flow (CBF) was continuously recorded
by laser Doppler flowmetry with a miniature laser-
Doppler probe directly fixed over a region of the
cortex supplied by the middle cerebral artery (MCA)
throughout all ischemia and reperfusion procedures.
After temporary suture of the common (CCA) and
external carotid arteries (ECA) and coagulation of the
ECA and of pterygopalatine artery, a 4–0 monofila-
ment suture (4037PK5Re, Doccol Corporation) was
introduced into the right internal carotid artery
lumen and advanced until resistance was felt
(�20mm) and until CBF fell by at least 60% com-
pared to baseline. After anesthesia recovery, neuro-
logical score was performed just before 90min of
ischemia onset. Then animals were anesthetized
again for withdrawal of monofilament to allow
MCA reperfusion. The temporary suture on the
ECA was permanently tied off to prevent blood
loss, and the caudal temporary suture placed
around the CCA was removed to allow CBF release.
Post-operative care and observation were carried out
until the animal recovered consciousness, and
included postoperative subcutaneous injection of
saline solution and provision of softened food.

Quality control for data collection and data

processing. Experiments were performed in accordance
with the STAIR committee recommendations for good
scientific enquiry.

Rats were randomly allocated to treatment groups
by an independent experimenter using a randomization
table. All outcomes were assessed under blind condi-
tions, and infarct volume and edema were measured
by two independent researchers (ER, BM).

Inclusion and exclusion criteria were applied as
follows:

Inclusion criteria:

– CBF< 60% baseline;
– minimum combined neurological score of 3 (min-

imum score of 1 on rotation and 2 on tail suspen-
sion) just prior reperfusion (T 1h15).

Exclusion criteria:

– rats presenting CBF� 60% baseline or blood-flow
restoration following occlusion were immediately
excluded and euthanized;

– rats with combined neurological score< 3 just before
reperfusion (T 1h15) were immediately excluded and
euthanized;

– rats that died within 48 h were excluded;
– as were rats with hemorrhage.

For the final behavioral analysis, 13 animals were
included in the vehicle group, 10 in the 0.1mg/kg/h
group and 13 in the 1mg/kg/h group. To avoid bias
of infarct volume measures, one animal was removed
in the vehicle group because of lack of all brain slices
(n¼ 12) (Supplementary Figure 1).

Outcomes

Neurological scoring procedure. The primary end-point
was behavioral assessment, indicating potential func-
tional recovery. Just prior to reperfusion and 48 h
post-surgery, behavioral deficit was assessed on a
gross neurological score, adapted from the method of
Jiang et al.,19 consisting in summing of the results of
two behavioral tests scored on a 0-to-4 scale each
(Supplementary Table 1).

To assess a potential beneficial effect of treatment on
behavioral outcome, recovery level was calculated as
follows

Recovery ð%Þ

¼

ðTotal neurological score T 1h30

�Total neurological score T 49h30Þ

� �

ðTotal neurological score T 1h30Þ
� 100

Blood collection and (S)-roscovitine plasma assay by HPLC-MS/

MS. Blood collection and (S)-roscovitine plasma assay
by HPLC-MS/MS were performed in vehicle (n¼ 2),
0.1mg/kg (n¼ 10) and 1mg/kg (n¼ 4) groups 48 h
after occlusion, as described in subsections Blood sam-
pling and (S)-roscovitine plasma assay above.
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Evaluation of infarct volume and edema. Immediately after
blood collection, rats were decapitated and brains
immediately removed; 2-mm-thick coronal sections
were cut into brain slicer matrix (Zivic Instruments,
Pittsburgh, USA). The brain sections were immersed
into 1% 2,3,5-triphenyltetrazolium chloride (TTC) for
5min at 37�C, fixed in 4% paraformaldehyde overnight
and conserved at �20�C in cryopreservation solution.

Images from the stained coronal sections were mea-
sured with ImageJ (NIH) image processing software.
Cortical and subcortical areas were delineated for a
total of seven 2-mm-thick sections. Total area was deter-
mined as the sum of both cortical and subcortical areas.

Actual volumes of the various areas were calculated
as follows

Actual volume ¼
X

areas of each brain sliceð Þ � 2

with factor 2 corresponding to brain slice thickness.
Edema formation was measured as percentage size

of the contralateral hemisphere20

Edema volume ð%Þ

¼

ðIpsilateral hemisphere volume

�Contralateral hemisphere volumeÞ

� �

ðContralateral hemisphere volumeÞ
� 100

The actual infarct volumes were measured and cor-
rected to compensate for brain swelling in the infarcted
hemisphere, as previously described,21 according to the
STAIR recommendations22

Corrected infarct volume

¼ actual infarct volume

�
Contralateral hemisphere volume

Ipsilateral hemisphere volume

Lesion volume was also measured, under blind con-
ditions by two independent operators. The final lesion
volume for each animal corresponded to the arithmetic
mean of the two measured volumes.

Measurement of effective delivered dose and correlation with

infarct volume. For each animal, (S)-roscovitine was
assayed by HPLC-MS/MS in the stock solutions used
for IV injection and SC infusion. Infusion pumps were
weighed before and after treatment to determine the
effective delivered volume. The effective delivered dose
of (S)-roscovitine corresponded to the sum of the

concentration multiplied by the volume of each (S)-ros-
covitine solution.

Statistical analyses. Sample size was determined based on
previous roscovitine pharmacokinetics studies which
showed that the plasma (R)-roscovitine concentration
fitted a bi-compartmental model, with low variability,
after a single i.p. administration of 25mg/kg in adult
rats.23,24 In this experiment, three animals were used
per condition as it is the case in our experiment.
Regarding the efficacy study, the sample size was deter-
mined based on preliminary data with the same inclu-
sion criteria and previous ischemia study performed in
our laboratory, which demonstrated a beneficial effect
of (S)-roscovitine with a minimal number of animals.9

We calculated that 12 animals would be necessary in
each group for the present study for a power of 80%
and a significance of p¼ 0.05.

Continuous data were presented as mean� standard
deviation (mean� SD) and categorical data as median
and interquartile range. Statistical analyses were per-
formed with GraphPad Prism 5 software (San Diego,
USA). Gaussian distributed continuous variables were
analyzed by two-tailed unpaired Student’s t-test and
non-Gaussian continuous variables by non-parametric
Mann–Whitney U test. Neurological scores were ana-
lyzed by Kruskal–Wallis test to compare behavioral
deficit between the three groups (vehicle vs. 0.1mg/kg
vs 1mg/kg) at each time T 1h30 and T 49h30 with post-
hoc Dunn’s multiple comparison test. The potential
recovery between T 1h30 and T 49h30 was analyzed
in each group by Wilcoxon matched-pairs test.
Fisher’s exact test was used to analyze mortality data.
The alpha level was set at 0.05.

Results

Pharmacokinetics

SC infusion is necessary to maintain long-term minimal plasma

(S)-roscovitine concentration after bolus injection (Figure 2). To
dissect out the contribution of each (S)-roscovitine deliv-
ery mode to plasma concentration, pharmacokinetic
profiles were analyzed for the bolus (n¼ 3), pump
(n¼ 3) and bolusþ pump (n¼ 6) groups. Plasma-time
concentration curves are reported in Figure 2.

Injection of bolus alone induced a sharp increase
in (S)-roscovitine plasma concentration at 25 mg/mL
5min from onset, followed by a rapid decline 3 h
after onset (2.3 mg/mL) and disappearance about
24 h after. Pump infusion induced a slight increase
up to 4 h, then seemed to plateau around 0.5 mg/mL
until 24 h, followed by a descending phase with a
concentration of 0.3mg/mL at 48 h. The combination
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of bolus injection and pump infusion provided the
same sharp initial increase at 5min (21.9 mg/mL) as
in the bolus-alone group, followed by a rapid decline
(3.4 mg/mL at 3 h, 1.6mg/mL at 6 h), and maintained
(S)-roscovitine plasma concentration at 0.7mg at 24 h
and at 0.4mg at 48 h.

Combined IV bolus injection and SC infusion enables sustained

plasma (S)-roscovitine concentration for 48 h due to increased

elimination half-life (Figure 3, Table 1). The IV bolus-alone
plasma-time concentration curve of (S)-roscovitine
fitted a bi-compartmental open model, which appeared
as two straight lines when plotted on a semi-logarithmic
scale (Figure 3(a)).

Although the SC infusion-alone plasma-time con-
centration curve seemed to fit a tri-compartmental
model, mainly due to the absorption phase related to
extravascular administration (Figure 3(b)), the combin-
ation of IV bolus and SC infusion curves highlighted a
two-compartmental model of distribution and elimin-
ation of (S)-roscovitine, as with bolus injection alone
(Figure 3(c)).

Simulated values for bolus-alone and bolus þ pump
delivery were calculated as follows, according to a two-
compartmental model

C tð Þ ¼ A� e��ðtÞ þ B� e��ðtÞ
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where
A, B: extrapolated distribution and elimination at

time T0, respectively
a, b: distribution and elimination constants,

respectively
Simulated values for the bolus-alone and bolus þ

pump delivery modes are reported in Figure 3(a)
and (c), respectively. Overlaying the simulated and
measured curves confirmed the validity of a bi-com-
partmental model for (S)-roscovitine delivery by bolus
alone or bolus þ pump.

Pharmacokinetic parameters related to these two
modes of (S)-roscovitine delivery are reported in
Table 1 and showed that the AUC between 8 and
48 h in the bolus þ pump group was about 5-fold
higher (25.26� 13.09 h.mg/ml) than in the bolus-alone
group (5.29� 2.18 h. mg/ml; U¼ 0.0, p¼ 0.02). No dif-
ference was observed for distribution half-life (U¼ 3.0,
p¼ 0.17) but volume of distribution was about 8-fold
higher in the bolusþ pump group than in the bolus
alone group (4,093� 1,457 vs. 503.3� 15.04ml;
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Figure 3. Distribution and elimination model of (S)-roscovitine. Plasma-time concentration curves of (S)-roscovitine are repre-

sented according a semi-logarithmic scale for (a) Bolus (n¼ 3), (b) Pump (n¼ 3) and (c) Bolusþ pump (n¼ 6). Comparative values

calculated using a two-compartmental open model are also represented for (a) Bolus and (c) Bolusþ pump. Data are expressed as

means of three to six independent values.

Table 1. Pharmacokinetic parameters of (S)-roscovitine in

plasma of adult rats.

Bolus

(25 mg/kg)

Bolus (25 mg/kg)

Pump (1 mg/kg/h)

AUCinf (h. mg/ml) 34.1� 4.24 75.71� 37.56

AUC 8–48 h (h.mg/ml) 5.29� 2.18 25.26� 13.09*

C0 (mg/ml) 28.58� 2.56 21.03� 4.74*

T1/2 -a (h) 0.52� 0.17 0.82� 0.29

T1/2-b (h) 1.58� 0.16 24.63� 18.90*

Cl (ml/h) 222.0� 28.84 149.5� 81.95

Vd (ml) 503.3� 15.04 4093� 1457*

Note: Rats received either IV bolus (25 mg/kg, n¼ 3), or pump SC infu-

sion (1 mg/kg/h for 48 h, n¼ 3) or both (n¼ 6). Plasma (S)-roscovitine

concentrations were measured by HPLC-MS/MS. Data were expressed as

means� SD.

Sign indicate values different from Bolus: * p< 0.05.

AUC inf: the area under the concentration-time curve extrapolated to

the infinity; AUC 8–48 h: area under the concentration-time curve

between 8 h and 48 h; C0: extrapolated concentration at time 0 h; T1/

2 -a: distribution half-life; T1/2-b: elimination half-life; Cl: clearance; Vd:

volume of distribution.
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U¼ 0.0, p¼ 0.02). Although no significant
difference was observed in clearance (U¼ 5.0,
p¼ 0.38), elimination half-life was about 16-fold
longer in the bolusþpump group than in the
bolus-alone group (24.63� 18.90 vs. 1.58� 0.16 h;
U¼ 0.0, p¼ 0.02), resulting in longer sustained (S)-ros-
covitine plasma concentration in rats that received SC
bolus þ pump infusion SC than those that received
bolus injection alone. Furthermore, it should be
noted that the initial concentration was significantly
lower in the bolusþ pump group than in the bolus-
alone group (21.03� 4.74 vs. 28.58� 2.56 mg/ml;
U¼ 1.0, p¼ 0.047).

Dose-response effect in tMCAo rats

The second study assessed the dose-response effect of
(S)-roscovitine administration on infarct volume and
neurological score in tMCAo rats.

Baseline characteristics:

Mortality and physiological parameters were recorded
throughout the tMCAo procedure and until the day of
sacrifice (Supplementary Table 2, Supplementary
Figure 1).

Two out of 21 randomized treated animals died in
the vehicle group, 3 out of 22 in the 0.1mg/kg/h and 4
out of 20 in the 1mg/kg/h in the (S)-roscovitine treated
groups, i.e. 9.5%, 13.6% and 20%, respectively.

No significant difference has been revealed between
the groups (Fisher exact test: p¼ 0.83).

The percentage drop in CBF following occlusion was
similar between the three groups. Body weight was simi-
lar between the three groups, both before surgery and
before sacrifice. Body temperature was maintained
around 37�C throughout the anesthesia procedure and
did not show significant difference at post-reperfusion.
On the day of sacrifice, no difference was observed
between the vehicle group and the 1mg/kg/h group,
but temperature was lower in the 0.1mg/kg group than
in vehicle group (37.15� 0.30 vs. 37.63� 0.49; t¼ 2.74,
p¼ 0.01). Blood glucose concentration was also mea-
sured before, during and after occlusion, without show-
ing any significant difference between the three groups.

To calculate the effective delivered dose for each
animal, the effective injected sample volume was mea-
sured, and showed no significant difference between the
three groups.

Neurological score

(S)-roscovitine improves neurological score in tMCAo rats, and

its effect is dose-dependent.. Neurological score was mea-
sured both before treatment onset just prior reperfusion
(neurological score #1, T 1h30) and after treatment just
before sacrifice (neurological score #2, T 49h30).
Results are reported in Figure 4 and Table 2.

Wilcoxon matched-pairs test revealed that only ani-
mals treated with the 1mg/kg/h dose presented a lower
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Figure 4. Dose-dependent neuroprotective effect on neurological score. Rats underwent neurological scoring just prior to reper-

fusion (T 1h30) and 48 h post-MCAo (T 49h30). Figures show (a) the combined neurological score in the vehicle control group

(n¼ 13) and (S)-roscovitine treatment groups: 0.1 mg/kg/h (n¼ 10) and 1 mg/kg/h (n¼ 13). Data are expressed as median and

interquartile ranges. Data were analyzed by Wilcoxon matched-pairs test. Sign indicate value different from T 1h30: * p< 0.05. Figure

(b) shows a significant positive correlation between recovery and the effective delivered dose. Pearson’s correlation coefficient:

r¼ 0.332, r2
¼ 0.110, p¼ 0.048.
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combined neurological score at T 49h30 (4.5 [3.5–5.0])
than at T 1h30 (6.0 [5.0–6.0], W¼ 57.00, p¼ 0,0117).
No improvement of combined neurological score was
found in animals treated with the vehicle solution or the
0.1mg/kg/h dose.

Regarding dose effect between groups at each times,
no dose effect was found at T 1h30 (H¼ 1.44, n.s.) and T
49h30 (H¼ 5.31, n.s.), but analysis of difference between
combined neurological scores measured at T 1h30 and T
49h30 revealed a significant improvement across the time
in the behavioral impairment induced by occlusion in
rats treated with the 1mg/kg/h dose (1.5 [�2 – �0.5])
compared to those treated with the 0.1mg/kg/hr dose
(0.3 [�1.0 – 1], H¼ 8.39, p¼ 0.015) (Table 2).

More specifically, Wilcoxon matched-pairs test
revealed that the suspension subscore measured at T
49h30 (2.0 [1.0–2.0]) was lower than at T 1h30 (3.0
[3.0–3.0], W¼ 66.00, p¼ 0.003) in rats treated with
the 1mg/kg/h dose (Table 2).

In addition, comparison between groups at T 49h30
showed that rats treated with the 1mg/kg/h dose pre-
sented lower suspension subscore (2.0 [1.0–2.0]) than
those receiving the 0.1mg/kg/h (3.0 [2.1–3.1],
H¼ 6.76, p¼ 0.03). No time or dose effect was found
on spontaneous rotation test (Table 2).

Moreover, analysis of neurological score progression
over time showed a significant positive correlation
between recovery level and effective delivered dose
(Figure 4(b), Pearson’s correlation: r¼ 0.332,

r2¼ 0.110, p¼ 0.048), suggesting a continuing beneficial
effect of (S)-roscovitine dose on neurological score.

Infarct volume and edema

(S)-roscovitine reduces infarct volume and brain swelling in a

dose-dependent manner in tMCAo rats. Total, cortical and
sub-cortical infarcted regions volumes were measured
at T 49h30 and corrected to compensate for brain swel-
ling in the infarcted hemisphere (Figure 5(a)).

Rat treated with the 1mg/kg/h (S)-roscovitine dose
exhibited a lower total infarction volume than those
receiving the vehicle solution (�21.5%; t¼ 2.29,
p¼ 0.03). No significant reduction of total infarction
volume was observed in rats treated with the 0.1mg/
kg/h dose (�12.9%; n.s.).

More specifically, cortical infarction volume was
lower in the 1mg/kg/h group than in the control
group (�24%. t¼ 2.36, p¼ 0.03). No significant differ-
ence was observed for cortical infarction volume
between 0.1mg/kg/h versus the vehicle control group
(�18.7%; n.s.). No significant difference in sub-cortical
infarction volume was found between the groups.
Analysis of infarct volume according to effective deliv-
ered dose (Figure 5(b)) revealed a significant negative
correlation for the total brain (Pearson’s correlation:
r¼�0.38, r2¼ 0.14, p¼ 0.03) and cortex (Pearson’s
correlation: r¼�0.37, r2¼ 0.14, p¼ 0.03). Analysis of
edema (Figure 5(c)) revealed significantly less brain

Table 2. Dose-dependent neuroprotective effect on neurological score.

T 1h30 T 49h30 Difference

Median (95% CI) Range Median (95% CI) Range Median (95% CI) Range

Combined

Vehicle (n¼ 13) 6.0 (5.5 – 6.0) (5.3 – 6.0) 6.0 (4.5 – 6.0) (4.0 – 6.0) 0.0 (�1.2 – 0.2) (�1.8 – 0.0)

0.1 mg/kg (n¼ 10) 5.5 (4.9 – 5.9) (5.0 – 6.0) 6.0 (4.9 – 6.3) (4.9 – 6.1) 0.3 (�0.5 – 0.9) (�1.0 – 1)

1 mg/kg (n¼ 13) 6.0 (5.3 – 6.1) (5.0 – 6.0) 4.5 (3.6 – 5.1)* (3.5 – 5.0) �1.5 (�2.1 – �0.5) # (�2.0 – �0.5)

Tail suspension

Vehicle (n¼ 13) 3.0 (3.0–3.0) (3.0–3.0) 3.0 (1.8–2.9) (1.0–3.0) 0.0 (�1.3 – �0.6) (�2.0 – 0.0)

0.1 mg/kg (n¼ 10) 3.0 (3.0–3.0) (3.0–3.0) 3.0 (2.0–3.0) (2.1–3.1) 0.0 (�0.9 – 0.1) (�1.0 – 0.0)

1 mg/kg (n¼ 13) 3.0 (2.8–3.1) (3.0–3.0) 2.0 (1.2–2.1)**# (1.0–2.0) �1.0 (�1.7 – �0.8) (�2.0 – �1.0)

Spontaneous rotation

Vehicle (n¼ 13) 3.0 (2.5–3.0) (2.3–3.0) 3.0 (2.5–3.3) (3.0–3.0) 0.0 (�0.4 – 0.6) (0.0–0.5)

0.1 mg/kg (n¼ 10) 2.5 (1.9–2.9) (2.0–3.0) 3.0 (2.4–3.6) (3.0–3.5) 0.3 (�0.2 – 1.4) (�1.0–1.3)

1 mg/kg (n¼ 13) 3.0 (2.4–3.1) (2.0–3.0) 3.0 (1.9–3.4) (2.0–3.8) 0.0 (�0.8 – 0.7) (0.5–1.0)

Note: Rats underwent neurological scoring (vehicle: n¼ 13, 0.1 mg/kg/h: n¼ 10 and 1 mg/kg/h: n¼ 13) just prior reperfusion (T 1h30) and 48 h post-

MCAo (T 49h30). Data are presented as median and interquartile range at each time. The potential recovery was presented as difference T 49h30 – T

1h30. Data were analyzed by Kruskal–Wallis test to compare behavioral deficit between the three groups (vehicle vs. 0.1 mg/kg/h vs. 1 mg/kg/h) at each

time T 1h30 and T 49h30 with post-hoc Dunn’s multiple comparison test. The potential recovery between T 1h30 and T 49h30 was analyzed in each

group by Wilcoxon matched-pairs test. Signs indicate values different from T 1h30: *p< 0.05 and **p< 0.01 and different from 0.1 mg/kg/h: # p< 0.05.
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swelling in rats treated with 1mg/kg/h of (S)-roscov-
itine than in the vehicle group (�37.3%, t¼ 2.36,
p¼ 0.03) and the 0.1mg/kg/h group (�43.8%,
t¼ 2.36, p¼ 0.03). No difference was found between
the 0.1mg/kg/h and the vehicle groups; however, a sig-
nificant negative correlation was observed between
brain edema and effective delivered dose (Figure 5(d),
Pearson’s correlation: r¼�0.42, r2¼ 0.18, p¼ 0.01).

Plasma (S)-roscovitine concentration at T 49h30 after focal

ischemia is consistent with the concentration found in experi-

ment 1 without ischemia. To confirm the association
between (S)-roscovitine administration and beneficial
effects on behavior and infarction volume, blood was
collected at T 49h30 for (S)-roscovitine plasma assay.
While (S)-roscovitine was not detected in the plasma of
animals injected with vehicle solution (n¼ 2), compari-
son between (S)-roscovitine-injected groups showed a
19.2% higher (S)-roscovitine plasma level in the 1mg/
kg/h group (0.50� 0.25 mg/ml; n¼ 4) than in the
0.1mg/kg/h group (0.02� 0.02 mg/ml; n¼ 10; U¼ 0.0,
p¼ 0.006). Otherwise, it is interesting to note that
plasma (S)-roscovitine concentration 48 h after

treatment onset was similar in experiments 1 and 2
(0.4 and 0.5 mg/ml, respectively) in rats that received
1mg/kg/h (S)-roscovitine by subcutaneous injection,
as expected.

Discussion

Menn et al.9 first reported a neuroprotective effect of
(S)-roscovitine in rodent models of cerebral ischemia.
The present study sought to further explore the interest
of (S)-roscovitine as a possible stroke therapy, with two
main objectives: (1) to provide additional data on
in vivo (S)-roscovitine pharmacokinetics in rat; (2)
and to follow quality standards for preclinical studies
of stroke therapy.

The study showed that sustained delivery of (S)-
roscovitine for 48 h could be obtained by combining
bolus and pump administration. This combination
of two delivery modes provided a neuroprotective
effect of (S)-roscovitine 1mg/kg in a model of focal
MCA infarction, with improved neurological score
and a decrease in both infarction and brain edema
volumes.
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contralateral hemisphere in the vehicle control group (n¼ 12) and (S)-roscovitine treatment groups: 0.1 mg/kg (n¼ 10) and 1 mg/kg

(n¼ 13). Data are expressed as means� SD. Data were analyzed by Student’s unpaired t-test. Signs indicate values different from

vehicle: *p< 0.05 and different from 0.1 mg/kg: #p< 0.05. Figure (b) shows a negative correlation between infarct volume and the

effective delivered dose in the total brain, cortex or subcortex. Pearson’s correlation coefficients: total brain: r¼�0.376, r2
¼ 0.142,

p¼ 0.03; cortex: r¼�0.369, r2
¼ 0.137, p¼ 0.03; subcortex: r¼ 0.251, r2

¼ 0.063, p¼ 0.15 (N.S.). Figure (d) shows a negative

correlation between edema and the effective delivered dose. Pearson’s correlation coefficient: r¼�0.420, r2
¼ 0.177, p¼ 0.01.
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Mode of delivery and related pharmacokinetics

Two systemic delivery modes suitable for human
therapy were tested, alone and in combination. To
our knowledge, the present study is the first to measure
the pharmacokinetic parameters of (S)-roscovitine.

The pharmacokinetic profile of (S)-roscovitine
administered by IV bolus injection fitted a bi-compart-
mental model. The plasma time concentration curve
was characterized by an early distribution phase of
(S)-roscovitine in the plasmatic compartment, followed
by a tissue distribution phase concomitant with elimin-
ation of the compound from the body. Several studies
have previously reported the pharmacokinetic param-
eters of seliciclib, the (R) stereo-isomer of roscovitine,
in adult Sprague-Dawley rats after IV or IP single-dose
injection (25mg/kg). Pharmacokinetic profiles in
plasma also fitted a bi-compartmental model, but pre-
sented shorter distribution half-lives: between 4 to
6min,24–26 compared to 31min with (S)-roscovitine.
The second phase corresponded to a rapid decline in
(S)-roscovitine concentration in plasma, associated
with a short elimination half-life (1.58� 0.16 h; i.e.
94.8� 9.6min). Although these results revealed that
this mode of delivery is not suitable for long-acting
treatment, the elimination half-life was about 3-fold
longer than that previously measured for (R)-roscov-
itine in the central compartment and in the brain
(both< 30min).24–26 As a result, the area under the
plasma time concentration curve (AUC) of (S)-roscov-
itine was about 11.3-fold higher and the clearance
3-fold higher than that of (R)-roscovitine.24–26 It has
been shown that stereoisomers may exhibit different
pharmacokinetics27 in terms of absorption, distribu-
tion, protein binding, systemic clearance, first-pass
metabolism and renal clearance. The present data
show that combined-mode administration (S)-roscov-
itine displays the kind of pharmacokinetics that
allows long and sustained brain tissue exposure, opti-
mizing the therapeutic effect.

The plasma time concentration curve induced by
SC infusion did not fit a bi-compartmental model:
rather, (S)-roscovitine concentration in the plasma
compartment increased progressively, reaching a plat-
eau between 4 and 24 h, followed by a slow decrease
until 48 h. The initial increase in concentration corres-
ponded to an absorption phase related to extravascular
infusion. Then, despite the low plasma concentration
24 h after treatment onset (0.61� 0.65 mg/ml), the plat-
eau may correspond to an equilibrium concentration,
enabling sustained delayed action of (S)-roscovitine.

Regarding the combination of bolus and pump injec-
tions, our data revealed that the plasma time concen-
tration of (S)-roscovitine also fitted a bi-compartmental
model.

It should be noted that, while initial concentrations
in both the bolus and the bolus þ pump groups were as
expected, within the same order of magnitude and dras-
tically higher than in the pump-alone group, the initial
concentration (Co) was higher in the bolus group than
in the combined bolus þ pump group. This was related,
under the present experimental conditions, to variabil-
ity in the initial slope (initial diffusion-elimination
phase related to the T1/2 -a values), without any signifi-
cant impact on the general conclusions regarding the
pharmacokinetic profiles.

In the combined bolus þ pump group, distribution
half-life was not significantly different than in the
bolus-alone group, but distribution volume was 8-fold
higher, reflecting the additional dose delivered by the
SC pump. Elimination half-life was 16-fold longer
(24.63� 18.90 vs.1.58� 0.16 h), associated with the 5-
fold greater AUC between 8 and 48 h (25.26� 13.09 vs.
5.29� 2.18 h.mg/ml), suggesting substantially greater
brain exposure in rats treated with bolusþ pump com-
pared to those that received a bolus alone. Although
the precise therapeutic time window still needs to be
determined,17 it is now recognized that the area of
ischemic penumbra persisting after the acute phase of
stroke is potentially salvageable for about 48 h in
humans.28,29 Combining bolus and pump systemic
injections is thus a delivery mode that compensates
for the low absorption phase in subcutaneous infusion,
enabling sustained action over a 48-h period, optimiz-
ing the benefit of (S)-roscovitine after ischemic stroke.

Quality standards for preclinical studies of
stroke therapy

The present study adhered to the quality standards for
preclinical studies of stroke therapy published by the
editorial board of the Stroke journal.30–32

The main methodological improvements compared
to our previous study9 were:

1. Randomization: This is the first randomized study of
(S)-roscovitine. Randomization is a key methodo-
logical approach and is recommended by the
STAIRS criteria (STAIRS 6). Although the prior
publication9 was a blind study, it was not
randomized.

2. Inclusion and exclusion criteria: the present
inclusion and exclusion criteria were objective and
quantitative. Cerebral blood flow (CBF) was con-
tinuously monitored by Laser Doppler. A threshold
of a minimum drop of 60% compared to baseline
was implemented to optimize inclusion. The percent-
age consecutive CBF-drop following occlusion, body
weight before surgery and before sacrifice and body
temperature throughout the anesthesia procedure
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and on post-reperfusion was compared between the
three test groups.

3. Reproducibility: Previous studies reported the bene-
fit of (S)-roscovitine in models of permanent and
transient cerebral ischemia, in different animal spe-
cies (mice and rats) and in a study performed by two
independent laboratories. The present study pro-
vides additional evidence of (S)-roscovitine’s neuro-
protective efficacy in a transient model, with stronger
quality standards.

The choice of ischemia duration was based on prior
experiments.9 In the present study, we used 90-min
ischemia. Since a pre-MCAo experiment showed that
(S)-roscovitine significantly reduced infarction volume,
it was important to show that it was also effective as
post-MCAo treatment. Our previous work in transient
MCAo showed significant efficacy of post-treatment
(S)-roscovitine (pooled data at 1, 5 and 10mg/ml),
but did not study a single individual dose as in the
present study. It was therefore important to determine
the most effective dose.

(S)-roscovitine has a beneficial effect on functional outcomes,

infarct and edema volumes. The plasma (S)-roscovitine
concentration measured at T 49h30 (i.e. 48 h after
treatment onset in tMCAo rats) was similar to that
measured in the pharmacokinetic experiment in healthy
rats, showing that pharmacokinetic parameters were
not modified in ischemic conditions and further
supporting the interest of combined bolus and pump
delivery. Weight, glucose levels and body temperature
were monitored throughout the tMCAo procedure
until the day of sacrifice; no difference was observed
between treated and control groups, suggesting that
the neuroprotective effect of (S)-roscovitine was not
due to differences in physiological parameters.

Functional outcome. The present study is the first to high-
light the fact that the neuroprotective effect of (S)-ros-
covitine is associated with better functional recovery
after focal ischemia, and that it is effective after ische-
mia onset and recanalization. This effect was mainly
due to the tail suspension subscore, which seemed to
be more sensitive in detecting motor impairment.

Comparison could be only performed with (R)-ros-
covitine, its dextrogyre counterpart. However, it has
been shown that enantiomers can exhibit pharmacody-
namic differences.27 Only one study reported a neuro-
protective effect of (R)-roscovitine on brain damage,
with improvement in neurological deficit in a 1-h
tMCAo rat model; however, (R)-roscovitine was
administered pre-occlusion by 48 h intra-cerebrovascu-
lar (ICV) infusion,8 which is not suitable for humans. A
beneficial preventive effect of (R)-roscovitine

administered by ICV injection for functional recovery
was also reported in a rat model of brain trauma.10

Infarct volume. The beneficial effect of (S)-roscovitine on
functional recovery was associated with a 24% decrease
in infarct volume in the cortex. These results are con-
sistent with those of our previous study, which showed
that the (S) isomer of roscovitine decreased brain
infarct volume in both permanent and transient focal
cerebral ischemia models in rodents, and that a single
bolus injection (25mg/kg) combined with 48 h infusion
of the low test dose (1mg/kg/h) provided greater reduc-
tion in infarct volume than the high dose in a tMCAo
rat model.9

Brain edema. To our knowledge, the present study is the
first to demonstrate a beneficial effect of a CDK inhibi-
tor on edema formation after ischemic stroke. Brain
edema was reduced by 37.3% in the treatment group
compared to the vehicle group. Only a few studies
reported a beneficial effect of pharmacological or
non-pharmacological treatment on brain swelling.1

The beneficial effect of (S)-roscovitine is dose-

dependent. Although there were clusters due to different
group conditions, improved recovery and infarct and
edema size were significantly dose-dependent,
suggesting a possibility of enhancing the beneficial
effect of (S)-roscovitine by using higher dose. A
higher dose of (S)-roscovitine was also tested (5mg/
kg/h), but the solution precipitated under the skin
after subcutaneous injection. It is known that high-con-
centration (S)-roscovitine solution has an acidic pH
and precipitates at physiological pH as found in the
subcutaneous environment. The presence of subcutane-
ous deposits therefore led us to exclude this group from
the study. As lower doses were less effective and higher
doses were unusable, bolus injection (25mg/kg)
followed by 1mg/kg/h infusion may be the optimal
(S)-roscovitine dose for stroke therapy in animals,
although there may be room for improvement for
future human treatment.

Action mechanisms. The present findings are in line with
several studies that reported similar beneficial effects of
CDK inhibitors after ischemia in rats, using flavopiri-
dol a CDK4/cyclin D1 inhibitor.33,34 More specifically,
we previously showed that the neuroprotective effect of
(S)-roscovitine was mediated by CDK5.9 Given that all
CDKs except CDK5 are silent in post-mitotic neu-
rons,35 there is increasing evidence that aberrant
CDK5 activity is a primary cause of neuronal death
during stroke36 and that CDK5 inhibitors are
neuroprotective in neurodegenerative disorders
and neurodegeneration associated with stroke.37
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Gutierrez-Vargas et al.38 showed that, through RNAi,
intracerebral hippocampal administration of silencing
CDK5 during ischemia prevented reversal learning
impairment at four months post-ischemia in rats.38

Another study reported that a serine protease inhibitor,
inducing CDK5 down-regulation, was associated with
improved memory performance and axonal regener-
ation after 2 h MCAo in rat.39 Moreover, Miranda-
Barrientos et al.40 recently showed that CDK5 inhib-
ition induced increased LTP levels in corticostriatal
synapses in adult mice.

Brain edema may be the consequence of various
brain injuries, including stroke, and may be classified
as cytotoxic, vasogenic or even hydrocephalic.41 There
is no clear delineation between cytotoxic and vasogenic
edema. While cytotoxic edema is associated with dys-
function of the cell membrane ion pump, leading to
uptake of brain water from the blood into brain par-
enchyma, vasogenic edema results from a breakdown
of the blood–brain barrier (BBB), leading to extravasa-
tion of serum protein and water. Ischemia and rapid
reperfusion cause changes in BBB permeability that
may persist from some hours to several weeks after
reperfusion,42,43 highlighting the relevance of long-
acting treatment. BBB breakdown is associated with
increased risk of hemorrhagic transformation, particu-
larly with tissue plasminogen activator treatment (tPA)
or surgery.44,45 Our previous study showed that
(S)-roscovitine was able to cross the BBB in healthy
animals,9 and that the plasma concentration was suffi-
cient to provide a beneficial effect on functional out-
comes. The strong decrease in edema formation in this
study suggests that (S)-roscovitine may help maintain
BBB integrity and thus reduce the risk of hemorrhagic
transformation. Other studies reported that BBB dis-
ruption after experimental stroke was accompanied by
activation of inflammatory processes, including micro-
glial activation.46,47 (R)-roscovitine attenuates cell-cycle
activation of glial cells, reducing glial scar formation
and microglial activation, and thus improving behav-
ioral outcome after stroke or brain trauma.8,10

According to these findings, (S)-roscovitine may also
prevent edema formation by reducing inflammatory
response.

Conclusion

Taken together, our results strongly support a benefi-
cial effect of (S)-roscovitine on brain damage and func-
tional outcome after ischemic stroke. This study
provides new insight in line with the STAIR recommen-
dations for preclinical studies. Our data revealed that it
was necessary to combine two modes of (S)-roscovitine
delivery to achieve immediate and sustained action cov-
ering a 48-h time-window. The pharmacokinetic

parameters revealed a longer elimination half-life for
the (S) stereoisomer of roscovitine compared to the
(R) stereoisomer, making it a better candidate for
stroke therapy. The present study showed for the first
time a beneficial effect of (S)-roscovitine on functional
outcome, which is the most relevant endpoint for clin-
ical trials. The pleiotroipic effect of (S)-roscovitine on
brain ischemia, neuronal death, inflammatory cells and
brain edema, associated with administration suitable
for humans, makes it a perfect candidate for human
trials in the era of recanalization, whether performed
by thrombolysis, thrombectomy or both.
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