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RhoA-ROCK Pathway is Important for T-Cell
Migration in a Mouse Stroke Model

Abstract

The small Rho GTPases tightly regulate the cell’s contractility, motility and
morphology. Among these, the small GTPase RhoA is the main regulator of
T-cell migration. Using T-cell-specific RhoA knock-out mice (RhoA™ LckCre*) we
hereby show the importance of RhoA expression in the T- cell’s transendothelial
migration capacity and in the T-cells’ brain infiltration in an infarct mouse model.
We observed that T-cells lacking RhoA expression (RhoA” T-cells) present a ~20%
reduction in their capacity of transmigrating across an endothelium compared to
wild type RhoA**T-cells. We also investigated how the inhibition of RhoA signaling
affected the post-stroke T-cell response in mice 21 days after pMCAO and found
that lack of RhoA expression markedly reduces T-cell migration into the infarcted
brain, evidenced by the presence of significantly less CD3+ cells within the infarct
area of RhoA"LckCre* mice compared to control mice. T-cell infiltration into the
infarcted brain was not affected when mice were treated with atorvastatin, an
inhibitor upstream of RhoA, and fasudil, an inhibitor of the RhoA downstream
kinase ROCK. This highlights for the first time RhoA as a key regulator in T-cell
transmigration into infarcted brain tissue. Taken together, these results suggest
that the activity of the small GTPase RhoA is crucial for T-cells ability to migrate
across an endothelial cell layer and into the infarcted brain. It also underlines
the therapeutic potential of the RhoA-ROCK pathway in diseases in which cell
migration is important for their pathophysiology, such as immunological diseases
or cancer.
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Introduction

Small Rho GTPases are known to play multiple roles in
cytoskeletal rearrangement and cell migration, and are therefore
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of therapeutic interest in a range of diseases such as cancer and
autoimmunity [1]. The Rho GTPase family consists of 20 members
that act like molecular switches, active when bound to GTP and
inactive when bound to GDP, and are controlled by guanine
nucleotide exchange factors (GEF’s), GTPase activating proteins
(GAPs) and guanine dissociation inhibitors (GDIs). One of the
main Rho GTPase subfamilies comprises the Rho proteins RhoA,
RhoB and RhoC, which are intimately involved in cell migration.
Through the Rho- associated protein kinase (ROCK), they control
a range of downstream kinases such as myosin light chain kinase
(MLCK), which activates myosin, cofilin and is involved in actin
rearrangement and stabilization, and the Na*/H*-exchanger
(NHE1), which is required for focal adhesion formation [2].

RhoA is one of the main Rho-GTPases involved in T-cell migration
[3]. It regulates the formation of stress fibers, actomyosin
contractility, and detachment of the uropod at the trailing edge
[3,4]. Knock-down of RhoA resulted in decreased migration of
T-cells across a monolayer of HUVECs [3], depletion of GEF-H1 (a
GEF that controls RhoA activity) and attenuated cell contractility
through decreased phosphorylation of MLC [5]. These in vitro
studies point out the crucial role of RhoA in T-cell migration.

Statinsareknownto have several effectsoninflammatoryreactions
such as suppression of Th1l and Th17 responses, decreased MHC
class Il expression and inhibition of LFA-1 binding. These effects
are partially mediated through induction of the anti-inflammatory
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transcription factors peroxisome proliferator-activated receptors
(PPARs) [6], but also by preventing isoprenylation of Rho GTPases
and thereby inhibiting their downstream signaling [7].

The ROCK inhibitor fasudil has a long history of safe clinical
application with relatively mild side effects, and is therefore a
promising therapeutic resource for inflammatory diseases [8-10].
A variety of models have shown anti-inflammatory effects of this
compound. Satoh and co-workers showed that fasudil treatment
reduced the levels of infiltrating neutrophil granulocytes
after brain ischemia while at the same time reducing brain
infarction [11]. Fasudil has also been shown to inhibit neutrophil
tissue infiltration in mouse models of acute lung injury and
systemic inflammation [12,13]. In experimental autoimmune
encephalomyelitis, brain infiltration of immune cells was reduced
upon fasudil treatment [14,15].

The role of the immune response following cerebral infarction is
highly complex and several reports point towards opposite effects
of lymphocytes depending on the micro milieu and temporal
evolution [16,17]. Classically, T-cells have been considered as
harmful in the post-stroke disease paradigm but more recently,
the T-cell phenotype seems to determine whether it is deleterious
or, in fact, neuroprotective [17-20]. The exact mechanisms that
govern these effects are not fully understood, primarily because
of a highly complex interplay between the numerous mediators.

In this study we investigated whether T-cells that lack RhoA are
functionally impaired with regards to their transmigratory abilities
in a transendothelial migration assay and in a brain infarction
mouse model. To broaden our analysis and understanding of
the RhoA-ROCK pathway, we included atorvastatin and fasudil
treatment in the study. We report for the first time that RhoA
plays a crucial role in T-cell transmigration into infarcted brain
tissue.

Materials and Methods

Experimental animals

Mice with a T-cell-restricted deletion of the RhoA gene (RhoA"
fiLckCre*) were generated using the Cre-loxP system as described
previously and kept as a 129Sv/C57BI/6 outbred strain
[21,22]. RhoA wild type (RhoA™LckCre’), RhoA heterozygous
(RhoA"*LckCre*) and RhoA knock-out (RhoA"LckCre*) mice
were bred and housed in the AAALAC certified animal facility
at the Biotech Research and Innovation Center, University of
Copenhagen. Mice were housed 2 to 6 animals per IVC cage
with free access to food and water on a 12 h light/dark cycle.
All procedures were approved and performed in accordance with
the Danish Animal Experimentation Committee (#2012-DY-2934-
00001) and the European Council Directive #86/609 for the Care
of Laboratory Animals.

Induction of permanent cerebral artery occlusion
(pPMCAO)

Mice were anesthetized with 2-3% isoflurane (Forene, Abbot
Scandinavia, Stockholm, Sweden) delivered in pure oxygen.

Focal cerebral ischemia was induced by permanent occlusion of
the distal part of the right middle cerebral artery, as previously
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described [23]. In connection to the subsequent suture, mice
received a subcutaneous administration of lidocaine (10 mg/ml,
Glostrup Apotek, Glostrup, Denmark).

Experimental groups

A total of 54 mice between 9 and 18 weeks of age were included
in the study. Of those, 17 mice were excluded due to death during
surgery, unsuccessful surgery or brain tissue damage during tissue
processing. Seven days after surgery, mice were randomly divided
into groups and treated daily for 14 days. Group 1: Control animals,
intraperitoneal (ip.) administration of phosphate-buffered saline
(PBS) + 10% EtOH, (RhoA"LckCre n=7, RhoA"LckCre* n=5); group
2:subcutaneous (sc) administration of Atorvastatinin a PBS + 10%
EtOH based solution of 2 mg/ml (200 pg/100 ul injection, Pfizer®,
New York, USA) (RhoA"LckCre n=10, RhoA™"LckCre* n=3); group
3:ip administration of fasudil in ddHZO-based solution of 3 mg/ml
(10 mg/kg, HA-1077 dihydrochloride, Sigma-Aldrich, Darmstadt,
Germany), (RhoA"LckCre n=7, RhoA™LckCre* n=5).

Brain tissue and T-cell preparation

Twenty-one days after pMCAO, mice were anesthetized with
5% isoflurane (Forene, Abbot Scandinavia) delivered in pure
oxygen. Mice were perfused transcardially with PBS until
blood was cleared from the circulation, followed by 100 ml of
4% paraformaldehyde (VWR International, Leuven, Belgium).
Brains were collected and post-fixed in 4% paraformaldehyde
for at least 24 h before they were embedded in paraffin. Using a
microtome, 3 um coronal sections of tissue were collected in 12
levels with 400 um between each level. Sections were mounted
on superfrost plus slides (Thermo Fischer Scientific, Waltham,
USA) and kept at 40°C overnight to dry, followed by histological or
immunohistochemical staining. One section from each of the 12
levels was randomly chosen for hematoxylin and eosin staining.

For the in vitro T-cell transendothelial migration study, splenic
CD3+ T-cells were isolated from RhoA"LckCre or RhoA™LckCre*
mice using a MACS Pan T-cell isolation kit Il mouse (Miltenyi
Biotec, Bergisch Gladbach, Germany). T-cells were cultured in
RPMI 1640 (Thermo Fischer Scientific) supplemented with 10%
fetal calf serum and IL-2 (5 ng/ml, BioLegend) at a concentration
of 106 cells/ml in 6-well plates (Corning Costar, Tewksbury, USA)
and stimulated with plate-bound anti-CD3 (3 pg/ml, BioLegend,
San Diego, USA), anti-CD28 (3 pg/ml, BioLegend) for 24 h.

Immunohistochemistry

Four brain sections within the infarct area were chosen for CD3
staining. Briefly, sections were rehydrated through xylene and
decreasing series of ethanol (99%, 96% and 70%) and rinsed in
PBS containing 0.05% Tween-20 (PBS-T) (Gibco, Thermo Fischer
Scientific). Antigen retrieval was performed by steaming for
20 min in 10 mM sodium citrate buffer (p"=6, Sigma-Aldrich)
followed by 20 min at room temperature. Sections were rinsed
in PBS-T and blocked with 5% goat serum (DAKO, Glostrup,
Denmark) for 30 min at room temperature. The sections were
incubated over night at 4°C with monoclonal rabbit anti-mouse
CD3 antibody (1:100, Abcam, Cambridge, UK). The sections were
rinsed in PBS-T and incubated for 1 h at room temperature with
horseradish peroxidase-conjugated polyclonal goat anti-rabbit IgG
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secondary antibody (1:400, Abcam). Then sections were rinsed
with PBS-T and incubated with diaminobenzidine (DAB) for 7 min.
Sections were rinsed again in PBS-T before counterstained with
hematoxylin for 20 seconds and dehydrated through increasing
concentrations of ethanol (70%, 96%, 99%) and xylene. Sections
were mounted with DPX mounting media (Cellpath, Newtown,
UK).

Estimation of infarct volume

All micrographs from the hematoxylin and eosin stained sections
were obtained by scanning whole sections using a NanoZoomer-
2.0HT (Hamamatsu, Japan) at 40X magnification. Infarct areas of
each brain slice were estimated manually using of the “Freehand
region” function in the NDP.view 2 software (Viewing software,
Hamamatzu, www.hamamatzu.com). The area was measured
from all the brain sections in which the infarct was present. The
infarcted region was identified by its characteristic morphology
that differs from the surrounding healthy tissue and from the
same brain region of the healthy contralateral hemisphere. The
trapezoid formula was used to determine the infarct volume,
by calculating the mean of the infarct area of two neighboring
sections and multiplying by the distance between the two (400

pum).
T-cell gquantification

All microscopy images from stained sections were obtained
by scanning whole sections using a NanoZoomer-2.0HT
(Hamamatsu, Hamamatsu City, Japan) at 40X magnification. All
CD3+ cells within the infarct area were manually quantified and
plotted as total CD3+ cells per mm?of infarct, measured using the
“Freehand region” function in the NDP.view 2 software (Viewing
software, Hamamatzu). The anatomical regions were identified
using the haematoxylin staining. Four random sections containing
infarcted tissue were quantified by two blinded observers using
the QuPath open source software for digital pathology image
analysis (https://qupath.github.io/) [24].

Active and total RhoA and ROCK determination

The mouse lymphoma cell line EL-4 was used to analyze the
effects of atorvastatin and fasudil on the levels of active and total
RhoA as well as its downstream kinase ROCK. A total of 2.5 x 10°
cells in 2 ml DMEM (Thermo Fisher Scientific) +10% fetal calf
serum (Sigma-Aldrich) were treated with atorvastatin calcium
salt trihydrate (1, 5 or 20 uM, Sigma) and fasudil (3, 15 or 75 pg/
ml, Sigma) for 24 h. After washing, the cells were lysed in 0.5M
Tris-HCI (p"=7.5) + 10 mM MgCI2+ 1% Igepal + protease inhibitor
cocktail (Complete mini, Roche, Mannheim, Germany), followed
by centrifugation (12000 x g, 10 min) and protein quantification
(Precision red advanced protein assay, Cytoskeleton, Inc Denver,
USA). Quantification of active and total RhoA (Cytoskeleton, Inc,)
aswell as ROCK (MyBioSource, San Diego, USA) was performed
using commercially available ELISA assays, according to the
manufacturers’ instructions. Toxicity of the two compounds was
tested with the LDH release assay according to the manufacturer’s
instructions (Thermo Fisher Scientific).

© Under License of Creative Commons Attribution 3.0 License
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T-cell transendothelial migration study

The T-cell transmigration assay was performed in polycarbonate
Transwell™ filter inserts of 8 um pore size (Corning Costar)
covered with a confluent monolayer of mouse brain endothelial
bEnd.3 cells. bEnd.3 cells (passage number>30) from confluent
10 cm? dishes (Corning Costar) were trypsinized and plated onto
the Transwell™ filter inserts at a seeding density between 5 x 10*
and 10° cells/cm? in 100 pl of DMEM medium (Thermo Fischer
Scientific) supplemented with 10% FCS, penicillin G (100 U/ml)
and streptomycin (100 pg/ml). Culture medium was changed
every 48-72 h. Splenocytes were cp3* enriched by magnetic
sorting as described above and activated with plate- bound anti-
CD3 (3 ug/ml, BioLegend) and anti-CD28 (3 pug/ml, BioLegend) for
24 hr. When bEnd.3 cells were confluent after 5 days of culture,
the culture medium was removed and 100 pl of activated T-cells
(5 x 10* T-cells/well) in serum-free 1640 RPMI medium were
placed in the upper chamber, and 600 pul of fresh serum-free
1640 RPMI medium was added in the bottom chamber of the
Transwell™. The plates were then incubated at 37°C in 5% €O, in
the IncuCyte ZOOME® (Essen BioScience, Ann Arbor, USA) for live-
cell time lapse imaging of the transmigrated cells. Nine images
per well from three technical replicates were taken every 30 min
for 4 h using a 20x objective lens and then analyzed using the
IncuCyte™ Basic Software. In phase contrast, cell segmentation
was achieved by applying a mask in order to exclude cells from
background. An area filter was applied to exclude objects below
10 um?2. After 4 h the transmigrated T-cells present in the bottom
chamber were recovered and quantified using the Accuri™ C6
flow cytometer (BD Biosciences, San Jose, USA). Data analysis
was done using the FlowJo V10 software (Tree Star).

Statistical Analysis

Quantitative data are presented as means * standard error of the
mean. The analysis of the atorvastatin and fasudil effect on RhoA
and ROCK activity was done using one-way ANOVA followed by
Dunnett's multiple comparisons test. The differences between
groups in the T-cell transendothelial migration assay were
analyzed using one-way ANOVA followed by Tukey’s multiple
comparisons test. Kruskal-Wallis test followed by Dunn’s multiple
comparisons test was used to analyze differences in the amount
of CD3+ T-cells within the infarcted area between the groups.
The analysis of the differences in infarct volume between groups
was done using one-way ANOVA followed by Tukey’s multiple
comparisons test. All analyses were performed using Prism 7
(GraphPad Prism software) and considered significant at p < 0.05.

Results

Atorvastatin and fasudil reduce RhoA and ROCK
activity in T-cells

To determine the optimal concentrations of the two compounds,
titration assays were performed followed by measurements
of active RhoA, total RhoA and active ROCK in the mouse T-cell
line EL- 4 after 24 h of treatment with atorvastatin and fasudil
in various concentrations. Atorvastatin inactivates RhoA by
inhibiting its isoprenylation; therefore, we expect a reduction
of active RhoA upon treatment. Fasudil is a RhoA downstream
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ROCK kinase inhibitor, and as such it might not affect the activity
of RhoA.

Our results show that atorvastatin at the concentrations of 1, 5
and 20 uM significantly inhibits active RhoA in EL-4 cells, with
a decrease of ~55%, ~60%, and ~80%, respectively. Fasudil
treatment of EL-4 cells with 3 pg/ml and 15 pg/ml resulted in
a ~30% and ~40% reduction of active RhoA respectively, which
could signify a negative feedback response Figure 1A. Neither
atorvastatin nor fasudil treatment affected the total RhoA levels
in EL-4 cells (data not shown).

We observed no changes in ROCK activity after treatment with
1, 5 and 20 uM of atorvastatin Figure 1B. Given that atorvastatin
inhibition is upstream of ROCK [7,25], it might be that other
mediators along the signaling cascade activate ROCK in vitro
despite the inhibitory effect of atorvastatin. On the contrary,
upon treatment with 3 pg/ml and 15 pg/ml fasudil we observed
a reduction of ROCK activity by 20% and 30% respectively when
compared to vehicle-treated cells Figure 1B. This effect was
expected, as fasudil is a relatively selective ROCK inhibitor [26].

RhoA-ROCK signaling is
transmigration

important for T-cell

Given that RhoA-ROCK signaling pathway is involved in T-cell
migration [3,4], we investigated whether the deletion of RhoA in
T-cells would affect their transmigration capacity. To that end we
monitored the ability of T-cells with and without RhoA expression
(RhoA** and RhoA” T-cells, respectively) to migrate across a
confluent layer of endothelial cells for 4 hours. We observed that
the lack of RhoA expression results in significantly fewer T-cells
(~20% reduction compared to RhoA**) transmigrating across the
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endothelial barrier Figure 2. However, a significant amount of
RhoA” T-cells could migrate across the endothelium, which might
point towards a compensatory effect of the RhoA homologs RhoB
and RhoC when RhoA signaling is lacking.

To further characterize the role of RhoA-ROCK signaling in T-cell
transmigration, we treated RhoA** and RhoA” T-cells with 5 pM
atorvastatin for 24 hours or with 15 pg/ml fasudil for 48 hours
prior migration. T-cell transmigration was dramatically reduced
upon treatment with both compounds, respectively with an
80% and 75% reduction in RhoA** T-cells and 65% and 85%
reduction in RhoA** T-cells when compared to their non-treated
control T-cells Figure 2. The inhibitory effect of atorvastatin and
fasudil was significant in all T-cells independently of their RhoA
expression, which is probably because of the inhibition of the
RhoA-ROCK pathway in a broader scale compared to when only
the RhoA expression is lacking.

RhoA is important during T-cell infiltration into the
infarcted brain

As observed in our in vitro transmigration assay, inhibition of the
RhoA-ROCK signaling in T-cells significantly reduces their trans
migratory capacity. It is known that T-cells migrate to the brain
in high numbers several weeks after an ischemic insult [16], so it
was therefore interesting to investigate whether lack of RhoA in
T-cells affects T-cell migration also in vivo. We induced an ischemic
stroke to RhoA"LckCre and Rho A" LckCre* mice using the model
permanent occlusion of the middle cerebral artery (pMCAO) and
analyzed the number of infiltrated T-cells in the infarct area 21
days after ischemic insult (Figure 3A and 3B).

As expected, we observed a significant number of T-cells in the
infarct area in RhoA"L.ckCre” mice 21 days after pMCAO (Figure

f

Figure 1

independent experiments).

Atorvastatin reduce active RhoA and fasudil reduces active ROCK. Ratio of active RhoA versus total RhoA (A) and total active ROCK
(B) quantified in EL-4 T-cells after treatment with 1 uM, 5 uM and 20 uM of atorvastatin and 3 ug/ml and 15 pg/ml of fasudil. ROCK
concentration is expressed relative to the internal control MYPT1. Data shown as meantSEM (data represents an average of two

*p<0,05, **p<0,01 (one-way ANOVA, followed by Dunnett's test).
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Figure2 The RhoA-ROCK pathway is important for T-cell transmigration. Quantification of the total number of RhoA”
T-cells, stripped bars: RhoA * T-cells. Data shown as

T-cells that transmigrated across an endothelium. Filled bars: activated RhoA‘L/+
mean = SEM.

*p<0,05, **p<0,01, ***p<0,001, ****p<0,0001 (one-way ANOVA, followed by Sidak's test).

\_ /
e N

Figure 3 Quantification of CD3+ cells present in the infarcted area. A. Representative micrograph of a coronal brain section from a RhoA"
fiLckCre- mouse 21 days after pMCAO, stained for CD3. B. Higher magnification where CD3+ cells (yellow arrowheads) can be
observed within the infarct area. C. Quantification of the CD3+ cells/mm? from RhoAfl/flLckCre” and RhoA™fLckCre* mice 21 days
after pMCAO treated with vehicle (PBS+10% EtOH, i.p.), fasudil (10 mg/kg, i.p.) or atorvastatin (2 mg/ml, s.c.) for 14 days. Data
is represented as number of CD3+ T-cells per infarct area (mm?). Vehicle-treated group: RhoA" LckCre  n=6, RhoA" LckCre* n=4.
Fasudil-treated group: RhoA"LckCre- n=5, RhoA™LckCre* n=>5. Atorvastatin-treated group: RhoA"LckCre™ n=4, RhoA"LckCre* n=3.

K Data shown as mean = SEM. *<0,05 (Kruskal-Wallis test followed by Dunn’s test). J
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Quantification of infarct size 21 days after pMCAO.
Infarct volume is presented as percentage of total
ipsilateral hemisphere volume, calculated in four
infarct-containing sections per mouse Vehicle-treated
group: RhoA"LckCre n =7, RhoA"LckCre* n=5. Fasudil-
treated group: RhoA"LckCre” n=7, RhoA"LckCre* n=5.
Atorvastatin-treated group: RhoA"LckCre n=10, RhoA"
fiLlckCre* n=3. Data shown as mean * SEM. (Kruskal-
& Wallis test followed by Dunn’s test). /

Figure 4

3C) and significantly reduced number of T-cells in the infarcted
site of the brains from RhoA"LckCre* mice. This contrast
indicates that RhoA-ROCK signaling pathway plays an important
role in T-cell migration to the brain parenchyma (Figure 3C).

To examine more in detail the role of the RhoA-ROCK signaling
pathway in T-cell brain infiltration we treated RhoA" LckCre and
RhoA™ALckCre* mice with atorvastatin (2 mg/ml, s.c.), fasudil (10
mg/kg, i.p.) or vehicle for 14 days starting 7 days after pMCAO.
Surprisingly, treated mice presented similar numbers of infiltrated
T-cells in the infarct site compared to untreated RhoA"fLckCre
and RhoA™LckCre* mice. These results suggest that RhoA is a
main regulator of T- cell brain infiltration, as inhibition upstream
or downstream RhoA seems not to contribute to the inhibition of
T-cell migration.

Lack of Rho-ROCK signaling does not affect the
infarctsize

Although T-cells have been classically associated with tissue
damage after stroke, recent studies have described both
detrimental and neuroprotective roles of T-cells depending on
their phenotype [17-20]. In this study we investigated whether
the presence of T-cells in the infarct area had an impact on the
ischemic lesion size.

When measuring the ischemic lesion volume in RhoA"LckCre-
and RhoA"ALckCre* mice 21 days after pMCAO we observed
that, despite the fact that RhoA™LckCre* mice had significantly
less T- cells within the infarct area compared to RhoA™LckCre-
mice (Figure 3), the infarct lesion size was similar in both groups
(Figure 4). The infarct size was also unaffected in RhoA"LckCre
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and RhoA"LckCre* mice treated with atorvastatin (Figure 4). In
the case of mice treated with fasudil we observed a tendency
to a reduced infarct size after treatment both in RhoA"LckCre-
mice (~25% reduction) and RhoA"fLckCre* mice (~60% reduction)
compared to the untreated mice, although the differences were
not significant. The fact that the treatment was not given shortly
after MCAO but 7 days after could be one of the reasons why the
treatment did not impact the lesion size.

Discussion

In this study we demonstrated that the small GTPase RhoA
plays a fundamental role in T-cell’s ability to transmigrate across
an endothelium. We showed the importance of the RhoA-
ROCK pathway in this process and we studied its role in T-cell
transmigration following brain infarction.

Small Rho GTPases tightly regulate the cell’s contractility, motility
and morphology. Through the downstream effector kinase ROCK,
Rho GTPases control a range of downstream effectors that
regulate actin cytoskeleton formation and stabilization as well as
formation of focal adhesions [2].

Previous research has shown that among different Rho GTPases,
RhoA is the main director of T- cell migration [3]. The activity
of RhoA has been shown to be important in different steps of
T-cell transmigration in several cell culture experiments [3,4]
as well as in an in vivo model of thymocyte development that
used LckC3 transgenic thymocytes with a Rho loss-of-function
[27]. The role of RhoA in cell migration has also been shown
important in cancer metastasis by using ex vivo imaging to study
cell migration in a tumor microenvironment [28]. In the present
study, using T-cell- specific RhoA knock-out mice (RhoA™LckCre*
mice) we showed that RhoA expression in the T-cells is important
for their transendothelial migration capacity, evidenced by the
significantly lower transmigration of RhoA” T-cells across an
endothelium compared to RhoA** T-cells.

Cell migration is a highly complex process that involves the
cell surroundings, several cellular compartments and various
signaling pathways, as it has been extensively reviewed [29].
The RhoA-ROCK pathway has been previously investigated in this
respect, and the inhibitors of this pathway, statins and fasudil,
have been shown to inhibit T-cell migration in various disease
models [1,30-32].

Statins are 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitors and they are widely used for the prevention
and treatment of cardiovascular diseases. Beyond cholesterol
reduction, statins have neuroprotective properties which are
independent of the lipid-lowering ability such as the inhibition of
isoprenoid intermediates [33,34]. Isoprenylation is an important
post-transcriptional modification of small Rho GTPases like
RhoA and is critical for their proper intracellular localization and
function [25]. It is suggested that it is through this pathway that
statins exert anti-inflammatory effects [7].

Fasudil targets ROCK, a RhoA downstream effector kinase. ROCK
presents two isoforms, and various studies using ROCK knock-
out mouse models and ROCK inhibitors have pointed out their
differential biological functions and regulation [35-38]. For
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example, in a study using ROCK1 and ROCK2 knock-outs in mouse
embryonic fibroblasts, ROCK1 was suggested to be responsible for
destabilizing the actin cytoskeleton while ROCK2 accounted for
the actin cytoskeleton stabilization [36]. Despite their functional
differences, the two isoforms share ~65% of their sequence and
~92% of their ATP binding pocket [39], which is the binding site
of fasudil [10]. Fasudil is therefore a non-isoform specific ROCK
inhibitor and it has been shown to be a potent inhibitor and
relatively more selective to ROCK than to other serine/threonine
kinases [26].

Prior to our functional experiments using fasudil and atorvastatin,
we did a titration of both compounds and studied their effect on
RhoA and ROCK activity in the EL-4 cell line. Our results show that
atorvastatin treatment significantly reduced the levels of active
RhoA. Surprisingly, the activity of the RhoA downstream effector
ROCK was not affected by atorvastatin treatment.

Several Rho-independent ROCK activation pathways have been
described that could explain the lack of effect upon atorvastatin
treatment. For example, ROCK activation by lipid stimulation
has been reported, especially by arachidonic acid [40,41], and
ROCK-2 can be activated by PI-3 kinase [38]. The low atorvastatin
concentration used could also explain our results, and it is
possible that higher concentrations of atorvastatin could result
in a reduction of active ROCK. However, the poor solubility of
atorvastatin in aqueous buffers resulted in DMSO-mediated
cytotoxicity at concentrations above 20 uM. Treatment with the
ROCK-selective inhibitor fasudil resulted in a slight reduction
of active RhoA, and caused a significant reduction of the levels
of active ROCK. The slight decrease of active RhoA after fasudil
treatment, although non-significant, is probably mediated by a
negative feedback loop via TIAM1- Racl stimulation as reported
previously [42].

Using our transendothelial migration model we showed that
when inhibiting the RhoA-ROCK pathway, either by knocking out
RhoA expression or by pharmacologically inhibiting the pathway
upstream of RhoA with atorvastatin or downstream of RhoA with
fasudil, T-cell transmigration is markedly reduced. These results
underline the therapeutic potential that the RhoA-ROCK pathway
may have in diseases in which cell migration is important for their
pathophysiology, such as immune-mediated diseases or cancer.

Previous studies as well as our results discussed above showed
that the interference with the RhoA-ROCK signaling pathway
can impair T-cells’ function and migration [1,11]. RhoA tightly
regulates the expression of integrins, and it has been shown that
RhoA is sufficient for the B1 and B2 integrin-mediated thymocyte
adhesion [27].

Furthermore, it has been shown that the endothelial expression
of intercellular adhesion molecule 1 and 2 (ICAM-1 and ICAM-2,
respectively), which bind to B2 integrin in T-cells, are essential
for the T-cell transendothelial migration across the blood-
brain barrier [43]. In the present study we investigated how
the inhibition of RhoA signaling affected the post-stroke T-cell
response in mice 21 days after pMCAO. Lack of RhoA expression
significantly reduced T-cell migration into the infarcted brain, as
shown by the presence of significantly less CD3+ cells within the
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infarct area in RhoA™LckCre* mice compared to RhoA"LckCre
mice. This confirms in vivo the importance of RhoA expression
in T-cell migration that we had observed in our in vitro T-cell
transendothelial migration study. Neither the treatment with
fasudil nor atorvastatin resulted in a decrease of the CD3+ cells
present in the infarct site. This was surprising given the strong
inhibition of T-cell transmigration that we observed in our in
vitro trans endothelial study upon treatment of T-cells with
fasudil or atorvastatin. This could indicate that the atorvastatin
and fasudil inhibitory effect on T-cells is not as strong when it is
systemically administered in mice compared to when isolated
T-cells are treated in vitro. Also, it could suggest that T-cells
lacking RhoA have other biological functions impaired in addition
to migration. Indeed, Rho GTPases are known to play a role in
T-cell development, viability and activation [44,45].

When investigating the role of RhoA-ROCK signaling in the
development of an ischemic infarct lesion, we found that the
lesion size was not affected by the lack of RhoA in T-cells or
by the treatment with the inhibitors of RhoA-ROCK signaling
atorvastatin and fasudil. We chose the Atorvastatin dose based on
previous studies using the murine stroke model, in which statin
treatment resulted in reduced infarct lesion [46], induced brain
plasticity and functional recovery [47]. Previous studies reported
that the dose of fasudil used in our ischemic stroke model is
optimal for obtaining the greatest efficacy and reduced infarct
lesion [8,48]. Despite these evidences, we did not observe infarct
reduction after atorvastatin or fasudil treatment. This could
be due to the chosen time of treatment, as in the mentioned
studies atorvastatin and fasudil are given 24 h [47] and up to 48
h respectively, while in our study treatment started 7 days after
MCAO [8]. The later treatment starting time point in this study
aimed at targeting primarily T- cells and macrophages, which are
known to infiltrate into the brain at later stages, around day 7
after pMCAO [16].

The fact that we did not observe infarct size reduction upon
atorvastatin and fasudil treatment also evidences the complexity
of the RhoA-ROCK pathway, which has been previously described
[3,49,50]. Nevertheless, complete absence of RhoA signaling
significantly impeded T-cell migration into the infarcted brain,
which suggests RhoA as a key regulator in this respect.

T-cells affect the infarct development in a dual way depending
on the micro milieu and temporal evolution [16,17]. T-cells
have been demonstrated to contribute both to tissue damage
as well as to tissue repair following cerebral infarction [17-
20,51,52]. In our model, lack of T-cells in the infarct of RhoA"
fiLckCre* mice did not result in a change in infarct size in those
mice, and treatment with fasudil after pMCAO resulted in a slight
reduction in infarct size both in the RhoA"L.ckCre* and RhoA"
fiLckCre mice. This reduction is most likely not a T-cell mediated
effect, given that these mice presented similar amounts of CD3+
T-cells within the infarct compared to the vehicle-treated mice.
The neuroprotective effects of ROCK inhibition are thought to be
predominantly linked to the increased endothelial nitric oxide
synthase (eNOS) expression, which leads to production of the
vasodilator nitric oxide (NO) thus increasing the blood flow and
benefiting ischemic areas [26]. In a model of spinal cord injury,
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fasudil showed neuroprotective effects by regulating microglial
activation and inhibiting neuronal apoptosis [53]. In the same
line, fasudil treatment resulted in a lowering of neutrophil
accumulation, reduction of the infarct lesion and improvement of
neurological functions in ratand mouse models of brain ischemia
[11,48,54].

Taken together, these data suggest that the activity of the small
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