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Effects of a PDGFR-a Antagonist Imatinib on Blood-Brain
Barrier Disruption in Focal Cerebral Ischemia in
Younger and Older Rats

Oak Z. Chi*¢, Jeremy Grayson?®, Sylviana Barsoum?, Christine Hunter?,
Xia Liu?, Harvey R. Weiss®

Abstract

Background: One of the pathways involving blood-brain barrier
(BBB) disruption in focal ischemia can act through the platelet
derived growth factor a receptor (PDGFR-a) system including
PDGF-CC and tissue plasminogen activator (tPA). This study was
performed to compare the effects of imatinib, a PDGFR-o antag-
onist, on blood-brain barrier (BBB) permeability in younger and
older rats in focal cerebral ischemia and to determine whether the
protein levels of PDGFR-a vary with age.

Methods: Three month old (Younger) and 24 month old (Older)
male Fischer 344 rats were used. One hour before M%occlusion,
rats were treated by gavage with normal saline (control) or imatinib
mesylate 200 mg/kg. At one and a half hours after middle—eere-

occlusion, BBB permeability was determined
by measuring the transfer coefficient (K,) of “C-a-aminoisobutyric
acid and volume of dextran distribution. Western blot analysis of
PDGFR-o was performed on additional rats.

Results: With MCA occlusion, the K, of the ischemic cortex (IC)
significantly increased in both age groups. The K, of the IC of the
older control rats was significantly lower (-57%) than that of the
younger control rats. In the younger rats, imatinib significantly de-
creased the K, of the IC (-48%). In the older rats, however, imatinib
failed to decrease the K. The difference in volume of dextran distri-
bution between the IC and the contralateral cortex was significant
only in the younger control rats and became insignificant with ima-
tinib. Imatinib did not affect the volume of dextran distribution in
the older rats. Neither aging nor imatinib affected BBB permeabil-
ity in non-ischemic brain regions. The ratio of density of PDGFR-a

Manuscript accepted for publication August 8, 2012

*Department of Anesthesia, Robert Wood Johnson Medical School,
University of Medicine and Dentistry of New Jersey, 125 Paterson
Street, Suite 3100, New Brunswick, New Jersey 08901-1977, U.S.A
bDepartment of Physiology and Biophysics, Robert Wood Johnson
Medical School, University of Medicine and Dentistry of New Jersey,
675 Hoes Lane West, Piscataway, NJ 08854, U.S.A

‘Corresponding author: Oak Z. Chi. Email: chi@umdnj.edu

doi: http://dx.doi.org/10.4021/jnr118w

normalized for tubulin level was similar between the younger and
older rats (younger: 0.85 = 0.48 vs older: 0.93 + 0.58).

Conclusions: Imatinib decreased BBB disruption caused by focal
cerebral ischemia in the younger rats but failed to decrease it in the
older rats in spite of similar protein level of PDGFR-o.

Keywords: Aging; Blood-brain barrier permeability; Focal cere-
bral ischemia; Imatinib; PDGFR «

Introduction

Disruption of the blood-brain barrier (BBB) in focal cere-
bral ischemia may cause vasogenic and cytotoxic edema
and hemorrhage. One of the most important factors affect-
ing BBB permeability in stroke could be aging. Aging may
be associated with morphological and functional changes in
BBB [1-3]. In focal cerebral ischemia, BBB permeability
decreased with aging accompanied with decreased edema as
well as infarction in male mice. In female mice, however,
aging increased BBB permeability correlated with size of
infarction [4]. In contrast, even in male animals, an increase
in the size of infarction has been reported with aging [5, 6].
Still, the relationship of aging with BBB permeability and
size of infarction is not clear.

One of the pathways involving BBB disruption in focal
ischemia can act through the platelet derived growth factor a
receptor (PDGFR-a) system including PDGF-CC and tissue
plasminogen activator (tPA) [7]. Su et al reported that treat-
ment of mice with a PDGFR-o antagonist imatinib after isch-
emic stroke reduced cerebrovascular permeability and stroke
volume in the ischemic hemisphere. Imatinib also decreased
hemorrhagic complication associated with late administra-
tion of thrombolytic tissue plasminogen activator (tPA) [7].
The PDGFR-a signaling system could be also altered with
aging. With aging, alterations in PDGFs and PFGFRs in the
brain and alterations in PDGFR-a signaling system in the
vasculature have been reported [8-10].

The study on the effects of imatinib on BBB in cerebral
ischemia was performed in young male animals [7]. Com-
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parison between old and young animals has not been done.
Since BBB disruption after MCA occlusion varied depend-
ing on age and sex of experimental animals and age may alter
PDGFR-a system, this study was performed to test whether
effects of imatinib on BBB disruption after MCA occlusion
would vary depending on age in male rats. MCA occlusion
was used to produce disruption of the BBB. The transfer co-
efficient (K) of “C-o-aminoisobutyric acid (**C-AIB) across
the BBB and the distribution of the volume of *H-dextran in
the brain of the older and younger male rats were determined
to reflect the level of BBB disruption. Western blot analysis
of PDGFR-a was determined in both ages.

Materials and Methods
Experimental animals and MCA occlusion

All experiments were approved by our Institutional Animal
Care and Use Committee and were conducted in accordance
with the Guide for the Care of Laboratory Animals (DHHS
Publication No. 85-23, revised 1996). Three month old
(Younger, n = 14) and 24 month old (Older, n = 14) male
Fischer 344 rats were used in this study. They were anesthe-
tized with isoflurane 2% in an air and oxygen mixture (in-
spired oxygen fraction 0.25 - 0.3), and were mechanically
ventilated. A femoral artery and vein were catheterized and
the femoral arterial catheter was connected to a Statham
P23Db transducer (Gould Instruments, Cleveland, OH).
Blood pressure was continuously monitored and recorded
on a Beckman R-611 recorder (Fullerton, CA). A femoral
venous catheter was used to administer medications and ra-
dioactive tracers.

One hour before a permanent middle cerebral artery
(MCA) occlusion, half of each group of the rats was treated
by gavage with 1 mL of normal saline (Younger or Older
Control group) and the other half, with imatinib mesylate
200 mg/kg in 1 mL of normal saline (Younger or Older Ima-
tinib treated group).

In order to expose the MCA, an incision was made at a
midpoint between the right ear and the right eye. The tempo-
ralis muscle was separated and retracted to expose the squa-
mosal bone and zygoma. The MCA was exposed through a
hole about 3 mm in diameter near the anterior junction of the
squamosal and the zygomatic bones. The dura and arachnoid
membrane were carefully removed to expose the cerebral
cortex. The MCA was occluded at the base with thermoco-
agulation using an electrocautery. After the craniotomy, the
concentration of isoflurane was decreased to 1.4%.

Body temperature was maintained at 37 °C with a heat-
ing lamp and a servo-controlled rectal thermometer probe.
Pericranial temperature was monitored using a thermocou-
ple probe and maintained at approximately 37 °C. Prior to
measuring the transfer coefficient, arterial blood pressure
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was recorded and a 0.2 mL arterial blood sample was drawn
anaerobically and analyzed for PaO,, PaCO,, and pH, using
a blood gas analyzer (ABL330, Radiometer America, West-
lake, OH).

Determination of Ki

At one and a half hour after MCA occlusion, to determine
the blood-brain transfer coefficient (K), 20 uCi of “C-AIB
(Amersham, Arlington Heights, Illinois) was rapidly in-
jected intravenously and then was flushed with 0.5 mL of
normal saline. Blood samples were collected from the arte-
rial catheter at 20 sec intervals for the first 2 min and then,
every min for the next 8 min. Five min after injecting '*C-
AIB, 20 pCi of *H dextran (70,000 Da, Amersham, Arling-
ton Heights, Illinois) was injected intravenously and flushed
with 0.5 mL of normal saline. After collecting the ten min
arterial blood sample, the animals were decapitated and their
brains were quickly frozen in liquid nitrogen. The following
brain regions were dissected: ischemic cortex (IC), contra-
lateral cortex (CC) and pons. They were solubilized in Solu-
ene before counting the radioactivity. Arterial blood samples
were centrifuged and the plasma was separated. The plasma
and the brain samples were processed in the same way for
scintillation counting on a liquid scintillation counter that
was equipped for dual label counting. Quench curves were
prepared using carbon tetrachloride and all samples were
automatically corrected for quenching. The blood to tissue
transfer coefficient for “C AIB was determined, assuming
a unidirectional transfer of “C AIB over a 10 min period of
the experiment using the following equation as described by
Gross et al [11] (Fig. 1): where Am is the equal amount of
"C-AIB radioactivity in the tissue per gram, Vp is the vol-
ume of plasma retained in the tissue determined from the *H
dextran data, where Vp is obtained by dividing the amount
of *H-dextran radioactivity in the tissue per gram by the
concentration of *H-dextran in the plasma at the time of de-
capitation, Cp(t) is the arterial concentration of “C-AIB over
time t, and CT is the arterial plasma concentration of "C-
AIB at the time of decapitation. In the equation to determine
K., Vp x CT is a correction term which accounts for the label
"C retained in the vascular compartment of the tissue, Am.

Western Blot analysis of PDGFR-a

In three additional animals in each group, Western blot anal-
ysis of PDGFR-a was performed. Three cortical samples
from each animal were homogenized in RIPA butter (Bos-
ton Bioproducts) containing a protease cocktail inhibitor

_ Am—VpxCT)
[ cp@yar

Figure 1. The blood to tissue transfer coefficient equation.

Ki
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Table 1. Hemodynamic Parameters for Experimental Groups One and a Half Hours After Middle Cerebral Artery

Occlusion
Younger Older

Group

Control Imatinib Control Imatinib

(n=7) (n=7) (n=7) (n=7)
Systolic BP (mmHg) 106+ 16 107 £23 96+ 13 102 + 36
Diastolic BP (mmHg) 70 £ 11 66 £ 15 58+ 11 65 + 25
Mean BP (mmHg) 82+ 12 80+ 16 71+£12 78 £27
Heart Rate (beats/min) 282 +39 30552 245+ 57 271 +39
pH 7.38 £0.04 7.33£0.10 7.34+0.10 7.31+0.07
PaCO, (mmHg) 386 33+£8 34+ 6 32+£5
PaO, (mmHg) 122 £20 118+ 14 105 +21 107+13
Hemoglobin (g/100 mL) 11.8+1.6 113+1.4 11.4+3.8 10.7+2.5

BP: Blood Pressure. Values are means + SD.

(Roche). Using the BioRad protein assay (BioRad), protein
concentrations were determined. Using the Mini-Protean
blotting system (BioRad), proteins were separated with 8%
SDS-PAGE, and then were transferred to PDVF membranes,
which were soaked for 15 minutes in blotting buffer (Bos-
ton Bioproducts) containing 5% non-fat dry milk. They were
then incubated overnight at 4 °C with either anti-PDGFR-a
(Millipore) or anti-beta Tubulin (Abcam), then were washed
in PBS. Membranes were then incubated with an anti-Rab-
bit-HRP conjugate (Millipore) in blotting buffer with 5%
non-fat dry milk for 3 hours for PDGFR-a and two hours for
Tubulin at room temperature. After washing in PBS the blots
were enhanced and developed with HRP-based Oxidizing
and Luminol solutions (Boston Bioproducts). Determination
of the density of PDGFR-o was normalized by comparison
with beta Tubulin internal standard. These are arbitrary val-
ues related to Tubulin.

Statistical analysis

A multifactorial analysis of variance was used to assess the
differences among the brain regions and between the groups
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for various measurements performed. Analysis was conduct-
ed using the general linear model (PROC GLM) from the
SAS Institute (Cary, NC). When differences were observed
by a multifactorial analysis of variance, multiple compari-
sons were performed using the Tukey test. Differences were
considered significant at P < 0.05 after correction for mul-
tiple comparisons. Statistical analysis of Western blot was
performed using an unpaired t-test. All data were expressed
as means = SD.

Results

Hemodynamic and blood gas parameters were within the
normal range for anesthetized rats in all the experimental
groups. There were no significant differences among the ex-
perimental groups. Arterial blood gases, hemoglobin and pH
were also not significantly different among all the experi-
mental groups (Table 1).

The effect of imatinib in the older and in the younger
Fischer 344 rats on K, during MCA occlusion is shown in
Figure 2. MCA occlusion significantly increased K, in all
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Figure 2. Transfer coefficient (K)) of the experimental groups one and a half hour after
middle cerebral artery occlusion. YC: younger control rats. Yl: younger imatinib treated
rats. OC: older control rats. Ol: older imatinib treated rats. IC: Ischemic cortex. CC: Con-
tralateral cortex. Data are Means + SD. * Significantly different from the YC. 1 Significantly

different from the corresponding CC.

the experimental groups. In the younger animals, the K, of
the IC became significantly lower (-48%), P < 0.05) with
imatinib administration. The K, of the IC of the Older Con-
trol rats was significantly lower (-57%, P < 0.05) than that
of the Younger Control rats. In the older rats, imatinib did
not lower the K.. The K, of the CC was similar among the
experimental groups. The K, values in the pons were not
significantly different among the four experimental groups
and were similar to those of the corresponding CC (Younger
Control: 2.72 = 1.90, Younger Imatinib: 2.07 £ 0.95, Older
Control: 2.10 £ 0.45, Older Imatinib: 2.48 &+ 0.79 pL/g/min).

The volume of dextran distribution represents the intra-
vascular volume and the volume of the dextran extravasated
due to BBB disruption. The effects of imatinib on the volume
of dextran distribution are shown in Figure 3. The difference
in the volume of dextran distribution between the IC and the

10

CC was significant only in the Younger Control group, not in
other experimental groups. The difference became insignifi-
cant with imatinib administration in the Younger rats. Ima-
tinib did not affect the volume of dextran distribution in the
older rats in any of the brain regions that were studied. There
were no significant differences in the volume of dextran dis-
tribution of the IC and CC among the experimental groups.
The volume of dextran distribution of the pons was similar
among the experimental groups and similar to that of the
corresponding contralateral cortex (Younger Control: 3.30 +
1.15, Younger Imatinib: 2.98 + 1.08, Older Control: 3.20 +
0.53, Older Imatinib: 3.05 + 0.65 mL/100 g respectively).

The ratio of density of PDGFR-a normalized for tubu-
lin level was similar between the younger and the older rats
(younger: 0.85 + 0.48 vs older: 0.93 + 0.58). A representative
Western blot is shown in the Figure 4.

VOLUME OF DEXTRAN DISTRIBUTION
(uL/100g)

@l ISCHEMIC CORTEX
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T

Figure 3. Volume of dextran distribution of the experimental groups one and a half hours
after middle cerebral artery occlusion. YC: younger control rats. YI: younger imatinib treated
rats. OC: older control rats. Ol: older imatinib treated rats. IC: Ischemic cortex. CC: Contra-
lateral cortex. Data are Means + SD. t Significantly different from the corresponding CC.
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Figure 4. Protein levels of the PDGRF-a subunit probed with a specific antibody measured
by Western blotting. Tubulin was used as the control. The cortices from three young /@nd
three old AFischer 344 rats are shown. The protein levels of the PDGFR-a subunit were

similar between the younger and the older rats.

Discussion

Our main finding was that the BBB disruption in focal isch-
emia was attenuated with imatinib pretreatment only in the
Younger but not in the Older rats. The BBB disruption by
MCA occlusion was less in the Older than in the Younger
rats. Neither aging nor imatinib affected BBB permeability
in non-ischemic brain regions. Aging did not affect protein
level of PDGFR-a. Our data suggest that the role of imatinib
in protecting the BBB changes with aging.

MCA occlusion is associated with BBB disruption, the
degree of which could vary with many factors. The method
of MCA occlusion, the size of the tracer molecules, reper-
fusion, blood pressure, gender, age, species and anesthetic
agents may all influence the disruption. We used two kinds
of molecules of different sizes to determine the BBB dis-
ruption; “C-AIB is a small synthetic inert hydrophilic neu-
tral amino acid whose molecular weight is 104 Daltons
while *H-dextran is a large molecule with molecular weight
of 70,000 Daltons. At a given degree of BBB disruption,
smaller molecules may pass through the BBB but not the
larger ones. Our data showed that in all groups of rats the
K, was significantly higher in the ischemic than the contra-
lateral cortex. However, the volume of dextran distribution
was significantly higher in the ischemic than the contralat-
eral cortex only in the younger control rats and the degree of
difference between the cortices was much smaller than that
of K,. These data suggest that there is some degree of BBB
disruption after MCA occlusion that allows small molecules
to pass through easily but not large ones. The volume of dex-
tran distribution represents the volume inside the vessel as
well as extravasated volume. Therefore it could reflect the
degree of BBB disruption. The volume of dextran distribu-
tion is also a correction term for obtaining K. Transfer of
a substrate across the BBB is dependent on the product of
permeability itself (P) and perfused capillary area (S). Since
the PS product of “C-AIB was extremely low and almost
identical to the value of K, in the same experimental model,
the K, of "“C-AlIB should represent the degree of disruption
of the BBB [12, 13].

Aging may be one of the factors which affect BBB per-
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meability in the ischemic and non-ischemic brain tissue by
affecting perfused capillary area and/or permeability itself.
There are reports that in Fischer 344 rats the permeability-
surface area product (PS) of *H or “C-sucrose across the
BBB was not altered with aging [14]. Perfused capillary
morphometry did not significantly change with increasing
age [15]. With aging there are some histological changes in
the BBB but its functional aspects may not be altered [2, 14].
These data are similar to ours from non-ischemic area. How-
ever, there are other studies where PS product is decreased
for tryptophan in older Sprague-Dawley rats [3]. Differences
in BBB disruption and the size of infarction after MCA oc-
clusion depending on age and sex have been reported. Liu
et al reported that the BBB permeability after MCA occlu-
sion measured with Evans blue decreased with aging in male
mice but increased in the old female mice when compared
with younger mice [4]. Edema was significantly less in aged
mice in both sexes. BBB permeability changes were corre-
lated with the size of infarction. The decreased BBB disrup-
tion in the focal ischemic area observed in the Older Control
male rats in this study is similar to Liu et al’s. To the con-
trary, an age related increase in the cerebral infarct size in
male rats has been reported [5, 6]. The effects of aging on
BBB disruption and the size of infarction in focal cerebral
ischemia are not settled.

Changes involved in tPA/PDGFCC/PDGFKa signaling
pathways with aging could have prevented the attenuating
effects of imatinib on BBB permeability in focal cerebral
ischemia in older brain. Aging was associated with a selec-
tive lowering of brain tPA expression [16]. The levels of
PDGFR-a, PDGFR-B and PDGF, and phosphorylation in the
brain decreased with aging [8]. However, in the vasculature,
expression of mRNA of PDGFR-oa and PDGFR-a was in-
creased with aging [9, 10]. It takes time to induce a signifi-
cant elevation of PDGFR-a protein after cerebral hypoxia or
ischemia [7, 17]. The younger and the older animals had a
similar protein level of PDGFR-a in non-ischemic brain in
our study. These studies suggest that other factors affected
by aging beside the PDGFR-a system could have also con-
tributed to this lack of effects of imatinib on BBB disruption
in the older rats. Further exploration is needed to clarify the
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role of PDGFR-a in BBB disruption in aged brain.

The tyrosine kinase inhibitor, imatinib is known as
PDGFR-a antagonist and may alter various signaling path-
ways, Imatinib inhibits autophosphorylation of various re-
ceptors or factors such as PDGFR-a, B, C kit and BCR-ABL
and has proven successful in treatment of chronic myeloid
leukemia [18]. The signaling pathways of tPA/PDGFCC/
PDGFR-a have been implicated in BBB disruption in ce-
rebral ischemia [8]. It has been shown that tPA cleaves and
activates PDGF-CC which became PDGFR-o agonist [7, 19,
20]. Using ten week old mice, Su et al demonstrated that ad-
ministration of imatinib, a PDGFR-o antagonist, after MCA
occlusion reduced cerebrovascular permeability, a 33%
reduction in Evans blue extravasation compared with the
control. Imatinib significantly decreased infarct volume by
34% at 72 hours after MCA occlusion. Imatinib also reduced
hemorrhagic complication by 50 % associated with the late
treatment of tPA [7]. Our data which demonstrated 48% re-
duction in K. in the ischemic cortex in the Younger rats with
imatinib treatment are similar to their study.

Since imatinib is involved in various signaling path-
ways, the attenuation of BBB disruption induced by imatinib
in the young animals could be due to other factors beside
PDGFR-a signaling pathways. PDGF-B/PDGFR- signal-
ing which is also a target receptor of imatinib, is necessary
for pericyte recruitments during angiogenesis [18, 21] and
the critical role of pericytes is regulating the BBB [22, 23].
The loss of pericytes in the elderly has been reported sug-
gesting less compensation for transient leakage of BBB [24].
PDGFR-B was also reported to decrease with aging [8]. Thus,
reduced effects of imatinib in old animals may be related to
age induced changes in PDGFR-a signaling or changes in
other signaling pathways affected by imatinib. It is possible
that specific proteins of tight junctions such as claudin and
occluding may be altered with aging [1, 25]. Thus, ischemia
in old age may cause BBB disruption through altered mecha-
nisms which may not be affected with imatinib treatment.
Therefore, the beneficial effects of imatinib on the BBB may
be obtained only in the younger animals.

In conclusion, our data demonstrated that the BBB dis-
ruption was greater in the younger rats when compared with
older ones in the early stages of stroke. Imatinib attenuated
BBB disruption in the younger rats but not in the older rats in
spite of similar protein level of PDGFR-a. Our data suggest
that imatinib exerts different effects on BBB in focal cerebral
ischemia depending on age. For clinical application of ima-
tinib in stroke, more studies are needed to clear its different
effects in young and old animals.
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