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Abstract Stroke is a major health issue in women. Our
previous studies in male rats showed decreased myogenic tone
in middle cerebral arteries (MCAs) after ischemia and
reperfusion (I/R), while tone in parenchymal arterioles (PAs)
was increased. This vascular response may aggravate stroke
damage in males by limiting reperfusion; however, the effect
in females is not known. The current study investigated the
effect of I/R and tissue plasminogen activator (tPA) on
myogenic tone and reactivity of MCAs and PAs in female
rats. Nitrosative stress by peroxynitrite and recruitment of in-
flammatory neutrophils to the microvasculature were also
studied. Female rats were subjected to 2-h MCA filament
occlusion (n=16) or sham surgery (n=17) and given tPA
(1 mg/kg, i.v) or vehicle followed by 30-min reperfusion.
Myogenic tone and reactivity were measured in isolated and
pressurized MCAs and PAs from the same animals.
Cerebrovascular F-actin, 3-nitrotyrosine (3-NT, peroxynitrite
marker), and intravascular neutrophils were quantified.
Myogenic tone and constriction to the nitric oxide synthase
inhibitor Nw-nitro-L-arginine were decreased in MCAs but
unchanged in PAs after I/R with no effect of tPA. F-actin
and 3-NT expression were unaffected by I/R or tPA. Our study
showed that MCAs from females, similar to what has been
seen in males, are dilated after I/R and have decreased
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myogenic tone while tone in PAs was unchanged. Increased
small vessel resistance may contribute to decreased reperfu-
sion and worse outcome after stroke.

Keywords Cerebral ischemia - Reperfusion - Myogenic
tone - Middle cerebral arteries - Parenchymal arterioles -
3-Nitrotyrosine

Introduction

Stroke is the fifth leading cause of death in women and the
seventh in men [1]. Women suffer from worse functional
outcomes and are more likely to be institutionalized after
stroke [2, 3]. Ischemic stroke is a severe neurological disorder
that is associated with compromised cerebral blood flow [4].
While neurons are highly susceptible to ischemic damage, the
cerebral vasculature is also negatively affected [4, 5].
Excessive vasodilation can result in hemorrhage and edema
which may compress capillaries and restrict microvascular
perfusion, while increased vasoconstriction further compro-
mises cerebral blood flow and worsens the cerebral ischemia
[4]. It therefore seems important to restore cerebrovascular
function after an ischemic stroke to provide adequate perfu-
sion and limit further brain damage [4]. Our previous studies
in male rats showed that middle cerebral arteries (MCAs) had
decreased myogenic tone and impaired myogenic reactivity
after ischemia and reperfusion (I/R) [6-8]. In contrast,
myogenic tone and reactivity were increased in parenchymal
arterioles (PAs) during early post-ischemic reperfusion [9].
While cerebrovascular function after ischemic stroke has been
extensively studied in males, less is known about the vascular
response to I/R in females. Improving our knowledge on how
I/R affects cerebrovascular function may contribute to the de-
velopment of therapies to protect the cerebral vasculature and
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improve reperfusion after stroke, especially if there are sex-
specific differences in the response to I/R.

Current available stroke treatments involve thrombolysis
with tissue plasminogen activator (tPA) [10] and mechanical
clot removal with endovascular treatments [11], both of which
are reperfusion therapies. However, recanalization of the
occluded artery does not always lead to reperfusion of the
distal vascular bed [12, 13]. One suggested mechanism of
the incomplete microcirculatory perfusion during I/R is
capillary plugging by recruitment and adhesion of neutrophils
to the vascular endothelium [14—18]. Recruitment and
adhesion of neutrophils to the vascular wall are promoted by
release of pro-inflammatory cytokines and chemokines after I/
R [19, 20]. Interestingly, previous studies have showed that
tPA in itself can promote vascular inflammation and recruit-
ment of inflammatory cells after ischemic stroke in male mice
[21, 22]. However, the effect of tPA on recruitment of intra-
vascular neutrophils throughout the microcirculation of the
ischemic hemisphere has not been studied.

Studies have shown higher recanalization rates and better
early neurological improvement in women than in men after
intravenous tPA treatment [23, 24]. Women may benefit more
from treatment than men since the commonly seen sex differ-
ences in long-term functional outcome are nullified by tPA
[25, 26]. However, a recent study showed that men in the
oldest age group >80 years had better functional outcome than
women after tPA treatment [27]. A recent study in humans
showed beneficial effects from the combination therapy of
tPA with the antioxidant uric acid after ischemic stroke, but
the effect was only seen in female patients [28]. Although free
radical formation was not measured, women in the study had
lower endogenous levels of uric acid, and the authors sug-
gested that women may be in greater need of antioxidants than
men. tPA in itself could induce harmful oxidative stress re-
sponses as demonstrated after cortical administration to
healthy rat brains [29]. In the study, co-administration of an
antioxidant diminished the oxidative stress responses. Our
previous study in cerebral arteries from male rats demonstrat-
ed that peroxynitrite, an oxidant formed during I/R, was asso-
ciated with decreased myogenic tone and depolymerization of
smooth muscle F-actin [30]. Perfusion of tPA in vitro results in
decreased myogenic reactivity and tone of cerebral arteries
from male rats [31]. However, the in vivo effects of tPA on
myogenic tone and peroxynitrite-mediated actions on
F-actin have not been studied in females.

MCAs and PAs are important determinants of downstream
capillary pressure and perfusion and play a major role in the
brain hemodynamics and hence, the functional outcome after
stroke. Understanding how cerebral arteries from females are
affected by I/R and by tPA treatment may contribute to the
development of stroke therapies to improve microvascular
perfusion and functional outcome in women after stroke.
Therefore, the present study investigated the early effects of

I/R and treatment with tPA on myogenic tone and reactivity of
MCAs and PAs in female rats. The effects of I/R with tPA on
nitrosative stress by peroxynitrite and presence of neutrophils
in microvessels were also studied.

Methods

The current study was performed according to the ARRIVE
guidelines for reporting of animal research [32]. Female
Wistar rats were ovariectomized (OVX) at 9 weeks by the
vendor (Harlan Laboratories, Dublin, VA) and used for
experiments at 13 to 17 weeks of age (14+0.2). All animal
procedures were approved by the Institutional Animal Care
and Use Committee at the University of Vermont and were in
accordance with the National Institutes of Health guidelines
for the care and use of laboratory animals. Rats were housed in
the Animal Care Facility at the University of Vermont, an
Association for Assessment and Accreditation of Laboratory
Animal Care-accredited facility, and were allowed food and
water ad libitum.

Animal Model of Transient Focal Ischemia

Transient proximal middle cerebral artery occlusion (MCAO)
was induced by the intraluminal filament technique as de-
scribed earlier [33, 34]. Briefly, animals were anesthetized
with 3 % isoflurane followed by intubation and mechanical
ventilation with 1.5-2 % isoflurane in oxygen to maintain
blood gases at physiological levels (Table 1). Two laser
Doppler flowmetry probes were placed on thinned areas of
the skull to monitor cerebral blood flow over the right MCA
(2 mm posterior to bregma and 4 mm lateral to the right of
midline), as well as collateral flow by placing a second probe
over the right anterior cerebral artery (2 mm anterior to breg-
ma and 2 mm lateral to the right of midline). A skin incision
was made to the midline of the neck, and the right common
carotid artery was exposed followed by insertion of a 5-O
monofilament coated with silicon into the internal carotid
artery until it occluded the MCA, verified by laser Doppler.
The MCA was occluded for 2 h of ischemia followed by
filament removal to allow reperfusion for 30 min. Sham-
operated animals underwent the same procedure except for
no filament insertion. Treatment with vehicle (Vh, lactated
Ringer’s solution) or tPA (Alteplase, Genentech, San
Francisco, CA, USA) was given 10 min prior to reperfusion
for 10 min (1 mg/kg, i.v., 10 % as a bolus and 90 % as con-
tinuous perfusion). Group assignments were randomized and
blinded to the experimenters that performed all subsequent
experiments except for the pressurized arteriograph experi-
ments on PAs, and surgical procedures were performed by
the same experimenter. Un-blinding of group assignments
was performed after the data were analyzed.
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Table 1  Physiological parameters of animals subjected to sham surgery or middle cerebral artery occlusion

Sham + vehicle Sham +tPA MCAO + vehicle MCAO +tPA
n=9) (n=28) (n=8) (n=8)
Weight (g) 339+13 330+8 326+13 325+11
Age (weeks) 14.7+£0.4 13.8+0.4 14.3+0.3 149+0.5
CBF % drop vs. basal® N/A N/A —48.5+4.5 —59.0+4.6
CBF % recovery vs. basal® N/A N/A 12.5+13.1 -10.7+£7.3
Blood gases start
pH 7.45+0.01 7.45+0.01 7.47+0.02 7.46+0.01
pCO, (mmHg) 39.5+1.5 39.1+0.9 39.1+1.6 40.5+0.5
pO, (mmHg) 129+4 131+5 129+7 113+7
Blood gases middle
pH 7.46+0.01 7.46+0.01 7.47+0.01 7.46+0.01
pCO, (mmHg) 38.8+1.7 41.6+0.9 40.0+1.2 40.1+£0.4
pO, (mmHg) 1255 1196 124+6 110+6
Blood gases end
pH 7.46+0.00 7.47+0.01 7.48+0.01 7.47+0.01
pCO, (mmHg) 41.1+£0.7 40.8+£0.9 38.8+0.7 40.1+£0.4
pO, (mmHg) 121+4 118+6 121+6 116+6

The values represents % changes in cerebral blood flow measured by laser Doppler over the MCA territory

Preparation of Isolated Middle Cerebral Arteries
and Pressurized Arteriograph

Animals were quickly decapitated while under anesthesia, and
the brains were carefully removed and placed in cold, oxygen-
ated physiological salt solution. Ipsilateral PAs that branched
offt MCA between the M1 and M2 regions, and ipsilateral
MCAs between the M2 and M3 region, were dissected and
mounted on glass cannulas in separate arteriograph chambers,
as described previously [31, 35]. MCAs and PAs were equil-
ibrated for 1 h at 75 and 20 mmHg, respectively, during which
the vessels developed myogenic tone. Myogenic reactivity
was studied within the pressure range of 75 to 150 mmHg
for MCAs, whereas PAs were studied in the pressure range
0f20 to 100 mmHg. Subsequent experiments were performed
at intravascular pressures of 75 and 40 mmHg for MCAs and
PAs, respectively, approximately corresponding to the pres-
sures in vivo [36]. To determine the contribution of nitric
oxide to myogenic tone, the nitric oxide synthase inhibitor
Nw-nitro-L-arginine (L-NNA, 0.1 mM) was added to the
arteriograph chamber that elicited a vasoconstriction, and the
inner diameter was recorded once stable, approximately after
20 to 25 min. Subsequently, while L-NNA was still present in
the arteriograph chamber, dilation to the Rho-associated
kinase (ROCK) inhibitor Y27632 (10 nM to 10 uM) was
studied.

The inner diameters of MCAs were measured at the begin-
ning of equilibration (approx. pH 7.2 and 22 °C) and used as
the passive inner diameters for calculations because these
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vessels were fixed pressurized with tone. Thus, passive
measurements in calcium-free PSS were not obtained for
MCAs. PAs were superfused with diltiazem (10 pmol/L) in
calcium-free PSS at the end of the experiment to obtain fully
passive diameter measurements. Myogenic tone was calculat-
ed as a percent decrease from the initial passive inner diameter
by the following equation: 1 —(ID A ¢give/ [Dpassive) - 100, where
ID pctive 18 diameter of arteries with tone and IDp,ggye 1S pas-
sive diameter of arteries. Constriction to L-NNA was calculat-
ed as percent decrease in diameter from baseline. The reactiv-
ity for Y27632 was calculated by the equation:
(IDDrug - IDStart) / (IDPassive - IDStart) -100, where IDDrug is
the inner diameter at a specific concentration of Y27632 and
IDsart Which here was set to the inner diameter at the first
concentration of Y27632 (10 nM). Percent sensitivity was
calculated by the equation: (IDgur —IDprug) / (IDsgart — IDnax.
drug) - 100, where IDyjax drug 18 the inner diameter at the highest
concentration of Y27632. The effective concentrations that
elicited half the maximal response (ECso) for Y27632 were
calculated from the sensitivity curves.

Quantification of F-Actin and Nitrotyrosine in Middle
Cerebral Arteries

Subsequent to the reactivity experiments, while still pressur-
ized at 75 mmHg, MCAs were fixed for 30 min in the
arteriograph chamber with 4 % methanol-free paraformalde-
hyde solution made fresh daily followed by an additional
30 min after careful removal from the cannulas. The arteries
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were stored in 0.1 M PBS pH 7.4 at 4 °C until staining of F-
actin with Alexa Fluor 488-conjugated phalloidin (1:200, Life
technologies, Carlsbad, CA, USA) and 3-nitrotyrosine (3-NT)
with a mouse monoclonal anti-3-NT antibody (1:50, #05-233,
Millipore, Billerica, MA, USA). Following blocking with
10 % normal goat serum in 0.1 M PBS/1 % Triton X-100/
1 % BSA for 30 min, primary antibodies were applied over-
night at room temperature. Secondary antibody used for 3-NT
was goat anti-mouse IgG-conjugated Alexa Fluor 555 (1:500,
Life technologies). A negative control that omitted the prima-
ry antibody was included to test for non-specific binding from
the goat anti-mouse IgG-conjugated Alexa Fluor 555 second-
ary antibody. Additionally, a mouse IgG2bK isotype control
was included to test for non-specific binding of the 3-NT
primary antibody.

Images were acquired with a Zeiss LSM 510 laser
scanning confocal microscope at 40x. Optimal gain for
the F-actin staining was based on MCAs from sham-
operated animals treated with Vh, and the 3-NT gain
was set from MCAs of MCAO animals treated with
tPA. Images were focused on the vascular smooth mus-
cle cells and acquired during the same day using the
same settings for gain and amplifier offset to minimize
the introduction of non-biological variations in
fluorescence intensity between samples. F-actin and 3-
NT fluorescence pixel intensity per square micrometer
(units/um?) in five regions of interest per artery were
quantified using MetaMorph Imaging systems
(Molecular Devices) and averaged for each individual
artery. Background staining was eliminated by setting
the threshold value for each channel using the negative
control as well as the isotype control.

Quantification of 3-Nitrotyrosine in Brain Microvessels

The brains were cut anterior to the region where PAs to be
used in the reactivity experiments were dissected from, and
fixed in 4 % paraformaldehyde for 24 h. Two coronal sections
(20-pum thick) per animal were mounted on glass slides
(TruBond 380, Tru Scientific, Bellingham, WA, USA) coated
with an adhesive protein solution (Cell-Tak, Corning, NY,
USA), and subjected to heat-induced antigen retrieval in pH
6.1 citrate buffer (DAKO, Carpinteria, CA, USA).
Autofluorescence from aldehyde fixation and hemoglobin
was reduced by sequential treatment with 0.1 % sodium bo-
rohydride in PBS for 30 min and 0.1 % Sudan black in 70 %
ethanol for 20 min [37]. Sections were blocked with 10 %
normal goat serum with 0.1 % Triton-X, 5 % BSA in PBS,
incubated overnight with primary mouse monoclonal anti-3-
NT antibody (1:100, #05-233, Millipore) followed by
application of secondary goat anti-mouse IgG-conjugated
Alexa Fluor 555 antibody (Life technologies). Cell nuclei
were visualized using 4',6-diamidino-2-phenylindole (DAPI,

Life technologies). Isotype control using mouse IgG2bK and
omission of the primary antibody were included as controls.
Images from four random areas within the ipsilateral MCA
territory were acquired per brain section using a Zeiss LSM
510 laser scanning confocal microscope at 25%. The 3-NT
fluorescence pixel intensity was analyzed with MetaMorph
Imaging systems (Molecular Devices), and threshold was set
using the negative and isotype controls. 3-NT staining was
almost exclusively present in the vasculature and was normal-
ized to the microvessel area within each image by using a
lower threshold that allowed for detection and quantification
of microvessel area (um?).

Quantification of Intravascular Polymorphonuclear
Neutrophils in Microvessels

For the quantification of intravascular neutrophils, brain
sections were prepared as above, subjected to heat-induced
epitope retrieval, and immunostained using mouse
monoclonal anti-collagen IV (Col-1V, 1:500,
#SAB4200500, Sigma-Aldrich, St Louis, MO, USA)
and polyclonal rabbit anti-myeloperoxidase (MPO, 1:200,
#A0398, DAKO). Secondary antibodies used were goat anti-
mouse [gM-conjugated Alexa Fluor 488 (1:500, Life technol-
ogies) and goat anti-rabbit IgG-conjugate Alexa Fluor 555
(Life technologies, 1:500). Isotype control using rabbit IgG,
a negative control omitting primary antibodies, and a positive
control for MPO using rat spleen tissue were included the
experiment. Images from four random areas within the ipsi-
lateral MCA territory were acquired per brain section using a
Zeiss LSM 510 laser scanning confocal microscope at 25x%.
Intravascular neutrophils were identified by an operator
blinded to the groups, counted and presented as the number
of neutrophils per square millimeter. Capillary densities were
calculated based on Col-IV positive staining.

Statistics

All data are presented as mean+SEM. Two-way ANOVA
with intervention (MCAO or sham) and treatment (Vh or
tPA) as independent factors was used followed by
Bonferroni test for multiple comparisons. Unpaired ¢ test
was used to compare the basal tone in MCAs and PAs of
Sham Vh animals. One-way ANOVA was used to compare
the reactivity to Y27632 in MCAs and PAs from MCAO Vh
and MCAO tPA. P<0.05 was considered significant.

Results
A total of 34 animals were used for this study. One animal was

excluded due to hemorrhage during surgery. No significant
differences in the physiological parameters were detected
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between the groups (Table 1). The drop in cerebral blood flow
over the MCA territory was similar between MCAO Vh and
MCAO tPA, —49+5 % and —59+5 %, respectively, P>0.05
(Table 1). Collateral flow, as measured by laser Doppler over
the right anterior cerebral artery territory, was similar between
the groups. During the first 15 min of ischemia, the
change in cerebral blood flow compared to baseline
was as follows: MCAO Vh: —15+9 % and MCAO
tPA: —18+7 %, followed by a return to baseline at 1 h of
ischemia (MCAO Vh: —1+6 %, MCAO tPA: —1+£7 %). At
these time points, cerebral blood flow over the MCA
territory was maintained and did not change markedly
(MCAO Vh: =57+5 % vs =51£5 %, MCAO tPA: —69+4 %
vs. =60+4 %). Thus, the return of cerebral blood flow to
baseline measured over the right anterior cerebral artery
suggests collateral flow.

Effect of I/R and tPA on Myogenic Tone of MCAs and PAs

MCAs and PAs developed spontaneous myogenic tone and
demonstrated decreased diameter during equilibration (data
not shown). MCAs and PAs in all the groups maintained inner
diameter in response to increased pressure, demonstrating that
the vessels were myogenically active and constricted to
increases in intravascular pressure (Fig. la). However,
the active inner diameter of MCAs at intravascular pres-
sures of 100 to 150 mmHg was significantly larger in
the I/R groups compared to sham (P<0.05, two-way
ANOVA), independent of treatment with Vh or tPA.
Concomitantly, decreased myogenic tone at 75 mmHg was
observed in the MCAs after I/R compared to sham (P<0.05,
two-way ANOVA, Fig. 1b), similar to previous observations

in MCAs of malerats [6, 8, 38, 39]. Myogenic tone in PAs was
significantly higher than tone in MCAs (Sham Vh, 26 +3 % vs
41+£3 %, P<0.01), but was not affected by I/R (Fig. 1b). tPA
did not affect myogenic tone or reactivity in MCAs or PAs.

Effect of I/R and tPA on Constriction to Nitric Oxide
Synthase Inhibition in MCAs and PAs

To investigate possible mechanisms for the decreased myo-
genic tone in MCAs, we studied the contribution of nitric
oxide to basal tone in MCAs and PAs [40]. Addition of the
nitric oxide synthase inhibitor L-NNA caused constriction of
MCAs and PAs in all the groups, but the constriction was
decreased after I/R in MCAs compared to sham (P<0.01,
two-way ANOVA, Fig. 2). Constriction to L-NNA was not
different between MCAs and PAs in Sham Vh and Sham
tPA, but was higher in PAs of MCAO Vh (P<0.01) and
MCAO tPA (P<0.05, Fig. 2).

Effect of I/R and tPA on Rho Kinase Inhibition

Rho kinase has been suggested to play an important
role in myogenic tone regulation [41-43]. Therefore,
we studied the effect of I/R and tPA on the sensitivity
to inhibition of Rho kinase in MCAs and PAs. Y27632
caused a concentration-dependent vasodilation in MCAs
and PAs of all the groups. Sensitivity to Y27632 was
not significantly affected by I/R with tPA in MCAs or
PAs, but PAs were less sensitive than MCAs (P<0.05,
two-way ANOVA, Fig. 3a). Interestingly, PAs were less
sensitive to inhibition by Y27632 than MCAs after I/R
in presence of tPA (P<0.05). As demonstrated in
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Fig. 1 Effect of early post-ischemic reperfusion and tissue plasminogen
activator (tPA) on myogenic reactivity and tone of middle cerebral arteries
(MCAs) and parenchymal arterioles (PAs). Early post-ischemic
reperfusion decreased myogenic tone in MCAs but not in PAs. a Inner
diameter of MCAs and PAs in response to pressure. MCAs and PAs
showed myogenic reactivity to increased pressure in all the groups. The
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active diameters of MCAs were significantly larger after middle cerebral
artery occlusion (MCAO). b Percent tone of MCAs at 75 mmHg and PAs
at 40 mmHg. MCAs had decreased tone after MCAO independent of
treatment with vehicle (Vh) or tPA. No effect of MCAO and tPA on tone
was seen in PAs. *P<0.05, two-way ANOVA main effect of MCAO.
#P<0.05, unpaired 7 test vs MCA: Sham Vh



Transl. Stroke Res. (2016) 7:228-238

233

3 Sham Vh (n=9)
604 C3J Sham tPA (n=8)
E3 MCAO Vh (n=8)

2 501 M MCAO tPA (n=8)
g 40+ #H
£ 2304
‘z’ 30 *k g
® 20-
5
O 101
0- T
MCA PA
(75 mmHg) (40 mmHg)

Fig. 2 Constriction to the nitric oxide synthase inhibitor L-NNA in
middle cerebral arteries (MCAs) and parenchymal arterioles (PAs) after
early post-ischemic reperfusion and tissue plasminogen activator (tPA).
MCAs had decreased constriction to the nitric oxide synthase inhibitor L-
NNA after ischemia and reperfusion. Administration of tPA (1.0 mg/kg)
did not affect the constriction to L-NNA in MCAs or PAs. Intravascular
pressures were 75 mmHg for MCAs and 40 mmHg for PAs,
corresponding to the approximate pressures in vivo [52]. **P<0.01,
two-way ANOVA, main effect of MCAO. ##P<0.01, Unpaired ¢ test
vs MCA: MCAO Vh, $P<0.05 unpaired ¢ test vs MCA: MCAO tPA

Fig. 3b, the reactivity to Y27632 was less in PAs com-
pared to MCAs and statistically significant at 3 uM of
Y27632 (P<0.05).

Effect of I/R on Smooth Muscle F-Actin and 3-NT
in MCAs

Decreased myogenic tone in MCAs after I/R in male
rats has previously been associated with decreased F-
actin content in vascular smooth muscle cells [6]. In
addition, depolymerization of F-actin in smooth muscle
of cerebral arteries has been demonstrated after

application of peroxynitrite [30, 44]. We therefore mea-
sured the levels of F-actin and 3-NT, a marker of
peroxynitrite, in pressurized and fixed MCAs. Since
we did not observe an effect of tPA on tone of
MCAs, data for Vh and tPA were combined within
sham and MCAO groups. Representative images of the
3-NT staining and F-actin staining with phalloidin are
shown in Fig. 4a. Quantified fluorescence pixel intensity
(U/um?) for 3-NT and phalloidin were not significantly
affected by I/R (Fig. 4b).

To begin to understand the effects of I/R with tPA on the
microcirculation downstream of MCAs and PAs, we also
quantified 3-NT in the microvasculature of the ipsilateral
MCA territory using immunohistochemistry. 3-NT staining
was present in all the groups and almost exclusively found
within the vasculature (Fig. 5a). We did not measure any
significant difference in microvascular 3-NT expression after
I/R with tPA (Fig. 5b).

Effect of I/R and tPA on Intravascular Neutrophils

Increased intravascular neutrophils and obstruction of capil-
lary flow is one of the suggested mechanisms for incomplete
microcirculatory perfusion after /R [14, 17, 18, 45]. We there-
fore studied the effect of I/R with tPA on the number of intra-
vascular neutrophils in microvessels of the ipsilateral MCA
territory using collagen IV as a marker of the vasculature and
myeloperoxidase as a marker of neutrophils (Fig. 5c). The
total number of intravascular neutrophils was low in all the
groups, being <1/mm?. There was a trend towards increasing
number of neutrophils after I/R with tPA (Fig. 5d, two-way
ANOVA effect of tPA and MCAO, P=0.15).
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Fig. 3 Effect of early post-ischemic reperfusion and tissue
plasminogen activator (tPA) on the sensitivity and reactivity to Rho
kinase inhibition with Y27632. Parenchymal arterioles (PAs) were
less sensitive to Rho kinase inhibition than middle cerebral arteries
(MCAs). a Comparison of half maximal effective concentration
(ECs0) values in MCAs and PAs. A higher ECs, value, equal to
less sensitivity to inhibition with Y27632, was observed in PAs
after middle cerebral artery occlusion (MCAO) in the presence of

tissue plasminogen activator (tPA) compared to MCAs. b Percent
reactivity to Y27632 in MCAs and PAs after MCAO and treatment
with vehicle (Vh) or tPA. The reactivity to Y27632 was less in PAs
compared to MCAs. Intravascular pressures were 75 mmHg for
MCAs and 40 mmHg for PAs, corresponding to the approximate
pressure in vivo [52]. ¥*P<0.05, two-way ANOVA, main effect
arterial segment. $P <0.05, Bonferroni multiple comparisons test vs
MCA: MCAO tPA. #P <0.05, one-way ANOVA
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Fig. 4 Effect of early post-ischemic reperfusion and tissue plasminogen
activator (tPA) on 3-nitrotyrosine levels (3-NT) and smooth muscle F-
actin in middle cerebral arteries (MCAs). Smooth muscle 3-NT and
filamentous (F)-actin were not affected by early post-ischemic

Discussion

In the present study, we showed that MCAs had decreased
myogenic tone and constriction to the nitric oxide synthase
inhibitor L-NNA after I/R in female rats, while vasodilation to
Rho kinase inhibition was unaffected. In contrast, myogenic
tone, constriction to L-NNA, and sensitivity to Rho kinase
inhibition were not altered in PAs after I/R. Our study suggests
that during early post-ischemic reperfusion, vascular impair-
ment is present in the MCAs while PAs, on the parameters
studied here, have maintained cerebrovascular function. The
finding of differential effects of I/R on MCAs and PAs is in
agreement with previous studies in male rats [6, 8, 9, 33, 46],
but this effect has not been demonstrated in females. These
findings suggest that small vessel resistance was increased
while upstream large vessel resistance decreased, an ef-
fect that may be protective of the microcirculation, but
could also contribute to decreased reperfusion and worse
outcome after stroke.

Myogenic reactivity to pressure appeared to be maintained
in MCAs after I/R in female rats in the present study while
myogenic tone was decreased. This was demonstrated by the
capacity of MCAs to maintain a fairly constant inner diameter
to increases in pressure, although the overall inner diameter
was larger, and hence, myogenic tone was lower, after I/R
with vehicle or tPA compared to sham. In a previous study,
we investigated the threshold duration of reperfusion for
myogenic tone and reactivity in MCAs from male rats [6].
In that study, decreased myogenic tone was seen after 30-
min ischemia and 30-min reperfusion, while myogenic
reactivity was not impaired until after 6 h of reperfusion [6].
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The previous data demonstrate that decreased myogenic tone
precedes impaired myogenic reactivity, which is in agreement
with the current findings.

In an attempt to uncover underlying mechanisms for the
decreased myogenic tone in MCAs after I/R, we studied the
contribution of nitric oxide and Rho kinase to myogenic tone.
A decreased constriction to the nitric oxide synthase inhibitor
L-NNA was seen in MCAs after I/R. This finding suggests that
nitric oxide-mediated pathway contributes less to tone after
I/R and is likely not the responsible mechanism for reduced
tone in these arteries. Rho kinase inhibition with Y27632
caused a dose-dependent vasodilation that was different in
MCAs and PAs, with less sensitivity in PAs. However, no
effect of I/R or tPA was seen in MCAs that could explain the
decreased myogenic tone. Decreased myogenic tone in MCAs
after I/R is not suggested to be due to nitric oxide or Rho
kinase pathways but may involve effects on smooth muscle
cell constriction and ion channels, which remains to be
investigated.

The effects of I/R on myogenic tone and reactivity of
cerebral arteries and arterioles have until now not been inves-
tigated in conjunction with in vivo treatment using tPA, cur-
rently the only approved drug for stroke treatment. Besides its
potential to provide recanalization after ischemia, tPA has also
been associated with adverse effects such as impaired vascular
function, oxidative stress, and cerebrovascular inflammation
[21, 22, 29, 31]. Uncovering potential contributing effects of
tPA to reperfusion injury after ischemia might lead to
development of adjuvants to improve outcome after thrombol-
ysis with tPA. In the present study, we investigated the effects
of early post-ischemic reperfusion with tPA on myogenic tone
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Fig. 5 Effect of early post-ischemic reperfusion and tissue plasminogen
activator (tPA) on microvascular 3-nitrotyrosine (3-NT) content and
intravascular polymorphonuclear neutrophils. a Representative images
of brain 3-NT content in the ipsilateral MCA territory. 3-NT was almost
exclusively found in the vasculature with no effect of ischemia and
reperfusion or tPA found. b Quantification of 3-NT fluorescence pixel
intensity (U) normalized to microvessel area (um?). No significant
differences were observed between the groups. ¢ Representative images

and reactivity of MCAs and PAs, 3-NT in MCAs, and
microvessels; thereby, different segments of the
cerebrovasculature were studied. Our results showed that
tPA did not affect myogenic tone and reactivity in MCAs
and PAs during early post-ischemic reperfusion.
Furthermore, I/R with tPA was not associated with increased
nitrosative stress in MCAs or in the microvasculature, sug-
gesting no adverse effects of tPA on the vasculature in this
model of female stroke. Results from clinical studies suggest
that women may benefit more from tPA treatment and have
higher rates of recanalization than men [23, 24]. A recent
study that investigated the effect of combining tPA treatment
with the antioxidant uric acid showed a benefit in women but
not in men [28]. Endogenous levels of uric acid were lower in
women than those in men, but the levels of reactive oxygen
species were not measured in the study. It is possible that

il

Sham MCAO

of collagen IV and myeloperoxidase staining in the ipsilateral MCA
territory demonstrating the presence of an intravascular neutrophil
(arrow) after MCAO and treatment with tPA Inset: scale bar 5 um. d
Intravascular neutrophils per square millimeter (mm?). A trend towards
increased number of neutrophils was seen after MCAO (P =0.145, two-
way ANOVA) and after treatment with tPA (P=0.145, two-way
ANOVA). Sham Vh: n=9; Sham tPA: n=8; MCAO Vh: n=8; MCAO
tPA: n=8

women have less adverse effects from tPA than men and
benefit more from its use.

While tPA did not affect myogenic tone and nitrosative
stress in cerebral arteries after I/R, we did note a trend
(P=0.15) in increased number of intravascular neutrophils
in the MCA territory of the ischemic hemisphere. Enhanced
recruitment and adhesion of neutrophils to the vascular endo-
thelium have been suggested as an underlying mechanism for
the “no-reflow” phenomena seen after I/R [14, 17, 18, 45].
The total number of intravascular neutrophils measured in the
present study was low, likely due to the early time point of
reperfusion (30 min) that was assessed. A previous study in
male mice demonstrated significantly enhanced leukocyte ad-
hesion in the superficial middle cerebral artery veins at 3 h but
not at 1 h after administration of tPA in photothrombotic
stroke in mice [22]. It is possible that neutrophil accumulation
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would be significant either alone or with tPA at longer
durations of reperfusion.

Decreased myogenic tone in MCAs was not associated
with increased smooth muscle 3-NT expression. Two previous
studies that investigated vascular oxidative stress by superox-
ide and 3-NT, as well as MCA function after I/R also did not
report an association of myogenic tone and oxidative stress
[47, 48]. In those studies, treatment with CR-6, a structural
derivative of vitamin E or uric acid, prevented the I/R-
induced vascular oxidative stress in male rats but did
not restore the myogenic tone and prevent a larger inner
diameter of MCAs [47, 48].

The 1-mg/kg dose of tPA used in the present study is sim-
ilar to 0.9 mg/kg that is used in humans. Some studies with
tPA use a higher dose (10 mg/kg), based on previous in vitro
studies showing that the fibrinolytic system in rats would be
tenfold less sensitive to tPA than in humans [49]. However,
two studies that compared the dose of 0.9 to 10 mg/kg in two
different thrombotic stroke models in rat demonstrate
similar or close to similar recanalization rates with the
two doses [50, 51]. In addition, studies of the thrombo-
lytic effect of tPA was not the scope in the present
study, but rather its potential adverse effects on the
cerebrovasculature. Therefore, we used a dose similar
to the one used in humans to better mimic the concen-
tration of tPA that the vasculature would be exposed to.

There are some limitations with the current study. The use
of the intraluminal middle cerebral artery occlusion model
followed by treatment with tPA allowed us to study the
potential deleterious effects of tPA independently of its
thrombolytic activity. However, thrombolysis products from
a dissolved blood clot could affect cerebrovascular function
and inflammation and cannot be ruled out. The effect from
tPA on the infarct size after I/R was not measured in the cur-
rent study since it was not the focus of the study. Furthermore,
our experiments were performed on ovariectomized female
rats to eliminate hormonal fluctuations by “surgical
induction” of menopause. Effects of I/R and tPA in a naturally
senescent aged female rat remain to be studied. Cerebral blood
flow values after MCAO were somewhat lower in these ani-
mals, e.g., =65 % in a previous study using male rats [9].
Direct comparisons between age-matched males and females
in the same within the same study would be needed to inves-
tigate if this is a sex-specific effect, but it is possible that a
greater depth of ischemia might have had a larger effect on the
vascular reactivity of the MCAs and PAs. In addition, it would
be interesting to measure parenchymal blood flow to compare
with the findings from the in vitro reactivity studies.

In conclusion, the present study demonstrated differential
effects on cerebrovascular function of MCAs and PAs after
I/R in female rats. MCAs exhibited decreased myogenic tone
and constriction to the nitric oxide synthase inhibitor L-NNA,
while no effects were seen on PAs. Early post-ischemic
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reperfusion with tPA was not associated with adverse effects
on the cerebrovascular function or increased oxidative stress
by peroxynitrite, but might enhance recruitment of intravas-
cular neutrophils. Treatments to protect from vascular
dysfunction to improve microvascular perfusion may improve
stroke outcome in both males and females.
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