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Abstract

Objective—We investigated the effect of estrogen replacement on the structure and function of
penetrating brain arterioles (PA) and blood-brain barrier (BBB) permeability.

Methods—Female ovariectomized Sprague Dawley rats were replaced with estradiol (E,) and
estriol (Ez) (OVX+E; N=13) and compared to ovariectomized animals without replacement
(OVX; N=14) and intact controls (CTL, proestrous; N=13). Passive and active diameters, percent
tone and passive distensibility of pressurized PA were compared. In addition, BBB permeability to
Lucifer Yellow, a marker of transcellular transport, was compared in cerebral arteries.

Results—Ovariectomy increased myogenic tone in PA compared to CTL that was not
ameliorated by estrogen treatment. Percent tone at 75 mmHg for CTL vs. OVX and OVX+E was
44 + 3% vs. 51 + 1% and 54 + 3% (p<0.01 vs. CTL for both). No differences were found in
passive diameters or distensibility between the groups. BBB permeability increased 500% in OV X
vs. CTL animals, however, estrogen replacement restored barrier properties: flux of Lucifer
Yellow for CTL, OVX and OVX+E was (ng/mL): 3.4 + 1.2, 20.2 £ 5.3 (p<0.01 vs. CTL) and 6.15
+1.2 (n.s.).

Conclusions—These results suggest that estrogen replacement may not be beneficial for small
vessel disease in the brain, but may limit BBB disruption and edema under conditions that cause
it.
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Introduction

The incidence and severity of cerebrovascular disease and stroke increases in
postmenopausal women, suggesting a protective effect of endogenous estrogen that is lost
during menopause [39,32]. Estrogen receptors (a and B) are expressed on cerebral
endothelium and vascular smooth muscle of cerebral arteries and arterioles and are thought
to mediate most actions of estrogen [15,27,47]. Numerous studies have shown a beneficial
influence of 17B-estradiol (Ey) on the cerebral circulation, including effects on vascular
tone, inflammation and reactive oxygen species [15,27]. For example, E;, has been shown to
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mitigate basal resting tone through increased production of nitric oxide (NO) and
prostacyclin and reduce production of reactive oxygen species [15,17,33,38]. E; also
decreases inflammatory cytokines that are increased during atherosclerosis and reduces
leukocyte adhesion in the brain that is increased due to chronic estrogen depletion [37,45].
The loss of these protective actions of estrogen is thought to promote cerebrovascular
disease in postmenopausal women and worsen stroke outcome.

The protective effects of estrogen on the cerebrovasculature have been questioned after
report from the Women's Health Initiative (WHI) study found that estrogen replacement
increased the risk for stroke [49]. While the majority of studies have investigated the actions
of E, on cerebrovascular function, other estrogen metabolites such as the ER ligand estriol
(Eg) are less studied. E3 is considered a “weak estrogen” and is widely used in Japan
because it has similar beneficial effects as E; in menopausal women for prevention of
osteoporosis and atherosclerotic disease, without endometrial proliferation [35]. Although
less studied, E3 has been shown to suppress inflammatory cytokines in vascular smooth
muscle and decrease atheromas in high cholesterol-fed rabbits [24,25]. In addition, E3 was
shown to be as protective as E, of cardiac lesions in spontaneously hypertensive stroke-
prone rats [18]. To our knowledge, the effect of E3 on cerebrovascular function has not been
investigated.

The majority of studies on the effects of estrogen on the cerebral circulation have
investigated the response of pial arteries and arterioles to ovariectomy, with or without
replacement of E; [6,15,17,33,38,48]. Pial arteries contribute ~50% to total cerebrovascular
resistance (CVR) and are therefore important for controlling CBF and protecting
downstream microvessels from damage during elevated hydrostatic pressure [16]. However,
little is known about how ovariectomy or estrogen replacement affects other segments of the
cerebrovasculature such as the penetrating parenchymal arterioles (PA). PA are long and
unbranched vessels that connect the pial circulation to the microcirculation [8]. These
vessels are structurally and functionally distinct from pial vessels in that they possess greater
basal tone, lose extrinsic innervation upon entering the brain tissue, and have different
receptor profiles, including decreased or absent serotonin and a-adrenergic receptors
[10,28]. In addition, these arterioles have prominent EDHF production that may be more
important than NO for controlling CBF under conditions in which NO is compromised, such
as stroke [11,51]. However, despite their importance for controlling flow in the cerebral
cortex, it is not known how ovariectomy or estrogen replacement affects the structure and
function of PA.

Another target of estrogen is the cerebral endothelium that forms the blood-brain barrier
(BBB). The cerebral endothelium is unique compared to peripheral endothelium in that it
contains specialized tight junctions that limit paracellular transport and ionic flux, has
limited transcellular transport, and has very low hydraulic conductivity [21,26]. Disruption
of these barrier properties causes vasogenic edema, one of the most detrimental
consequences of stroke and other cerebrovascular diseases [46]. In addition to its effects on
vascular tone and anti-inflammatory properties, E; has been shown to be protective of the
BBB and limit edema formation after conditions such as traumatic brain injury and ischemic
stroke [5,36]. However, it is not known if estrogen protects the BBB during acute increases
in hydrostatic pressure that are associated with conditions such as posterior reversible
encephalopathy syndrome (PRES) and eclampsia [7]. In the present study, we investigated
the effect of ovariectomy and estrogen replacement with combined E, and E3 replacement
on the structure and function of PA and BBB permeability in response to acutely elevated
hydrostatic pressure. The combined treatment of E, and E3 was used for this study because
we were not certain that there would be any effect of either estrogen on PA structure or
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function and this initial approach provided a more efficient means of assessing the effects
that could be dissected in subsequent studies.

Materials and Methods

Animals

Virgin nonpregnant female Sprague-Dawley rats (250-300g;N=22) (Charles River, St.
Constant, QU, Canada) were used for all experiments. All animals were housed in the
University of Vermont Animal Care Facility, an American Association for the Accreditation
of Laboratory Animal Care (AAALAC) accredited facility. Animals had access to food and
water ad libitum and were maintained at a 12 hour light-dark cycle. All the procedures were
approved by the University of Vermont Institutional Animal Care and Use committee and
complied with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Three groups of female rats were used: virgin female controls (CTL; proestrus
stage by vaginal smear; n=7 for BBB permeability experiments and n=6 for PA
experiments), ovariectomized with estrogen therapy (OVX+E; n=7 for BBB permeability
experiments and n=6 for PA experiments), and ovariectomized (OVX; n=6 for BBB
permeability experiments and n=8 for PA experiments). For the OVX+E animals,
ovariectomy was performed 30 days before experimentation and pellets (Innovative
Research of America, Sarasota, FL, USA) containing 17B-estradiol (0.5 mg 21-day release)
and estriol (5.0 mg 21-day release) were subcutaneously implanted in the lateral side of the
neck at the time of ovariectomy. For the OVX animals, placebo pellets (Innovative Research
of America) were implanted at the time of ovariectomy. All surgical procedures were
performed by Charles River (Kingston, NY, USA).

Preparation of cerebral arteries and arterioles

The animals were anesthetized with isoflurane in oxygen and decapitated. The brain was
quickly removed and placed in physiologic salt solution (HEPES solution). For BBB
permeability experiments, a third-order branch of the posterior cerebral artery (PCA) was
carefully dissected, cleared of connective tissue, and placed in an arteriograph chamber
(Living Systems, Burlington, VT, USA). For OV X and OVX+E animals the abdomen was
opened to verify complete removal of ovaries and to assess the morphologic appearance of
the uterus (e.g., edema). For myogenic tone and reactivity measurements of PA, arterioles
were identified as branches off the middle cerebral artery that penetrate at right angles into
the brain parenchyma, as previously described [9,10]. Once identified, surrounding brain
tissue was carefully cleared and the vessel removed and placed in the arteriograph chamber.

Pressurized Arteriograph Chamber

A segment of the dissected artery or arteriole was mounted on two glass cannulas with nylon
ties and pressurized, as previously described [10,11]. The arteriograph chamber was
attached to a heat exchanger to maintain the temperature of the HEPES solution at 37.0 +
0.5°C and pH at 7.40 £ 0.05. The proximal cannula was attached to an in-line pressure
transducer with a peristaltic pump and controller that adjusted intravascular pressure. The
distal cannula was closed off during reactivity experiments to eliminate flow-induced
responses. Lumen diameter was measured via video microscopy.

Experimental Protocols

Myogenic Reactivity of Parenchymal Arterioles—PA were equilibrated for 60
minutes at 25 mm Hg after which the HEPES buffer was replaced by fresh HEPES buffer.
Intravascular pressure was then increased in 25 mm Hg steps to 200 mm Hg and lumen
diameter measured at each pressure after ~10 minutes, once stable. To obtain fully relaxed
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diameters, papaverine (0.1 mmol/L) was added to the chamber to inactivate smooth muscle.
In the presence of papaverine, diameter was measured at pressures from 5-200 mm Hg.

BBB Permeability Measurements—Arteries were equilibrated for 45 minutes at 60
mm Hg after which the HEPES buffer was replaced by fresh HEPES buffer. After perfusing
the vessel with 0.5 mg/ml Lucifer Yellow-CH (LY; MW 522 da; Molecular Probes, Eugene,
OR, USA) in HEPES buffer for three minutes, the HEPES buffer outside the vessel wall was
sampled to measure baseline fluorescence intensity using a fluorescent spectrophotometer
(Photon Technology International, Birmingham, NJ, USA). After 15 minutes at 60 mm Hg
the buffer was sampled again to determine the change in fluorescence. The HEPES buffer
was then replaced by fresh buffer. This procedure, except for the equilibration step, was
repeated at intravascular pressures from 80-200 mm Hg in steps of 20 mm Hg. The
concentration of LY in the buffer outside the vessel wall was quantified from a linear
standard curve plotted from known amounts of LY in HEPES. For each animal,
intravascular pressure was graphed versus permeability (concentration change of LY) and a
regression line was drawn using Sigmaplot graphing software (Systat Software Inc.,
Chicago, IL), the slope of which is the flux of LY in response to pressure. For each group,
the permeability at each pressure and the flux of LY were compared.

Determination of Estrogen Levels

Immediately after the animals were decapitated, trunk blood was collected in PST lithium-
heparin tubes and serum isolated by centrifuging for 10 minutes at 2500 rpm. Serum was
stored at -80 °C until analysis. Serum E, and E3 levels were determined using commercial
ELISA kits (Cayman Chemical, Ann Arbor, MI, USA).

Statistical Analysis

Data are presented as mean = SEM. Differences in body weight, E, and E3 serum levels,
vessel diameter, percent tone, percent distensibility and rate of permeability to LY between
CTL, OVX and OVX+E animals were determined by one-way ANOVA and a post hoc
Student-Newman-Keuls test for multiple comparisons. Differences were considered
significant at P<0.05. A repeated measures ANOVA was used to determine the pressure at
which forced dilatation occurred, i.e., the pressure at which the diameter was significantly
increased compared to baseline. A two-way ANOVA was used to determine the effect of
pressure and estrogen replacement on permeability with a posthoc Bonferroni test for
multiple comparisons.

Data Calculations

Results

Percent tone was calculated as the percent decrease in diameter from the fully relaxed
diameter in papaverine at each intravascular pressure by the equation: [1 - (®tone /
Ppapaverine) ] X 100%, where ¢one is the diameter of the vessel with tone and @papaverine IS
the diameter of the vessel in papaverine. Percent distensibility was calculated at each
pressure in fully relaxed vessels in papaverine by determining diameter changes as a
function of pressure. The following equation was used: [ (Ppressure / P5mm Hg) — 1] % 100%,
where @pressure 1S the diameter of the vessel at a certain pressure and @smm Hg i the diameter
of the vessel at 5 mm Hg.

A significant difference in body weight was found between all groups, with OV X animals
being the heaviest (36710 g; P<0.01 vs. CTL and OVX+E) and OVX+E animals the
lightest (23946 g; P<0.01 vs. CTL and OVX) compared to CTL (280+6 g; P<0.01 vs. OVX
and OVX+E). The mean serum E; level of OVX+E animals was 97+23 pg/mL, which was
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significantly higher than that of the OV X animals which was 23+1 pg/mL (P<0.01) and
CTL animals which was 38 + 5 pg/mL (P<0.01). The mean serum Ejz level was 778 + 151
pg/mL in the OVX+E animals and 3 + 0.7 pg/mL in the OV X animals (P<0.001) and
undetectable in CTL animals.

Figure 1 shows the active diameter versus pressure curves of PA for all three groups. At
pressures within the autoregulatory range, diameters did not change significantly with
increases in intravascular pressure, demonstrating myogenic reactivity in all groups. There
were no significant differences in active inner diameters between CTL, OVX and OVX+E
animals at any of the pressures studied, suggesting that neither ovariectomy nor estrogen
replacement affected myogenic reactivity or active diameters of PA. In addition, the
pressure at which forced dilatation occurred was the same for all groups, namely 150 mm
Hg.

Figure 2 shows the percent myogenic tone of PA for all groups. At intravascular pressures of
75 and 100 mm Hg OV X animals had significantly increased tone compared to CTL animals
(P<0.01). Estrogen replacement did not restore tone to CTL levels as OVX+E animals also
had increased tone between pressures of 75 and 125 mm Hg compared to CTL animals.

To determine if estrogen affected structural remodeling of PA, passive diameter and
distensibility measurements in papaverine were performed (Figures 3 and 4). No differences
were found in passive lumen diameters, suggesting that neither ovariectomy nor estrogen
caused remodeling of the PA. In addition, there was no difference in distensibility between
CTL, OVX and OVX+E animals, suggesting that estrogen did not affect structural
components of the vascular wall.

Figure 5A shows BBB permeability to LY in response to pressure for all groups of animals.
Permeability changed little in response to increased pressure in CTL animals, however,
OVX animals had a significantly higher permeability to LY compared to CTL animals at
pressures >160 mm Hg. Estrogen replacement decreased BBB permeability such that it was
not significantly different from CTL at any pressure. Figure 5B shows the average flux of
LY in response to pressure, calculated from the slope of the regression line of the pressure
vs. permeability curves for each group. There was a 500% increase in BBB permeability in
response to elevated hydrostatic pressure in OV X compared to CTL animals that was
ameliorated by estrogen replacement, as OV X+E animals had permeability similar to CTL
animals (P<0.01 vs OVX).

Discussion

In the present study, we investigated the effect of estrogen replacement with a combination
of E» and E3 on PA structure and function. These arterioles are the site of small vessel
resistance in the brain and connect the pial vessels to the microcirculation [8,10,16]. If
estrogen replacement diminished myogenic tone of these arterioles as has been shown in pial
vessels [17], this could benefit the brain during conditions such as ischemic stroke and small
vessel occlusive disease by increasing CBF and limiting ischemia. In addition, we
investigated how combined E,/E3 treatment affected BBB permeability in response to
increased hydrostatic pressure. We found that while estrogen replacement with E,/E3 did not
affect myogenic tone or structural components of PA, it had a profound effect on BBB
permeability. Permeability to LY was significantly increased in OV X animals, however,
estrogen replacement restored barrier properties to the level of CTL. These results suggest
that estrogen replacement may not be beneficial for small vessel disease in the brain or
protective of infarction, but may limit vasogenic edema during elevations in pressure.
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The present study found that, similar to pial vessels, ovariectomy significantly increased
myogenic tone compared to CTL animals. However, in contrast to pial arteries, replacement
of E,/E3 did not decrease myogenic tone in PA. In fact, tone was similarly increased in both
groups of animals with ovariectomy, regardless of the presence of estrogen. While the level
of tone was increased in ovariectomized animals, regardless of estrogen replacement,
reactivity to increased intravascular pressure or myogenic reactivity was similar between
groups. Myogenic reactivity is the vasoactive response to pressure [22]. It is prominent in
brain arteries and arterioles that underlies cerebrovascular resistance and contributes
significantly to autoregulation of CBF [31]. PA from all groups maintained diameter within
the pressure range from 25 to 125 mmHg, after which forced dilatation occurred, suggesting
that the increase in the level of tone did not affect the pressure at which forced dilatation
occurred. Previous studies have shown that increased myogenic tone in cerebral pial arteries
from ovariectomized rats was endothelium-dependent and due to the loss of estrogen's
enhanced NO production and a switch from vasodilating to vasoconstricting prostaglandins
[15,17,38]. In contrast, Chrissobolis found that basilar arteries from female rats had greater
basal NO production that was estrogen-independent [6]. In that study, the vasoprotective
effects of estrogen was thought to be due to suppression of Rho-kinase function. In the
present study, the mechanism by which ovariectomy increased myogenic tone in PA was not
investigated and further studies are needed at assess the mechanism by which OV X affected
myogenic tone in these arterioles.

There are several possible explanations for the different responsiveness to estrogen between
pial arteries and PA. Since the vasodilatory effect of estrogen is likely receptor mediated
[29,30], differential expression of estrogen receptors between pial arteries and PA may
account for the different responsiveness to estrogen replacement. In fact, differences in
receptor number and density of a- and B-adrenoreceptors, and serotonin (5HT) receptors
have been found between pial and PA [10,28]. However, differential expression of estrogen
receptors by the cerebral endothelium of these vessel types is not known. In addition, PA
develop greater myogenic tone at lower pressures compared to pial arteries, suggesting that
the vascular smooth muscle is more depolarized at lower pressures. Therefore, the
differential effect of estrogen on myogenic tone between pial and PA may be related to the
basal level of tone that is more resistant to the dilatory effects of estrogen. In addition to
increased tone at lower pressures, PA appear to have basal EDHF production that is not
present in pial arteries [11]. It is possible that ovariectomy inhibits basal EDHF that is not
affected by estrogen.

This study also found that E,/E3 did not affect the passive structure of PA. Passive lumen
diameters, determined in the presence of papaverine, were not different between groups,
suggesting that ovariectomy and estrogen replacement did not cause remodeling of PA. In
addition, no differences between the groups were found in passive distensibility, an indirect
measure of the collagen:elastin ratio of the vascular wall [13]. This suggests that estrogen
replacement did not have an effect on the acellular components of the vessel wall of PA,
which is in contrast to findings in the peripheral circulation. For example, estrogen treatment
in aging female rats has been shown to increase distensibility of mesenteric arteries [52].
Also, hormonal replacement therapy in postmenopausal women increased carotid artery
distensibility [4]. The lack of an effect of estrogen on brain arterioles may be related to an
effect of estrogen on large arteries vs. small arterioles, or may be specific to brain vessels. In
fact, our results are consistent with other studies in which distensibility of cerebral pial
arteries was not different in pregnancy, a state of high E»/E3 levels [12].

In the present study, BBB permeability was measured using LY, a polar compound that does
not pass through the high electrical resistance tight junctions of the BBB [21] and is a
marker of transcellular transport [9,19]. We used cerebral pial arteries that have BBB
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properties [1,26] to investigate changes in permeability in response to ovariectomy and
estrogen replacement in vitro. In cerebral endothelium that comprised the BBB, transcellular
transport is low under normal conditions, but increases substantially under pathologic
conditions in which barrier permeability is enhanced leading to vasogenic edema [19,34,50].
One of the earliest microscopic findings in an experimental animal model of acute
hypertension (i.e., hypertensive encephalopathy) is an increased rate of pinocytosis in the
cerebrovascular endothelium of arteries and arterioles, which allows significant passage of
fluid and molecules into the brain [19,34]. Our own studies have shown in cerebral pial
arteries that pressure alone is a potent stimulus for pinocytosis and transcellular transport
[9]. In the present study, we found that ovariectomy significantly increased BBB
permeability to LY in response to pressure, that was prevented by estrogen replacement. To
our knowledge this is the first study to suggest that ovariectomy and estrogen affect
transcellular transport.

Increased cerebrovascular permeability is considered the most important factor for
development of cerebral edema and is determined by the cerebral endothelial cells that form
the blood-brain barrier [26,46]. While contrary to some studies, the finding that estrogen is
protective of the BBB during brain injury and limits edema formation has been found.
Estrogen treatment in male and ovariectomized female rats attenuated edema formation after
traumatic brain injury [36]. Estrogen also reduced BBB disruption in ovariectomized rats
during focal cerebral ischemia [5]. In addition, Bake et al. reported decreased Evans Blue
extravasation in the olfactory bulb and hippocampus in estrogen treated ovariectomized
animals vs. untreated ovariectomized animals [3]. Further, increased BBB permeability was
found in the cortex, brain stem, and cerebellum in ovariectomized animals compared to
animals in proestrus stage when estrogen is the lowest [44]. Together with the results from
the current study, it appears that estrogen replacement with Eo/E3 is protective of the BBB
that is increased in response to ovariectomy. However, it is worth noting that because E, and
E3 were given in combination, it is not clear which estrogen had a greater effect and further
studies are needed to assess the efficacy of different estrogens on BBB permeability.

While the mechanism by which estrogen is protective of the BBB and limits cerebral edema
is currently unknown, several possibilities have been postulated. Estrogen is a known
antioxidant [15,32,33] and has been reported to inhibit membrane lipid peroxidation [2],
thereby possibly attenuating the increased BBB permeability caused by free radical
generation that is known to occur during acute hypertension and other brain injuries [41,50].
However, given that the level of estrogen in the OVX+E group was greater than CTL,
estrogen replacement would be expected in this case to have a greater antioxidant effect and
restore permeability to control levels. Although not statistically different, the permeability of
the OVX+E group was not completely restored, suggesting the antioxidant effect of estrogen
was not likely to be the only contributor to improved barrier function. In addition to an
effect on cerebral endothelium, estrogen may also indirectly limit edema formation in the
intact brain through regulation of aquaporins, as has been shown in peripheral tissues [42].
These transmembrane water channels have been proposed to have a role in the development
and resolution of cerebral edema [26,40]. Lastly, estrogen has been shown to upregulate
expression of the tight junction protein occludin that is decreased during ovariectomy [23].
Although LY is a polar compound that does not pass through the high electrical resistance
tight junctions, it is possible that ovariectomy and estrogen have similar transcriptional
effects on the machinery of pinocytotic vesicles that are important for transcellular transport
(e.g., dynamin).

In conclusion, this study demonstrates that estrogen replacement with combined E,/E3 did
not affect myogenic tone of brain PA. In fact, myogenic tone was significantly elevated in
PA from ovariectomized animals, regardless of estrogen replacement. Ovariectomy also
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significantly increased BBB permeability to LY, suggesting increased transcellular
transport. However, unlike the effect on myogenic tone, E,/E3 treatment was effective at
protecting the BBB from disruption under these conditions.
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Figure 1.

Active lumen diameter vs. intravascular pressure for parenchymal arterioles (PA) from
control (CTL), ovariectomized (OVX) and estrogen treated ovariectomized (OVX+E)

Sprague-Dawley rats. No significant differences in active lumen diameters were found
between the groups. Forced dilation occurred at 150 mm Hg for all groups.
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Figure 2.

Percent myogenic tone of parenchymal arterioles (PA) from control (CTL), ovariectomized
(OVX) and estrogen treated ovariectomized (OVX+E) Sprague-Dawley rats at pressure
from 50-200 mm Hg. OV X animals had increased tone compared to CTL animals, that was
not restored by estrogen replacement. *P < 0.05 versus CTL, ** P < 0.01 versus CTL
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Figure 3.

Passive lumen diameter vs. pressure of parenchymal arterioles (PA) from control (CTL),
ovariectomized (OVX) and estrogen replaced ovariectomized (OVX+E) Sprague-Dawley
rats. No significant differences were found between groups.
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Figure 4.

Percent passive distensibility vs. pressure of parenchymal arterioles (PA) from control
(CTL), ovariectomized (OVX) and estrogen replaced ovariectomized (OVX+E) Sprague-
Dawley rats. No significant differences were found between groups.
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Figure 5.

Blood-brain barrier permeability to Lucifer Yellow (LY). A, Graph showing permeability at
each pressure for posterior cerebral arteries (PCA) from control (CTL), ovariectomized
(OVX) and estrogen replaced ovariectomized (OVX+E) Sprague-Dawley rats. B, Flux of
LY calculated from the average slope (m) of the regression lines for permeability vs.
intravascular pressure. OV X animals had a significantly higher permeability to LY
compared to CTL animals, while OVX+E animals showed permeability similar to CTL
animals. ***P < 0.001 versus CTL; **P < 0.01 versus CTL; *P < 0.05 versus CTL; 42

P<0.01 vs. OVX+E; 2 P<0.05 vs. OVX+E.
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