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Abstract

Estrogen is a powerful endogenous and exogenous neuroprotective agent in animal models of brain
injury, including focal cerebral ischemia. Although this protection has been demonstrated in several
different treatment and injury paradigms, it has not been demonstrated in focal cerebral ischemia
induced by intraparenchymal endothelin-1 injection, a model with many advantages over other
models of experimental focal ischemia. Reproductively mature female Sprague-Dawley rats were
ovariectomized and divided into placebo and estradiol-treated groups. Two weeks later, halothane-
anesthetized rats underwent middle cerebral artery (MCA) occlusion by interparenchymal
stereotactic injection of the potent vasoconstrictor endothelin 1 (180 pmoles/2 pl) near the middle
cerebral artery. Laser-Doppler flowmetry (LDF) revealed similar reductions in cerebral blood flow
in both groups. Animals were behaviorally evaluated before, and two days after, stroke induction,
and infarct size was evaluated. In agreement with other models, estrogen treatment significantly
reduced infarct size evaluated by both TTC and Fluoro-Jade staining and behavioral deficits
associated with stroke. Stroke size was significantly correlated with LDF in both groups, suggesting
that cranial perfusion measures can enhance success in this model.
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Introduction

Estradiol is a powerful neuroprotective agent in numerous models of cerebral injury, including
experimental stroke [19,25,41]. In rodents, this protection has been demonstrated over wide
dose ranges in males and females and in multiple models of middle cerebral artery occlusion
(MCAQO, for reviews see [15,25]). The most common technique for inducing middle cerebral
artery occlusion (MCAQO) in the rat is through introduction of an intraluminal nylon thread
through the internal carotid artery in an effort to occlude the origin of the middle cerebral artery
at the circle of Willis. This method, first described by Koizumi [20], has been modified
numerous times by multiple investigators in an attempt to standardize the model and reduce
complications and mortality (for examples see: [1,21,29,37,45]).
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In 1993, Sharkey et al. [33,35] introduced intraparenchymal injection of the potent
vasoconstrictor endothelin-1 (ET-1) as a model for focal cerebral ischemia, and demonstrated
that injections very close to the MCA lead to reproducible infarcts. The advantages of the model
included the relative ease of learning, minimal fine surgical skill, the ability to perform surgery
in the prone position, no disturbance of the neck or mouth, low trauma and rapid recovery of
subjects, and the ability to produce varying injury by altering dose. This model has been widely
adopted and modified, including the use of endothelin receptor antagonists to produce
reversible ischemia induced by endothelin-3 [17]. Furthermore, recent studies have
demonstrated the use of this model in awake animals, mitigating the confounding effects of
anesthesia [3]. In the present study, we evaluated the neuroprotective effects of estrogen in
ovariectomized rats using this model.

Materials and Methods

Animals and treatments

Female Sprague-Dawley rats (7-8 weeks old; 225-250 g) were obtained from Harlan and
maintained in accordance with the National Institute of Health Guide for the Care and Use of
Laboratory Animals. The Medical College of Georgia’s Institutional Animal Care and Use
Committee approved all protocols. Rats were maintained on a soy-free, reduced isoflavone
custom diet (Zeigler Brothers, Inc., Gardners, PA) for one week after entering the animal
facility. Rats were then ovariectomized under halothane anesthesia and randomized into one
of 2 treatment groups, ovariectomy-+placebo (Ovx) or ovariectomy+estradiol (Ovx+E2).
Animals in the E2 group received a subcutaneous slow-release pellet of estradiol (Innovative
Research, Sarasota, FL; Cat#E121, 21 day release) at the time of ovariectomy. This dose results
in physiological circulating estradiol levels of approximately 25 pg/ml [22]. Two weeks later,
rats underwent middle cerebral artery occlusion (MCAO) through intraparenchymal injection
of endothelin-1 (described in detail below).

Middle cerebral artery occlusion

Rats were anesthetized with 5% halothane in 100% oxygen and placed in a stereotaxic frame.
Animals were maintained on 1.5% halothane delivered through a nose cone. Temperature was
maintained at 37+0.4 C with a servo-controlled heating pad connected to a rectal temperature
probe. A midline incision was made in the scalp to expose the cranial sutures. The injection
site in the left hemisphere was located using bregma as a reference point. Using a low speed
hand-held drill, a small burr hole was placed in the skull at the desired location, with careful
attention to avoid injuring the dura. Initial pilot studies assessed used anterior/posterior (AP)
and medial/lateral (ML) coordinates similar to those used by others. However, the depth of
injection was modified significantly before finding the appropriate injection location in these
animals. The final coordinates used to assess estrogen-dependent neuroprotection were 0.9 mm
AP, 4.8 mm ML, and 5.8 mm DV from dura. After ensuring the correct hole placement, a laser-
Doppler flow probe (Perimed #403, Perimed, Stockholm, Sweden) was attached to the skull
at 3 mm posterior and 5 mm lateral to bregma. After a stable flow was established, the dura
was nicked with a needle and the injection pipet was lowered into place.

We constructed injection pipets for use with a pressure injection system (Toohey Pressure
injection System IIE, Fairfield, NJ). A 10 mm blunt section of a 30-gauge syringe needle was
cut and polished with a Dremel tool under a dissecting microscope. The end was inserted into
a calibrated 5 ul glass capillary tube (World Precision Instruments, Sarasota, FL) and fixed
with epoxy. After setting, the pipet was tested and washed with ethanol.

Endothelin-1 (Sigma-Aldrich, St. Louis, MO) was prepared in sterile PBS in small aliquots at
200 pmol/ul and frozen at —80C. For each experimental day a fresh aliquot of endothelin-1
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was diluted in artificial CSF (CSF; in mM: 124 NaCl, 3 KCI, 1.3 MgSOy, 2.4 CaCl,, 1.4
NaH,POy, 10 glucose, and 26 NaHCO3, pH 7.4) to provide 120 pmoles in 2 pl. The pipet was
loaded and tested prior to lowering it into the brain. The pipet was lowered slowly via a
sterotaxic arm and endothelin-1 was injected over 2-3 minutes using 0.5-2 msec triggers of
air. Following injection, the pipet was left in place for 15 minutes before being removed. The
bone was sealed with bone wax. All rats remained anesthetized with halothane for a total of 2
to 2.25 hours to monitor LDF. The scalp was closed with surgical staples after the LDF probe
was removed. Rats were allowed to recover on a DeltaPhase hot pad (Braintree Scientific Inc.,
Braintree, MA). Sham rats were injected with 2 pl of artificial CSF.

Behavioral assessment

The day before MCAO, rats were evaluated for baseline behavior using two tests of sensory/
motor function. The elevated body swing test [9] was used to assess bias in swing direction in
rats elevated by the base of the tail. Twenty separate tests were performed with the number of
right and left initial head/torso turns recorded. Prior to MCAO, rats swing right and left with
near equal frequency, leading to a contralateral ratio of 0.5. Following MCAO, rats with cortical
infarcts have a biased swing to the side contralateral to the injury with a bias approaching 1.
In addition, severely injured animals develop a *“c”-shaped body posture with tail elevation.
The second behavioral test is the cylinder test for forepaw placement bias [31,32]. Digital video
recording of rats placed in a clear plexiglass cylinder (8” diameter x 12 *“ high) is used to assess
the number and order of forelimb placement on the cylinder wall during rearing. A treatment-
blinded observer scored a total of the first 20 rearing wall touches to calculate an asymmetric
forelimb bias with the equation: (Contralateral—Ipsilateral)/Contralateral + Ipsilateral + Both).
Two days after endothelin injection, rats were tested again to assess functional deficits.

Infarct assessment

Two days after endothelin injection, and following behavioral assessment, rats were deeply
anesthetized with urethane (1.5g/kg ip). Animals were then transcardially perfused with ice-
cold saline. Brains were rapidly removed and placed in ice-cold sterile saline for 2 minutes.
Brains were placed in a cold brain matrix (Braintree) and seven 2 mm coronal sections were
made starting at the frontal pole. Sections were placed in TTC for 15 minutes at 37C and then
moved to 4% formaldehyde overnight at 4C. Sections were scanned on a flatbed scanner and
then frozen in OCT (Tissue Tek) for subsequent sectioning by cryostat. Digitally scanned
sections were traced by hand and quantified with NIH Image. A single cryosection (10 pum)
from each 2 mm slice was also processed for Fluoro-Jade B (Chemicon, Millipore, Billerica,
MA\) staining to determine the extent of neurodegeneration. Fluoro-Jade B sections were traced
at 200x using an Olympus BX60 fluorescent microscope and Neurolucida software
(MicroBrightfield Inc, Willistan, VT). Infarct size is expressed as percentage of contralateral
structure with a correction for edema [36].

Statistical Analysis

Results

Correlations between variables were assessed with Spearman Rank-Correlation Coefficient
using InStat software (GraphPad, San Diego, CA). When comparing variables between Ovx
and Ovx+E2, groups unpaired t-tests were used to compare single variables and analysis of
variance with a posteriori Tukey-Kramer tests were used for multiple variable analysis. In all
cases, a P value of <0.05 was considered significant.

Ovariectomy without estrogen replacement led to a significant gain in body weight (287 + 7 g
vs 233 = 4 g). Initial experiments were used to establish injection coordinates based on
published studies. However, differences in sex, age, strain, and size made success based on
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published coordinates highly variable. In particular, the dorsal-ventral coordinates used by
others consistently resulted in collision of the pipet with the ventral surface of the skull.
Therefore, a systematic approach to determining the appropriate coordinates in our models was
undertaken. Dose and concentration of endothelin, anterior-posterior injection coordinates, and
LDF probe placement were consistent with other studies. However, the injection site was
altered in both the medial-lateral and dorsal-ventral planes. Correlation of intended injection
site and actual injection site was determined using Nissl staining. Whereas other investigators
using larger male rats have used bregma to calculate DV coordinates, we found that we
achieved better success using dura as our zero point.

Injection site and infarct size

After determining the most effective coordinates for inducing stroke in young female Spague-
Dawley rats, we performed regression analysis to determine which parameters are most
predictive of outcome. The final coordinates used for comparison of Ovx and Ovx+E rats were
0.9 mm AP, 4.9 mm ML from Bregma, and 5.8 mm DV from dura at the injection site. The
most distant injection from these coordinates was 0.8 mm dorsal. Results were analyzed for
all animals and also separately for Ovx and Ovx+E animals (Table 1). Using results from 19
Ovx rats, we found that both LDF and proximity to our most effective injection site were
significantly predictive of infarct site (Table 1). However, proximity to the most effective
injection site did not predict the change in LDF (Table 1). In addition, although the proximity
to the most effective injection site did predict infarct size overall and in Ovx rats, it did not
predict infarct size in estrogen-treated rats (Table 1). Cranial LDF dropped 50-60% within 5
minutes of injection and remained reduced for at least 45 minutes, at which time recording was
stopped. In 2 rats from each group, we measured cranial LDF for 3 hours. A partial reperfusion
was observed beginning at about 2 hours, but did not reach preinjection levels (Fig. 1). In 3
sham rats injected with artificial CSF, a slight (<10%) drop in LDF signal was noted, and is
likely due to the pressure and volume of the injection. In these animals, there was no sign of
infarct after 48 hours (data not shown).

Effect of estrogen on infarct size

To determine the effect of estrogen on infarct size in the ET-1 stroke model, animals were
randomly assigned to the Ovx or Ovx+E groups. Eight placebo and 12 estrogen treated rats
completed the study. Two animals in each group died during, or shortly after, surgery. There
was no significant difference between groups with respect to LDF (Fig. 2), but estrogen
significantly reduced infarct size determined with TTC staining two days after induction of
stroke (Fig. 2). Fluoro-Jade B staining for degenerating neurons revealed a near identical
decrease in infarct size in estrogen-treated rats (Fig. 2).

Effect of estrogen on behavioral response to stroke

The elevated body swing test (EBST) and cylinder test were used as measures of the behavioral
response to stroke. Prior to stroke, there was no significant difference between Ovx and Ovx
+E rats (Fig. 3). However, 48 hours after stroke, Ovx rats displayed a significant increase in
contralateral swing bias whereas estrogen-treated rats did not (Fig. 3). In the cylinder test, there
was no difference between groups prior to stroke (Fig. 3). Forty-eight hours after stroke Ovx
rats had a significant increase in paw placement bias, but Ovx+E rats did not (Fig. 3).

Discussion

Estrogen is neuroprotective in multiple models of focal and global ischemia. However, this
effect has not been previously demonstrated in female rats using intraparechymal endothelin
injection in the vicinity of the middle cerebral artery. Compared with the intraluminal thread
model, adaptation of this technique to the young female Spague-Dawley rat provides an
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additional experimental model that is less technically difficult, less invasive, and provides the
options of performing other stereotaxic procedures during stroke. The consistent correlation
of LDF with infarct size further supports the use of LDF monitoring in focal ischemic models.
Furthermore, the present study provides additional support for the growing list of
neuroprotective actions of estrogen, as both infarct volume and behavioral deficits were
mitigated in estrogen-treated rats.

Although the ET-1 stroke model has gained wide acceptance, its application to female rats has
been limited to two reports [42,43]. In addition, few investigators have used real-time measures
of cerebral blood flow to confirm effectiveness of injections [6,17]. A recent systematic review
of methods used to produce ischemia with ET-1 showed only a 50% success rate in producing
rats that survive at least one week and display behavioral deficits when MCAO was
accomplished through parenchymal injection of ET-1 near the MCA [40]. In the present study,
we found a significant correlation between LDF drop and infarct size, suggesting that success
in this model might be improved by LDF measurements during surgery. Most recent studies
using ET-1-induced strokes do not evaluate cerebral blood flow. The low success rate
demonstrated by Windle [40] has the potential to significantly impact not only the use of the
model for producing stroke, but also the ability to evaluate the effects of neuroprotective agents
if LDF is not equilibrated among experimental and control groups. In the present study, we
demonstrated a significant correlation between cranial LDF and infarct size, and this
relationship was maintained in both the OV X and OVX+E groups. Similarly, Biernaskie [6]
showed a high correlation between 8 hour cerebral perfusion determined with MRI and
histological outcome at 7 days.

Injection of ET-1 near the MCA has been used by several investigators to demonstrate
therapeutic approaches to stroke, including neuroprotection via immune suppression [34],
sodium channel blockade [10], calcium channel blockade [7,28], and NMDA receptor blockade
[26]. Using direct aplication of ET-1 to the MCA through craniotomy Dawson, et al. also
demonstrated the protective effects of free radical scavengers [12]. Preconditioning effects of
thrombin are seen using ET-1-induced MCAO [16], and prophylactic neuroprotective effects
of growth factors have also been observed [4]. In contrast, a metabotropic glutamate receptor
agonist that is effective in reducing global ischemic damage in gerbils did not have
neuroprotective effects in rats injected with ET-1 [8]. Studies using interparenchymal
injections of ET-1 into the cortex or striatum have also demonstrated neuroprotective effects
of minocyline [18] and nitric oxide donors [23].

One potential caveat of the present study, and all studies using ET-1 injection, is the potential
interaction of the neuroprotective agent with ET-1 signaling pathways, including ET-A and
ET-B receptors. Limited in vitro data suggest that estrogens can reduce ET-1-dependent
vascular tone in the aorta [2] and cerebral vasculature [39]. Estrogen can also reduce ET-1
expression in the aorta [38]. However, the effects of ET-1 injection are likely to be more
dependent on estrogen regulation of ET receptors, for which little is known. In the rat heart,
estrogen increases ET-B, but not ET-A receptor expression [27]. Similarly, estrogen increases
ET-B receptor mRNA in the trigeminal ganglion [30]. However, measurement of cranial LDF
at a site distal to injection of ET-1 further supports the use of this model. The observation that
cranial LDF was not different between Ovx and Ovx+E rats, although infarct size was, suggests
that any effects of estrogens on the ET-1 response are not mediated by early changes in flow.

Another potential concern with the ET-1 MCAO model is how it can best be compared with
other models of stroke, particularly the intraluminal thread model. Does ET-1 injection near
the MCA represent a permanent or transient occlusion? In our hands, flow remains significantly
reduced up to two hours. This is followed by a partial reperfusion that is maintained for at least
another 3 hours. Similarly, Gartshore et al. demonstrated limited reperfusion of the cortex
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starting two hours after ET-1 application to the MCA through craniotomy [14]. Biernaskie also
demonstrated limited reperfusion 7-48 hours after ET-1 injection [6], proposing that the long-
lasting moderate reduction in blood flow followed by slow, but near complete reperfusion may
more accurately reflect human stroke [6]. For more direct comparison with intraluminal thread
models of controlled reperfusion, more rapid and complete reperfusion is possible with ET-3
and ET-R antagonist injections [17], although we have not explored this method. The injury
induced by ET-1 injection produces both a localized vasospasm close to the injection site and
reduced perfusion in distal portions of the vascular tree. The vasospasm itself may retain
characteristics associated with responses to subarachnoid hemorrhage which are themselves
partially mediated by ET-1 [11] Endothelin increases in the brain following both focal and
global ischemia and likely contributes to ischemic injury [5,44] because blockade of central
ET-A receptors is itself neuroprotective in transient [24] and permanent MCAO [13]. Thus this
model of brain injury likely retains properties associated both with embolic stroke and other
forms of ischemic injury.

In conclusion, focal ischemia produced by intraparenchymal injection of ET-1 close to the
MCA provides a suitable model for the examination of estrogen’s neuroprotective effects.
However, careful monitoring of cranial perfusion and consistent exclusion criteria are
necessary to ensure that the extent of ischemia is the same across treatment groups.
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Figure 1. Representative example of cranial LDF with ET-1 injection

LDF trace normalized to pre-injection value = 100%. Arrow represents start of ET-1 injection
near the MCA. Hatches represent 60 minutes since injection and time scale is reduced for right
hand portion of trace. After approximately 2 hours, several small transient increases in flow
are followed by a sustained increase in LDF signal for at least an additional hour.
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Figure 2. Effect of estrogen on infarct size and cranial LDF

Left panels show representative examples of TTC-stained brains from Ovx and Ovx+E2 rats.
The unstained white area represents infarcted tissue. Left graph shows mean + SD infarct size
as a percent of the contralateral intact size in Ovx (n=8) and Ovx+E2 rats (n=12). Open bars
represent calculated infarct size from TTC staining, and shaded bar represent calculated infarct
size from Fluoro-Jade B staining. Right graph shows cranial LDF as percent of baseline over
the first 45 minutes following injection of ET-1 in the same rats. Asterisks represent significant
differences between Ovx and Ovx+ E2, P<0.05.
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Figure 3. Effect of estrogen on behavior following ET-1 induced MCAO

Upper panel shows mean = SD of ipsilateral paw preference in the cylinder test in Ovx (n=8)
and Ovx+E2 rats (n=12) 48 hours after stroke. Lower graph shows mean + SD of contralateral
swing bias in the EBST in Ovx (n=8) and Ovx+E2 rats (n=12) 48 hours after stroke. Asterisks
represent significant differences, P<0.05.
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Group (n) All (36) Ovx (19) Ovx+E (17)
LDF vs Infarct r=0.5657 r=0.5504 r=0.5031
P=0.0024 P=0.0272 P=0.0333
Site vs Infarct r=—0.3998 r=—0.6649 r=—0.02158
P=0.0317 P=0.0131 P=0.9368
Site vs LDF r=0.01695 r=—0.3267 r=0.3133
P=0.9279 P=0.2346 P=0.7457
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