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Abstract

Whereas the ability of oestradiol and insulin-like growth factor-1 (IGF1) to afford neuroprotection
against ischemia-induced neuronal death in young female and male rodents is well established, the
impact of IGF1 in middle-aged animals is largely unknown. This study assessed the efficacy of
oestradiol and IGF1 in reducing neuronal death after transient global ischemia in middle-aged female
rats following an 8-week hormone withdrawal. Rats were ovariohysterectomized (OVX) and
implanted 8 weeks later with an osmotic mini-pump delivering IGF1 or saline into the lateral
ventricle. Some rats also received physiological levels of oestradiol by subcutaneous pellet. Two
weeks later, rats were subjected to global ischemia or sham operation. Surviving hippocampal CA1
neurones were quantified. Ischemia produced massive CA1 cell death compared to sham-operated
animals evident at 14 days. Significantly more neurones survived in animals treated with either
oestradiol or IGF1, but simultaneous treatment produced no additive effect. IGF1, an endogenous
growth factor, may be a clinically useful therapy in preventing human brain injury, with
neuroprotective equivalence to oestradiol but without the harmful side effects.
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Introduction

Post-menopausal women are particularly susceptible to cardiovascular and neurovascular
disease, especially stroke (1). Quantification of stroke injury and outcomes can be very
difficult; approximately 70% of patients have motor deficits, 40% have sensory deficits, and
upwards of 40% may have speech, swallowing, and/or visual impairments (2). While some
studies show sex differences in the severity of stroke damage, with women suffering more
severe strokes (3) and higher rates of handicap and disability at 6 months (4), other data refute
this (5). Longitudinal and prospective studies reveal conflicting results concerning the
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relationship of current and/or past use of estrogens and combined hormone therapy to the
incidence of stroke (6,7). More importantly, little is known about the modulation of ischemic
brain damage in women taking estrogens or combined hormone therapy at the time of stroke.

In humans and animals, transient global ischemia induces selective, delayed neuronal cell death
of pyramidal neurones in the CA1 hippocampus (8). The exact mechanisms underlying cell
death are still not completely understood (9,10).1n peripubertal and young adult rodents (male
and female), estrogens afford neuroprotection in experimentally induced models of focal and
global ischemia (11,12). Few studies have assessed these effects in older rodents. Oestradiol
significantly reduces brain injury following middle cerebral artery occlusion (MCAO, a stroke
model) in middle-aged (9-11 months) (13) and reproductively senescent (16 months) (14,15)
female rats. Recent experiments in our laboratory extended these findings in older rodents to
a global ischemia model. Oestradiol retains its neuroprotective actions after global ischemia
in middle-aged female rats even if they have been deprived of hormones for a prolonged period
(8 weeks) prior to insult (16).

Insulin-like growth factor-1 (IGF1) plays critical roles in somatic and vascular growth, glucose
homeostasis, and brain development (17,18). The IGF1 system is altered after brain injury.
Endogenous IGF1 mRNA is locally upregulated in the damaged area of the brain after
inhalational ischemia injury (19) with altered expression of IGF1 binding proteins (20).
Exogenous IGF1 is neuroprotective in animal models of global ischemia including 4-vessel
occlusion (21) 2-vessel occlusion with hypotensive ischemia (22), and focal ischemia (23).
However, none of these ischemic models tested older animals. Chronic IGF1 treatment in
senescent male rats increases neurogenesis in the dentate gyrus, providing some evidence that
the aged brain retains responsiveness to the actions of IGF1 (24). Functionally, IGF1 decreases
age-related deficits in working and reference memory tasks in rats (25). The molecular
mechanisms underlying IGF1 neuroprotection are incompletely understood. IGF1 may work
in concert with oestrogens to reduce hilar neuronal death induced in vivo by systemic kainic
acid (26) and by ischemic (27) insults. Reflecting robust communication between the two
systems, oestradiol promotes expression of IGF1, its receptor, and binding proteins (28,29).
Serum levels of IGF1 and oestradiol covary, and decline with age in both rodents (30) and
humans (31).

Whereas IGF1 has been suggested to be neuroprotective in younger animals after ischemia, to
date, no study has assessed whether IGF1 confers protection against transient global ischemia
in middle-aged animals. In this study, we hypothesized that ovarian hormone-deprived, middle-
aged female rats would retain their ability to respond to IGF1 as well as oestradiol when
administered for 2 weeks prior to induction of global ischemia. We also assessed the possibility
that chronic administration of IGF1 might potentiate the neuroprotection achieved by
administering physiological levels of oestradiol alone.

Materials and methods

Animals

Animals were treated in accordance with the principles and procedures of the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals. All protocols were
approved by the Institutional Animal Care and Use Committee of the Albert Einstein College
of Medicine. Animals were maintained in a temperature and light-controlled environment with
a 12 hr light/dark cycle and housed two-three per cage with continuous access to food and
water. Animals were weighed at the beginning of all surgical procedures and again at time of
perfusion.

J Neuroendocrinol. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Traub et al. Page 3

Hormone deprivation

Adult female Sprague-Dawley rats (retired breeders, 9—11 months; Charles River Laboratories,
Inc., Wilmington, MA) weighing between 300-500 g were bilaterally ovariohysterectomized
(OVX) under isoflurane anesthesia (5% for induction, 2% for maintenance in 70% N»0:30%
O,; Baxter Healthcare Corporation, Deerfield, IL). As in our previous work (16), we chose
retired breeders instead of virgin females to more accurately represent the typical middle-aged
woman with at least one previous pregnancy.

Intracerebroventricular (icv) cannula and oestradiol pellet placement

Eight weeks after OV X, under isoflurane anesthesia, animals were secured in a stereotaxic
apparatus. After drilling a burr hole over the right lateral ventricle (1.5 mm lateral, 0.8 mm
posterior to bregma), a 0.31 mm diameter cannula (Alzet Brain Infusion Kit, Durect
Corporation, Cupertino, CA) connected by polyethylene tubing to a mini-osmotic pump (Alzet
Model 2004; Durect Corporation) was inserted to a depth of 3.5 mm. The cannula was secured
with dental cement and fixed to anchoring screws. The cannulae and pumps were filled 40 hr
prior to surgical placement with either IGF1 (100 pg/ml in sterile saline; GroPep, Thebarton,
Australia) or sterile saline (vehicle). Using a pump infusion rate of 0.25 pl/hr, IGF1 was
released at a dose of 600 ng/day, totaling 16.8 g over the 28-day study period. During the
same surgical session, some animals received 0.1 mg oestradiol pellets (60-day sustained
release; Innovative Research of America, Sarasota, FL) inserted subcutaneously beneath the
dorsal surface of the neck. Because these pellets have previously been shown by our laboratory
to be neuroprotective in global ischemia (16,27,32), they were specifically used for purpose
of comparison.

Global ischemia

Two weeks after cannula and pellet placement, animals underwent four vessel global ischemia
or sham ischemia surgery as previously described (33). Briefly, under isoflurane anesthesia,
the vertebral arteries were coagulated bilaterally through a midline occipital-suboccipital
incision between the first and second cervical vertebral bodies using bipolar electrocautery
(Stage 1). Twenty-four hr later following an overnight fast, transient global ischemia was
induced by bilateral occlusion of the carotid arteries with aneurysm clamps for 10 min followed
by reperfusion (Stage 2). Sham-operated rats underwent all procedures except carotid artery
occlusion. Rectal temperature was maintained at 37+0.5°C during ischemia by a heating lamp.
Pupil dilation was monitored throughout the 10-min clamping period. A total of 33 animals
died during induction of global ischemia. Additionally, 1 animal was excluded from analysis
because she woke up during the carotid artery clamp.

Histological analysis

Two weeks after ischemia, animals were euthanized by deep isoflurane anesthesia. Blood was
collected by cardiac puncture for measurement of oestradiol levels. Each rat was perfused
transcardially with 0.9% heparinized saline solution followed by 10% buffered formalin
phosphate (Fisher Scientific, Pittsburgh, PA). Brains were subsequently removed, placed in
formalin at 4°C, washed, fixed in 30% sucrose in PBS at 4°C for 48—-72 hr, and then frozen at
-80°C. Coronal sections (20 pm) were cut at the level of the dorsal hippocampus (3.3-4.0 mm
posterior from bregma) and 4 sections (at 140 um intervals) per animal were mounted and
stained with haematoxylin and eosin. Medial, middle, and lateral sectors from the CA1 region
of the left and right hippocampus were photographed at 40x magnification using a Nikon
microscope and digital camera. As previously described (also see Figure 1), these 3 sectors
correspond to the area medial from CA2 neurones (lateral sector), at the apex of the CA1
(middle sector) and on the upswing of CAL1 in an area clearly distinct from the subiculum
(medial sector) (34). Digital images were opened in Adobe Photoshop, and the number of viable

J Neuroendocrinol. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Traub et al.

Page 4

pyramidal neurones in each of these three 250 pm x 250 um regions of interest was counted
in both the left and right hippocampus. Viable neurones had rounded cell bodies and clearly
visible nucleoli. Pyknotic and shrunken neurones were not counted. Counts were summated
over right and left hemispheres and represent the total cell count of all 4 sections for each of
the 3 sectors. Experimenters were blinded to treatment conditions at the time of neurone
counting.

Confirmation of drug delivery and cannula placement

At perfusion, each pump was examined to ensure that no saline or IGF1 remained in the pump
reservoir. This was verified in all animals. Additionally, all brains were inspected during
sectioning on the cryostat to ensure appropriate location of the cannula track in the right lateral
ventricle.

Serum oestradiol assay

Tubes containing whole blood were placed on ice (10 min) and then stored at 4°C for 24 hr.
Tubes were centrifuged at 300 x g for 5 min. Serum was collected and stored (—80°C) until
analyzed. Serum hormone levels were measured by radioimmunoassay using the Coat-A-
Count oestradiol assay (Siemans; Los Angeles, CA). All assays were performed in duplicate,
and the mean value reported. The sensitivity of detection is 8 pg/ml. The inter- and intra-assay
coefficients of variance are 8.1% and 7.0%, respectively, at the average oestradiol levels in our
study.

Data analysis

Results

In total, 96 animals were used in the experiment; 33 animals died as a result of ischemia and
1 animal woke up. Animals that died were distributed across treatment groups (7 vehicle, 7
oestradiol, 6 IGF1, 12 oestradiol +IGF1, 1 sham). In addition, histological quantification of
cells could not be performed in 1 animal due to poor freezing quality in that brain. Oestradiol
levels were evaluated by Kruskall Wallis and post-hoc with Dunn’s Multiple Comparison tests
as they were not normally distributed. Differences in cell counts among treatment groups were
evaluated by ANOVA followed by Tukey’s HSD post-hoc testing as appropriate. Cell counts
for individual sham groups (vehicle n=5 and IGF1 n=5) were first evaluated by Mann Whitney
U-test; because they did not differ, they were combined into a single sham group. Sham cell
counts were then compared to cell counts in ischemic animals by ANOVA as described above.
We did not include sham-operated females treated with oestradiol alone, because our previous
work in middle-aged females treated in an identical fashion showed that oestradiol does not
alter cell counts in sham animals (cite DeButte-Smith et al., 2009). Similarly, because neither
oestradiol nor IGF1 alone altered cell counts in sham-operated animals, we did not do sham
operations on animals with the combined treatment. Body weights and weight changes were
analyzed by 2-way, mixed repeated-measures ANOVA with subsequent post-hoc evaluation
by Bonferroni's multiple comparison tests. A two tailed p <0.05 was considered statistically
significant. All analyses were performed used STATA SE v 8 (StataCorp LP, College Station,
TX).

Oestradiol levels

Plasma oestradiol levels confirmed the efficacy of OV X as well as delivery of physiological
levels of oestradiol. All animals had serum collected for hormone assay. However, some
samples did not have enough serum for the assays to be preformed. Animals that received
oestradiol pellets (with or without IGF1 infusion) had significantly higher oestradiol levels at
perfusion (z=4.338, p<0.001). There were no differences in oestradiol levels between the

J Neuroendocrinol. Author manuscript; available in PMC 2010 December 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Traub et al.

Weights

Cell survival

Page 5

oestradiol and the oestradiol +IGF1 groups (Table 1). Oestradiol levels obtained in animals
with and without pellets were consistent with levels observed in middle-aged female rats that
underwent OV X with subsequent oestradiol replacement in our previous experiments (16).

Body weight differed over time (F(4,48)= 99.3, p<0.001). Animals experienced a significant
increase in weight in the 8 weeks between OV X and cannula insertion (p<0.001), consistent
with the loss of endogenous oestradiol after OVX. Animals lost weight after cannula insertion
and after Stage 1 of ischemia (p<0.001), likely due to surgical stress; this weight loss stabilized
and did not change between Stage 2 of ischemia and perfusion (p>0.05) (Table 2). Weight
changes (%) over time did not differ as a function of IGF1 or hormone treatment (F(12,48)
=1.732, p>0.05).

As expected, the number of surviving CA1 neurones differed among treatment groups (F(4,60)
=38.53, p<0.001). Global ischemia produced massive cell death of CA1 pyramidal neurones
in vehicle-infused animals (80% cell death) compared to sham-operated animals (Tukey’s,
p<0.001) (Figure 1A). There were no differences in cell counts in sham groups receiving
vehicle or IGF1 (n=5 per group; z=0.419, p=0.675); therefore, these groups were combined
for further analyses into one “Sham” group. In ischemic animals treated chronically with either
oestradiol or IGF1, the number of surviving CA1 pyramidal neurones was higher than in
ischemic control animals, but lower than in sham-operated animals (Tukey’s, p<0.001 for all
comparisons) (Figure 1B). Oestradiol or IGF1 administered alone provided comparable
protection (50% and 56% cell death compared to shams, respectively). Although the
combination of oestradiol and IGF1 provided neuroprotection (54% cell death compared to
sham animals), the effects were not additive relative to treatment with either agent alone
(Tukey’s, p>0.05).

Discussion

The present study demonstrates the novel finding that chronic infusion of IGF1 into the brain
is neuroprotective against global ischemia in middle-aged female rats subjected to long-term
ovarian hormone deprivation. In fact, intracranial IGF1 application was equivalent to
systemically administered oestradiol in its protective efficacy. Although we did not measure
circulating levels of IGF1, plasma IGF1 levels are lower in older rats than in young rats, a
phenomenon known to accompany chronologic and reproductive aging in rodents and humans
(35). We have observed that oestradiol modestly but significantly reduces serum IGF1 levels
in middle-aged females (unpublished observations). Moreover, hypothalamic IGF1 levels
decrease in middle-aged female rats, demonstrating local alterations in the brain IGF1 system
(36). Therefore, our study indicates that middle-aged female rats are able to respond to
chronically administered IGF1 after what we assume to be age-related reductions in tissue and
serum levels of IGF1.

Our findings that oestradiol is neuroprotective in middle-aged female rats subjected to global
ischemia, even after an 8-week OV X interval, confirms our previous experiments (16). These
findings help to answer lingering clinical dilemmas related to estrogen replacement in peri-
and post-menopausal women. Discrepancies in human data regarding the cardiovascular and
neurovascular consequences of estrogen therapy may have their roots in the timing of therapy
(6,7). The presence of a hormone-free interval, the absolute age of patients, and the influence
of other metabolic risk factors are all potential confounders in interpreting the results of clinical
trials including, most recently the Women’s Health Initiative (7). Our findings clearly show
that a long hormone-free interval does not reduce the ability of either oestradiol or IGF1 to
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provide histological neuroprotection, that is, a reduction in ischemia-induced neuronal death.
The data therefore suggest that in appropriately chosen postmenopausal women, such as those
with no medical contraindications for the use of oestradiol, hormone treatment may still provide
substantial neurological benefit after global ischemia (e.g., due to cardiac arrest).

As noted above, we consistently find that oestradiol is neuroprotective in middle-aged female
rats, even when hormone administration is delayed for 8 weeks after OV X (present study and
(16)). In contrast, oestradiol does not appear to afford protection in middle-aged female gerbils
(37). Species differences between gerbils and rats in overall and brain region-specific
sensitivity to oestradiol may contribute to this discrepancy. Additionally, the middle-aged
gerbils used in our previous study were nulliparous, and we have no data on the endocrine
history of those animals. Thus, differences in parity, the nature of prior estrogen exposure and/
or duration of estrogen deprivation may be important factors. Our results also differ from those
in young mice treated for 1 week with oestradiol and then subjected to focal ischemia (MCAO).
Oestradiol was neuroprotective in this model if administered immediately after OV X but not
when delayed by 10 weeks after OV X (38). Additionally, in 12-month old female rats subjected
only to OVX, oestradiol initiated immediately or 3 months after but not 10 months after a
hormone free interval prevented spatial memory task deficits associated with aging (39).
Differences in the mechanisms underlying neuronal death after focal and global ischemia and
with aging as well as differences in hormone action in the cortex (major site of cell loss after
MCAO) and hippocampus (major site of cell loss after transient global ischemia) may explain
why oestradiol continues to be protective after long-term OV X in animals subjected to global
ischemia. For example, acute inflammation contributes significantly to the extent of brain
injury in focal ischemia. Although oestradiol administered 1 week after OV X reduces
expression of local and peripheral inflammatory cytokines, oestradiol administered 10 weeks
after OV X has little or no effect on these markers (38). This opens the possibility that
inflammation plays a significant role in focal ischemia.

Although IGF1 and oestradiol given alone produced comparable levels of histological
neuroprotection, their effects were not additive. We hypothesized that dual treatment might
synergize, because there is substantial cross-talk between the two systems (28). The pathways
by which oestradiol and IGF1 provide neuroprotection may converge. Both activate the MAPK
pathway as well as PI3K-dependent phosphorylation of Akt (40). Therefore, if co-
administration of oestradiol and IGF activate the same molecular pathways, administration of
the two agents together would not be expected to achieve greater protection. Alternatively,
there may be a limit to the degree of histological protection that any pretreatment can achieve
in middle-aged animals. All three pretreatments produced approximately 50% cell survival,
which may represent such a limit. Finally, higher doses of IGF1 may be needed to produce
greater protection alone or to synergize with oestradiol.

Natural declines in both endogenous oestradiol (41) and IGF1 (42).predict increased
cardiovascular mortality and morbidity. However, the use of estrogen therapy for
neuroprotection in older postmenopausal women is controversial because it can precipitate
neurovascular and cardiovascular events (6,7). Thus, IGF1 therapy is a potential alternative.
Higher levels of endogenous IGF1 after ischemic stroke in humans are associated with
improved functional outcome (43). In fact, among hospitalized patients, IGF1 levels are
decreased in stroke victims and inversely correlate with mortality at 3 and 6 months (44). This
suggests that exogenous supplementation of IGF1 is a biologically plausible avenue for clinical
trials.

Human data so far show IGF1 to be safe and well tolerated. Acute, systemic IGF1
administration has been attempted for treatment of septic ICU patients with no apparent
harmful side effects (45). Systemic IGF1 therapy has been proposed for patients with chronic
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heart failure due to its potential cardiovascular benefits (46). There is some precedent for large
scale human trials with IGF1 therapy for cognitive benefit. Although inconsistent results were
reported, chronic, systemically delivered IGF1 has been tested in human trials for the treatment
of amyotropic lateral sclerosis, with minimal toxicity (47). The reported lack of benefit may
be related to the systemic route of administration; intranasal delivery of IGF1 may better deliver
active drug to the central nervous system (48). Experimentally, intranasal IGF1 decreased
infarct volume in adult male rats after MCAO (49). Recently, intranasal IGF1 decreased infarct
volumes and increased open field activity in mice subjected to MCAO (50). In this study,
intranasal IGF1 delivery to the brain occurred more quickly, and IGF1 reached higher peak
levels than with other delivery routes (i.v, i.p, s.c.). Thus, intranasal IGF1 delivery may be
more practical than systemic administration for protection against brain injury in humans.
Collectively, these data suggest that chronic, centrally administered IGF1 may be a viable,
non-toxic therapy to reduce neuronal damage after global ischemic events in humans.
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Figure 1.

Oestradiol and IGF1 provided significant protection against CA1 cell loss. (A) Representative
photomicrographs from animals receiving sham surgery or ischemia treated with vehicle,
oestradiol, IGF1, or oestradiol + IGF1 are shown at low (top, 4x) and high (bottom, 40x)
magnification. Viable neurones were counted in 3 sectors (lateral, middle, and medial) in 4
haematoxylin and eosin stained sections of the dorsal hippocampus. Scale bar, higher
magnification (40x) is 50 um. (B) Data represent the grand sum (mean + S.D.) of 3 counting
sectors over both the right and left hemispheres. * Global ischemia induced significant CAl
cell loss in vehicle-treated compared to sham-operated animals (p<0.001). ** Treatment of
ischemic animals with oestradiol, IGF1, or oestradiol + IGF1 provided significant
neuroprotection compared to vehicle-treated ischemic animals (p<0.001).
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Table 1

Serum oestradiol values as a function of treatment group: Animals receiving oestradiol pellets had significantly
higher serum oestradiol levels than animals who did not receive pellets. Both oestradiol and oestradiol +IGF1
treated animals were also statistically different from the IGF1 alone (p<0.01). Oestradiol values in the oestradiol
and oestradiol -IGF1 groups also did not differ (p>0.05) from each other.

Treatment Oestradiol pg/ml) P value
Vehicle (n=18) 165+125 N/A

Oestradiol (n=5) 385+8.6 <0.01
IGF1 (n=19) 14.0+8.9 >0.05
Oestradiol + IGF1 (n=9) 288+7.4 <0.05

Values are mean serum oestradiol levels + SD. P values are relative to vehicle controls. Serum oestradiol values were not available for every rat as a
result of inadequate serum volume for analysis. Values reported in the table for each treatment group include data from both ischemic and sham-
operated animals.
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