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NEUROENDOCRINOLOGY

Ovariectomy and 17␤-Estradiol Replacement Do Not
Alter ␤-Amyloid Levels in Sheep Brain
A. M. Barron, M. Cake, G. Verdile, and R. N. Martins
School of Psychiatry and Clinical Neurosciences (A.M.B., G.V., R.N.M.), The University of Western Australia, and Sir James
McCusker Alzheimer’s Disease Research Unit (A.M.B., G.V., R.N.M.), School of Psychiatry and Clinical Neurosciences and
University of Western Australia, Hollywood Private Hospital, Nedlands 6009, Australia; Centre of Excellence in Alzheimer’s
Disease Research and Care (A.M.B., G.V., R.N.M.), Edith Cowan University, Joondalup 6027, Australia; and School of
Veterinary and Biomedical Sciences (M.C.), Murdoch University, Perth, Western Australia 6105, Australia

The benefits of estrogen replacement as a preventative treatment for Alzheimer’s disease (AD) are
subject to debate. Because the effects of estrogen depletion and replacement on accumulation of the
neurotoxic ␤-amyloid (A␤) peptide in transgenic animal models of AD have been variable, we examined
A␤ levels and oxidative stress in a nontransgenic animal model. Sheep have traditionally been used as
a model for human reproduction; however because they share 100% sequence homology with the
human form of A␤, they may also have potential as a nontransgenic model for A␤ biology. The effect
of ovariectomy and estrogen replacement administered for 6 months via slow-release implant was
examined in the brain of 4.5-yr-old sheep. A␤ levels were measured by ELISA, and protein levels of the
amyloid precursor protein (APP), APP C-terminal fragments (C100), and presenilin-1 were examined
semiquantitatively by Western blot as markers of APP processing. Markers of oxidative stress were
examined semiquantitatively by Western blot [4-hydroxy-2(E)-nonenal] and oxyblot (protein carbonyls). We found no effects of estrogen depletion and supplementation in terms of AD-related biochemical markers, including A␤ levels, APP processing, and oxidative stress levels. Evidence of a trend toward
increased P450 side-chain cleavage enzyme levels in the hippocampus of ovariectomized and estrogen
supplemented sheep suggests that neurosteroidogenesis may compensate for gonadal estrogen depletion; however, these findings cannot explain the lack of effect of estrogen supplementation on APP
processing. It is possible that supraphysiological doses of estrogen are necessary to yield antiamyloidogenic and antioxidative benefits in ovariectomized sheep. (Endocrinology 150: 3228 –3236, 2009)

he rapid hormonal changes occurring at menopause, including estrogen depletion and elevated LH levels, are thought to
play a role in the increased susceptibility to Alzheimer’s disease
(AD) in women (1, 2). These hormonal changes are believed to
promote the accumulation of the neurotoxic ␤-amyloid (A␤)
peptide and increase susceptibility to A␤-induced neurotoxicity
(3– 6 and as reviewed in Ref. 7). A␤ is a proteolytic product of the
amyloid precursor protein (APP) and is thought to have a critical
role in the pathogenic events that lead to neuronal loss and dysfunction in AD (reviewed in Ref. 8). A small percentage of all AD
is termed early onset and is linked with the autosomal dominant
inheritance of mutations in three genes, APP, PS-1, and PS-2. The
vast majority of all AD cases are late onset and idiopathic, although a number of risk factors have been identified.

T

Because rodent A␤ differs from the human form, many animal models for AD involve transgenic animals that express one
or more mutations in genes associated with AD. However, the
effect of these mutations may mask the potential subtle effects of
other factors, such as hormonal changes, which may play a role
in AD pathogenesis. Investigation of the effect of estrogen depletion and subsequent estrogen supplementation in animals
that share A␤-sequence homology with humans may provide
insight into the role of estrogen in the regulation of A␤ accumulation in sporadic AD cases.
The benefits of hormone therapy (HT) as a potential preventative strategy for AD remain unclear due to the variable outcomes of human clinical studies (reviewed in Ref. 9). Whereas
many small studies have reported improved cognition and re-
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duced prevalence of AD among HT users (10 –13), the large
Women’s Health Initiative Memory Study found detrimental effects of HT on both cognition and risk of AD (14, 15). There are
a number of factors that need to be considered in the latter studies
that may help explain these discrepancies. These include the age
at initiation of hormone replacement therapy, source of hormone
(equine estrogens and progesterone compared with synthetic human forms of these hormones), and mode of delivery (cyclic,
continuous). Animal models in which potentially confounding
factors including type, dose, and mode of estrogen delivery can
be rigorously controlled and tested are invaluable in determining
the potential preventative benefits of HT for AD. However, even
in transgenic animal models for AD, the effects of estrogen depletion and supplementation on brain A␤ accumulation is unclear due to discrepancies between studies. Whereas some studies
have reported no effect of ovariectomy or estrogen supplementation on A␤ accumulation (3, 16 –18), others have found ovariectomy to significantly elevate A␤ levels, which can be attenuated with estrogen supplementation (5, 19, 20).
To date, the effect of ovariectomy and subsequent estrogen
replacement on A␤ has been examined in only one animal model
that shares A␤ sequence homology with human A␤. Petanceska
et al. (21) examined the effect of ovariectomy in young guinea
pigs, finding significantly elevated A␤ levels in ovariectomized
guinea pigs, which could be partially attenuated by short-term
treatment with 17␤-estradiol (8 d). In the current study, we
aimed to build on these findings, examining the effect of ovariectomy and estrogen replacement therapy (ERT) in sheep, another animal that shares A␤ homology.
Sheep have proven very useful as a model for human reproduction and metabolism due to similarities in estrus periodicity, breeding, and metabolic rate. The sheep estrus cycle
lasts approximately 17 d, more closely approximating the
length of the human menstrual cycle than rodents, which have
an estrus cycle lasting approximately 4 d. Furthermore, sheep,
like humans, are generally limited to one or two offspring,
unlike other mammals such as rodents or dogs that are prolific
breeders. As such, sheep are thought to better reflect hormonal
regulatory mechanisms of ovulation than prolific breeders.
Ovariectomy of sheep has been a very successful model for the
study of menopausal symptoms and conditions including hot
flushes (22), heart disease (23), bone density loss (24), and
arthritic changes (25).
Sheep have also been extensively used in the field of neuropathology including the neurodegenerative prion disease scrapie
(reviewed in Ref. 26) and as a model for the effect of traumatic
brain injury on APP expression (27). Sheep are one of the few
animals that develop neurofibrillary tangles during normal aging
closely resembling that seen in the AD brain (28 –31), thus making them useful for the study of tau neuropathology. Additionally, there is a high homology between sheep and human forms
of apolipoprotein (APOE) (32), unlike rodent APOE. In humans,
polymorphisms of APOE are recognized as an important risk
factor for the development of AD (33). Whereas no similar polymorphisms have been found in sheep APOE (32), the high homology between sheep and human APOE makes research easier
to translate between the species.
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Here sheep have been used as a nontransgenic, human-like
model of AD to investigate the effects of ovariectomy and subsequent estrogen replacement on APP processing, A␤ accumulation, and A␤-related neurotoxicity (oxidative stress).

Materials and Methods
Animals and surgical procedures
Merino ewes were obtained from a single source and selected for
uniformity of size, conformation, body condition, and absence of lameness. At 4 yr of age, 30 sheep were divided among three groups: nonoperated controls (control; n ⫽ 12), ovariectomized (OVX; n ⫽ 12), and
ERT (n ⫽ 12).
Sheep were ovariectomized via a small midline laparotomy incision
under general anesthesia, induced by iv diazepam/ketamine and maintained by inhaled halothane (2%). ERT was administered via 3- ⫻ 1-cm
SILASTIC brand tubing (Dow Corning Corp., Midland, MI) 17ß-estradiol (Sigma, St. Louis, MO) implants placed sc on the lateral thorax at
time of ovariectomy according to previously described methods (34).
Venous blood was collected while animals were under anesthesia.
After a brief recovery period, sheep were maintained on irrigated
pasture without supplementary feeding. Blood was collected again 1 and
3 months after surgery, with final blood collection occurring at the time
the animals were killed.
Animals were killed by intracardiac infusion of saturated KCl while
under ketamine/diazepam general anesthesia at 4.5 yr of age after a
6-month treatment period. All animal procedures were approved by the
Murdoch University Animal Ethics Committee.

Tissue collection and preparation
Venous blood samples were collected while under general anesthesia
before the animals were killed, and plasma and serum were collected and
stored at ⫺80 C for later analysis. After the animals were killed, animals
were decapitated and the brain was removed and bisected. The hippocampus and frontal cortex from the left hemisphere were snap frozen
by submersion in liquid nitrogen and stored at ⫺80 C. Tissue was homogenized in 3 ml/g 20 mM Tris buffer (pH 7.4) containing protease
inhibitor cocktail (Roche, Basel, Switzerland). Aliquots of total homogenate were stored at ⫺80 C for Western blot analysis. For two-dimensional oxyblot analysis, total homogenate was centrifuged at 14,000 rpm
for 20 min at 4 C, and the supernatant was aliquoted and stored at
⫺80 C for further processing. Protein concentration of total homogenate and supernatant for oxyblot analysis were determined by microBCA protein assay kit (Pierce, Rockford, IL) according to the manufacturer’s instructions.

Estrogen, progesterone, and LH assays
Plasma estradiol levels were assessed in a solvent extraction RIA.
Samples were assayed blind, with two replicates of each sample extracted
by adding ethyl acetate-hexane (3:2) and then drying the solvent layer
under nitrogen. Estradiol (Sigma) was dissolved in ethanol and used to
prepare standards ranging from 100 pg/ml to 0.1 pg/ml, which were dried
under N2. Samples and standards were reconstituted in 0.1 M PBS containing 0.1% gelatin. Samples were incubated with the tracer (10,000
dpm of 1,2,6,7-[3H] estradiol-17␤; Amersham Biosciences, Buckinghamshire, UK) and the antiestradiol antibody (ICN Pharmaceuticals
Inc., Aurora, OH) at 4 C for 24 h. After incubation, cold 0.05% dextran
T70-coated charcoal (0.5%) was added to all tubes except those used to
determine total counts. The tubes were incubated for 20 min and then
centrifuged at 4 C at 2000 ⫻ g for 20 min. The supernatant was aspirated
into counting vials with scintillation fluid (Starscint; Packard, Groningen, Netherlands) and counted in a liquid scintillation counter. The
cross-reactions of the antibody were estradiol-17␤ (100%), estradiol
(2.46%), estradiol-17␣ (1.32%), estrone (1.32%), estrone-sulfate
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(0.21%), and ethinyl estradiol (0.11%). Mean percentage recovery
for extraction for the assay was 91% and the sensitivity of the assay
was 0.1 pg/tube. All samples were processed in a single assay with an
intraassay coefficient of variation of 4.8%.
Plasma progesterone was measured using a double-antibody RIA as
previously described by Gales et al. (35). Each assay contained six replicates each of three quality control samples containing 3.4, 1.6, and 0.8
ng/ml, which were used to estimate the intraassay coefficients of variation (5.1, 4.6, and 6%). The limit of detection was 0.1 ng/ml. Samples
that had progesterone values below the limit of detection were assigned
a value of zero. The averages of groups were calculated including samples
assigned nil progesterone value.
Plasma LH was measured by a double-antibody RIA, which is described and validated by Martin et al. (36) with further modifications
described by Martin et al. (37). Samples were assayed blind in duplicate
and the limit of detection was 0.06 ng/ml. Each assay had a standard
curve that included four total counts, four tubes for nonspecific binding,
11 replicates of B0, three replicates of each standard, and six replicates
each of three quality control samples containing 2.2, 1.1, and 0.51 ng/ml,
which were used to estimate the intraassay coefficients of variation (4.9,
6, and 6%).

Western immunoblotting
Full-length (FL)-APP, APP C-terminal fragment (C100), and presenilin 1 (PS1) N-terminal fragment (NTF) were examined as markers of
APP processing. Human specific APP monoclonal antibody C1/1.6 directed against the last 20 residues of APP was used to probe for both
FL-APP and C100 (donated by Professor Paul Matthews, Nathan Kline
Institute, Orangeburg, NY). FL-APP and C100 blots were also probed
with mouse monoclonal antibody WO2 directed against residues 5– 8 of
the human A␤ domain for comparison of immunoreactive bands detected by the two different antibodies.
Rabbit polyclonal PS1 antibody 14 was used to probe for PS1-NTF
(donated by Professor Sam Gandy, Mt. Sinai School of Medicine, New
York, NY), which is directed against a synthetic peptide akin to the first
25 amino acids of human PS1.
Hydroxy-2(E)-nonenal (HNE) is one of the most reliable markers of
lipid peroxidation (38) and therefore was used as an indicator of oxidative stress; blots were probed with a commercially available goat antihuman polyclonal 4-HNE antibody (Chemicon, CA).
P450 side-chain cleavage enzyme (P450scc) is a steroidogenic enzyme
catalyzing the conversion of cholesterol to pregnenolone, which is the
precursor for all neurosteroids. The levels of this enzyme were semiquantitatively determined using Western immunoblotting with monoclonal P450scc antibody (Millipore, Temecula, CA).
Western immunoblotting was performed as described previously
(39). Gels included a human familial AD sample for direct comparison
with sheep proteins. A rodent testes and adrenal sample was included
used as a positive control for P450scc. All blots were performed in duplicate. Films were scanned using Bio-Rad GS800 densitometer and
quantified with Quantity One (Bio-Rad, Hercules, CA) software. All
data are normalized to the control group.
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Two-dimensional electrophoresis oxyblot
Two-dimensional electrophoresis (2-DE) was combined with oxyblot protein oxidation detection kit (Chemicon Australia Pty. Ltd.,
Boronia, Victoria, Australia) to quantitatively and qualitatively compare
protein oxidation in the hippocampus between treatment groups according to methods described previously (43). Two-dimensional blots were
scanned using Bio-Rad GS800 densitometer and spot intensity and numbers were quantified using PDQuest (version 7.3; Bio-Rad) and Quantity
One (Bio-Rad) software.

Statistical analysis
Parametric data were analyzed by one-way ANOVA in conjunction
with least significant differences post hoc tests. The Mann-Whitney nonparametric test was used for data that did not fulfill ANOVA assumptions, as in the case of LH and progesterone levels. Correlations in nonparametric data were assessed with Spearman’s Rho correlation, whereas
correlations in parametric data were assessed using Pearson’s correlation. Due to the repeated sampling of estrogen and progesterone, these
data were examined using a linear mixed model with least significant
differences post hoc tests.
Data were analyzed using the Statistical Package for Social Sciences
(SPSS; version 11.5; SPSS Inc., Chicago, IL). All data are presented as
mean ⫾ SEM.

Results
Validating the experimental groups
Estrogen and progesterone levels were measured at time of
surgery, 1 month, 3 months, and 6 months after surgery (Fig. 1).
Significant differences were found in both estrogen [F (3, 22) ⫽
14.676, P ⬍ 0.001] and progesterone [F (3, 22) ⫽ 17.437, P ⬍
0.001] levels between treatment groups. The OVX group had
significantly lower estrogen levels compared with both the control and ERT groups (P ⬍ 0.001). Estrogen levels were not significantly different between the control and ERT groups. Progesterone levels were significantly elevated in the control group
compared with both the OVX and ERT groups (P ⬍ 0.001).
There was no significant difference between progesterone levels
in the OVX and ERT groups.
At the time the animals were killed, LH levels were significantly elevated in the OVX group (2.52 ⫾ 0.25 ng/ml) compared
with both the control group (0.45 ⫾ 0.10 ng/ml; P ⬍ 0.001) and
ERT group (0.69 ⫾ 0.25 ng/ml; P ⬍ 0.001). As expected, a strong

A␤ sandwich ELISA
For A␤ ELISA, 300 l of total homogenate were further processed
according to the protocol of Schmidt et al. (40) and aliquots were stored
at ⫺80 C until ready for A␤ ELISA.
A␤40 and A␤42 levels were quantified by double-sandwich ELISA as
previously described (41, 42) in plasma and brain homogenate from the
hippocampus and frontal cortex. ELISA plates were coated with the
capture antibody 6E10, and rabbit antiserum R208 (specific for A␤40)
or R226 (specific for A␤42) was used as detection antibodies (provided
by Professor Punkaj Mehta, New York Institute for Basic Research in
Developmental Disabilities, New York, NY). The OD was measured at
450 nm using a FluoSTAR Optima microplate reader (BMG Labtech,
Offenburg, Germany). Samples were run in duplicate and assays were
carried out at least twice.

FIG. 1. Estrogen (A) and progesterone (B) hormone profiles across treatment
duration in control (n ⫽ 6), OVX (n ⫽ 6), and ERT (n ⫽ 6) sheep. A gradual,
nonsignificant decline in estrogen levels was observed in control animals in the
last 3 months of treatment after surgery. An immediate and sustained depletion
of estrogen was observed in OVX animals. Estrogen levels were significantly
higher in ERT compared with OVX animals throughout treatment, although the
levels were initially nonsignificantly lower than control animals (1–3 months after
surgery). Progesterone levels were depleted to negligible levels in both OVX and
ERT groups. Progesterone levels declined to negligible levels in the control group
over the course of the 6-month study.
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FIG. 2. P450scc expression in the hippocampus as assessed by Western blot in
control (n ⫽ 12), OVX (n ⫽ 12), and ERT (n ⫽ 6) sheep. A trend toward elevated
levels of the steroidogenic enzyme, p450scc, approached significance in the
hippocampus of OVX and ERT sheep (P ⫽ 0.080). Representative blot shows
rodent testes (Test.) and rodent adrenal (Adr.) positive controls for direct
comparison (control: n ⫽ 12; OVX: n ⫽ 12; ERT: n ⫽ 6).

negative correlation was found between LH and estrogen levels
at the time the animals were killed (Spearman’s Rho ⫽ ⫺0.735,
P ⫽ 0.001). There was no significant correlation between progesterone and either estrogen or LH.
Effect of ovariectomy and estrogen supplementation on
hippocampal levels of the steroidogenic enzyme P450scc
P450scc was semiquantitatively assessed by Western blot as
a marker of neurosteroidogenic capability. In the sheep hippocampus, one main band was detected that corresponded in size
to P450scc species observed in the control rodent testes and adrenal tissue (⬃42 kDa). A larger band at about 49 kDa was also
observed in the rodent tissue but was not present in the sheep
tissue. The 49-kDa species is detected by antibodies that recognize the carboxy-domain of P450scc, and this region is not
thought to be conserved between the species (44). The 42-kDa
species was quantified and a trend toward increase levels of
P450scc in the hippocampus of OVX and ERT groups approached significance (F ⫽ 3.007, P ⫽ 0.080; Fig. 2).
Estrogen depletion or supplementation did not alter
APP expression or metabolism in sheep hippocampus or
frontal cortex
To determine whether estrogen status had any effect on APP
expression or processing; FL-APP, APP-C100, and A␤40 and
A␤42 were assessed in plasma, hippocampus, and frontal cortex.
The levels of the NTF-PS1, thought to be a catalytic component
of the ␥-secretase enzyme that generates A␤, were also measured.
After immunoblotting for APP, two immunoreactive bands
were detected that directly corresponded in size to mature (⬃110
kDa) and immature (⬃100 kDa) FL-APP observed in the human
AD control tissue (Fig. 3A) (45). The levels of FL-APP were
unchanged between the treatment groups in both the hippocampus and frontal cortex, suggesting equal quantities of substrate
for A␤ formation among the groups. Two C100 immunoreactive
bands were also detected in sheep samples corresponding in size
to the ␤-APP cleaving enzyme cut C-99 fragment and the ␣-secretase cut C-83 fragment observed in the human control tissue (Fig.

FIG. 3. No effect of OVX or subsequent ERT on FL-APP (A), C100 (B), or PS1-NTF
(C) protein expression in the hippocampus and frontal cortex. FL-APP, C100, and
PS1-NTF levels were measured by Western blot. Data presented as mean-fold
change ⫾ SEM. Fold change is normalized relative to the control group for each
brain region. Representative blots are shown below for respective treatment
groups (two way ANOVA; control: n ⫽ 12; OVX: n ⫽ 12; ERT: n ⫽ 6).

3B); these were quantified together as the C100 fragments (46).
Again no significant differences in levels of C100 were observed
between the groups in either the hippocampus or frontal cortex,
indicating that BACE/␣-secretase processing of APP processing
was not altered.
Although the levels of the PS1 N-terminal fragment were
not altered between the treatment groups, it was interesting to
note that compared with human PS1, sheep PS1 migrated to
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Discussion

FIG. 4. No effect of ovariectomy or subsequent estrogen replacement on A␤ levels in the sheep plasma,
hippocampus, or frontal cortex. Plasma levels of A␤40 (A) and A␤42 (C) were compared between control
(n ⫽ 6), OVX (n ⫽ 6), and ERT (n ⫽ 6) groups. Hippocampal and frontal cortex levels of A␤40 (B) and A␤42
(D) were also compared between control (n ⫽ 12), OVX (n ⫽ 12), and ERT (n ⫽ 6) groups. No effect of
treatment was observed on A␤ levels in the plasma, hippocampus, or frontal cortex.

a slightly larger size (Fig. 3C). Using two antibodies against
different epitopes on PS1, a band corresponding to roughly 27
kDa in size was observed in the human tissue, whereas a NTFPS1-like band (estimate of ⬃29 kDa) was observed in the
sheep brain tissue.
A␤40 and A␤42 levels were examined in plasma, hippocampus, and frontal cortex. No significant differences in A␤ levels
(Fig. 4) or the A␤40:42 ratio (data not shown) were found among
treatment groups in the plasma or either brain region. Furthermore, no significant correlations were found between A␤40 or
A␤42 and estrogen, progesterone, or LH levels in the plasma or
either of the brain regions.
No effect of estrogen status on levels of oxidative stress
markers in sheep hippocampus
Hippocampal levels of oxidative stress were assessed 2-DE
oxyblot and 4-HNE levels. The oxyblot kit was used in conjunction with 2-DE analysis to generate an oxidative proteome (Fig.
5, A–C). To determine whether there was up- or down-regulation of oxidative modification of specific proteins, spot numbers
were compared between the treatment groups, with no significant effect of treatment found (Fig. 5D). 4-HNE adducts were
measured by Western blot as a marker of lipid peroxidation; the
adducts were observed as a smear on SDS-PAGE, and again no
significant differences were detected between the treatment
groups (Fig. 5E).

This is the first study to examine APP processing and A␤ levels in a sheep model of
menopause. No significant effect of ovariectomy or subsequent estrogen replacement on APP processing, A␤ levels, or oxidative stress was observed in the sheep
model of menopause. Nor was any association between estrogen, progesterone, or
LH levels and A␤ levels observed. These
findings were surprising, given ovariectomy has been demonstrated to increase
A␤ levels in guinea pigs (4) and transgenic
mouse models of AD (5, 18, 19). However,
there are many other studies in transgenic
mouse models of AD that have also reported no effect of ovariectomy on A␤ levels (3, 16, 17). The reason for these discrepancies is unclear, and evidence of a
trend toward increased hippocampal levels
of the steroidogenic enzyme, P450scc, in
the ovariectomized sheep leads to speculation that ovariectomy in otherwise healthy
animals may be a poor model of brain
estrogen deficiency due to local estrogen
production via neurosteroidogenesis. Yet
this would still not explain the lack of
effect of estrogen supplementation observed on APP processing.

Validation of the sheep model of menopause (i.e.
ovariectomy) for the study of AD
The effects of ovariectomy were studied between April and
October, partly spanning the period of transition to seasonal
anestrus characterized by lower ovarian activity. The gradual
decline in estrogen levels observed in the control sheep over the
last 3 months of the study coupled with a marked decline in
progesterone levels over the course of the study most likely reflects this transition into anestrus.
Despite the decline in gonadal hormone levels in the control
sheep, it is not believed that seasonality can account for the lack
of effect of hormone manipulations in this study because estrogen levels remained significantly elevated in the control compared with ovariectomized sheep. These mild seasonal changes
are typical of the Merino breed of sheep, which tend to gradually
transition into a short period of anestrus in October to December
lasting through to February. Furthermore, anestrus is typified by
increased brain responsiveness to estrogen (reviewed in Ref. 47),
with enhanced sensitivity to estrogen on negative feedback mechanisms in the hypothalamus (47). These changes in brain sensitivity to estrogen are specific to hypothalamic-pituitary-gonadal
feedback systems because other feedback systems have been
demonstrated to be unaffected by seasonality (47). The possibility that season could modulate the effects of ovariectomy on
A␤ levels could be systematically addressed in future studies us-
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bioavailable gonadal hormone levels. Therefore, total hormone levels assessed in the current study are
an excellent indicator of bioavailable hormone concentrations, as opposed to rodent models in which
measurement of SHBG is necessary to accurately
assess bioavailable hormone levels. In fact, it is suggested that free estrogen levels may be a better
indicator of AD risk than total hormone levels
(48 –50) Nevertheless, although total levels of the
gonadal hormones are severalfold lower in sheep,
ovariectomized sheep have been successfully used as
a model for the investigation of multiple menopausal conditions including hot flashes (22), heart
disease (23), bone density loss (24), and arthritic
changes (25).
Ovariectomy does not necessarily result in
central nervous system estrogen depletion
Another factor to be considered when examining
the effects of ovariectomy on A␤ levels is whether
the hormone profile we observed in the serum reflects hormone status in the central nervous system.
Evidence suggests that in some experimental models, ovariectomy is an inadequate model of brain
estrogen deficiency, with de novo estrogen synthesis
compensating for depletion of gonadal estrogen
ablation (51, 52). High estrogen activity has been
demonstrated in the brain of ovariectomized mice
relative to other body regions using the estrogenresponsive element-luciferase mouse model, which
has been engineered to express the nonmammalian
luciferase protein in response to classical estrogen
receptor activation (53).
The importance of brain estrogen levels has been
highlighted by Yue et al. (54), who found decreased
estrogen and aromatase levels in AD compared with
control brains, whereas no differences were found in
serum estrogen levels (54). Yue et al. hypothesized
FIG. 5. Estrogen depletion and supplementation did not alter expression of markers of oxidative
this estrogen deficiency reflected impaired estrogen
stress in sheep hippocampus. Representative oxyblots from the control (A), ovariectomized (B),
production from precursor androgens by the enand estrogen replacement (C) groups are shown. Spot numbers were quantified to compare the
zyme aromatase in the brain, finding that ovariecnumber of oxidatively modified proteins in each treatment group (D); no significant differences
were found between the treatment groups. 4-HNE levels were also found to be unaltered by
tomy alone did not alter plaque formation and was
either OVX or ERT (E).
not sufficient to deplete brain estrogen levels in APP
mice. In contrast, ovariectomy in aromatase knocking a breed of sheep that exhibits the traditional marked seasonal
out mice cross-bred with APP mice exhibited accelerated plaque
hormone variation.
formation.
The success of ovariectomy was confirmed, with depleted
Whereas brain estrogen levels were not directly determined in
serum estrogen coupled with elevated LH levels, thus mimicking
this study, levels of the steroidogenic enzyme, P450scc, were
hormonal changes observed at menopause. The ERT dosage was
assessed in the hippocampus. P450scc catalyzes the conversion
sufficient to restore physiological serum concentrations of esof cholesterol to pregnenolone, which is the rate-limiting step in
trogen and LH, although, as expected, progesterone levels reneurosteroid production (reviewed 55). A trend toward increased
mained significantly depleted in the estrogen supplemented
levels of P450scc approached significance in the hippocampus of
group.
ovariectomized and estrogen supplemented groups compared with
It should also be noted that physiological levels of estrogen
control sheep. This may reflect some degree of compensatory inand progesterone are much lower (almost 10-fold) in sheep comcreases in neurosteroidogenesis in gonadal estrogen-depleted sheep.
pared with humans; however, this is tempered by the absence of
Further studies should comprehensively address the relationship
steroid binding globulin and transcortin, resulting in equivalent
between gonadal and brain estrogen levels.
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Even though it is possible that the compensatory effects of
neurosteroidogenesis may account for the lack of effect of ovariectomy on A␤ accumulation observed, several lines of evidence
argue against a role for estrogen in the modulation of APP processing and A␤ accumulation in this study. First, plasma A␤
levels were also unaffected by ovariectomy or estrogen supplementation, and no relationship was observed between plasma
A␤ and hormone levels, thereby confirming the observations in
the brain (although it should be considered that the relationship
between peripheral and central A␤ levels is not completely understood). Second, whereas the status of brain estrogen levels
remains contentious in the ovariectomized sheep, exogenous administration of estrogen circumvents the issues of the role of
neurosteroidogenesis, with no effect of estrogen supplementation observed on APP processing, A␤ accumulation, or oxidative
stress.
Estrogen replacement therapy and A␤ metabolism
We did not observe any change in A␤ or oxidative stress levels
after 6 months of 17␤-estradiol treatment in OVX sheep. Other
studies similarly reported no effect of estrogen supplementation
on A␤ levels in OVX APP mice (17, 18) and APP/PS1 mice (16).
In contrast, there are many studies that have reported significantly decreased A␤ levels after 17␤-estradiol treatment in animals including guinea pigs (4), APP/PS1/Tau triple transgenic
mice (20), APP/PS1 (5), and APP mice (3, 5). Methodological
differences in the animal model, age of animals, duration of treatment, mode of estrogen delivery, type of estrogen, and estrogen
dosage may help explain inconsistencies in the reported effect of
estrogen replacement on A␤ levels.
The majority of in vivo studies reporting positive effects of
exogenous estrogen on A␤ levels were administered high doses
(3–5), whereas many of the studies administering lower estrogen
doses reported no effect on A␤ (16 –18). It is therefore possible
that we may have observed an effect if estrogen had been administered at supraphysiological doses to the sheep [although a
recent study administering physiological doses of estrogen to
APP/PS1/Tau triple transgenic mice reported significant reductions in A␤ in this model (20)].
Future studies should address the effect of estrogen dosage on
A␤ and oxidative stress in the sheep model of menopause. If the
benefits of estrogen cannot be yielded at physiological concentrations, and then the costs of estrogen treatment may outweigh
the benefits due to increased risk of breast cancer, pulmonary
embolism, and stroke (56). Neuroactive selective estrogen receptor modulators that do not activate peripheral receptors and
therefore can be safely used at high doses may be a potential
alternative to estrogen for therapeutic intervention in AD.
APP processing in sheep
We used well-characterized APP and A␤ antibodies to demonstrate the presence of the main components of the APP processing pathways in sheep tissue.
It is interesting to note that unlike human and nonhuman
primates, sheep (31) do not form A␤ plaques during normal
aging, despite sharing a homologous form of A␤. It has been
hypothesized that sheep are efficient at clearing A␤, supported by
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the observation that cerebral injections of A␤ were rapidly
cleared from injection sites in the cerebral cortex of sheep (57).
Comparative biological studies are necessary to verify this hypothesis; however, it could be speculated that the combination of
ovariectomy with other epigenetic factors such as chronic stress
or diet manipulations may be necessary to elicit effects on A␤
accumulation in sheep (58).
The current study has focused on the effect of estrogen depletion and supplementation on APP metabolism and oxidative
stress. Whereas the AD research literature to date has focused
primarily on the role of estrogen in the modulation of APP processing; estrogen may play a role in other important aspects of
AD pathology including tau neuropathology, neuronal loss, neuroinflammation, and cognitive decline (reviewed in Ref. 59).
Sheep may prove to be a powerful nontransgenic model for the
study of AD because in addition to expressing a homologous
form of A␤, they form neurofibrillary tangles in normal aging.
Furthermore, the recent advancement of a hippocampal-dependent memory test adds a novel dimension to this animal model
for the study of AD (60).
One of the benefits offered by a large animal model such as
sheep is that treatment delivery implantation devices designed
for human use can be effectively tested in these animals. Here we
administered 17␤-estradiol via a commonly used slow release
delivery device designed for use in sheep. In the clinical setting,
slow-release implants avoid issues of compliance, which is particularly pertinent for dementia subjects. However, more complications including urinary retention, hydronephrosis, and increased mortality have been reported in animal models when
estrogen is administered via slow release pellets as opposed to
oral administration (61). Sheep may provide a good animal
model for assessing the pharmacokinetics of estrogen replacement therapy and other potential AD treatments due to their
large size and similar metabolic rate to humans, easing the translation of laboratory work to the clinical setting.
Conclusions
Sheep provide a useful model for the study of APP biology
because they share a homologous form of A␤ with humans.
Whereas transgenic mouse models have provided important advancements in our understanding of AD, sheep may help fill an
important niche in AD research that helps to bridge the gap in
understanding of the more common sporadic form of AD which
is regulated by age-related factors and lifestyle. Here OVX sheep
were used as a model of menopause to investigate the effects of
estrogen depletion and supplementation on APP metabolism and
oxidative stress. From the literature it is clear that under certain
conditions estrogen can modulate A␤ levels; however, the circumstances necessary to elicit these effects and their relevance to
the clinical setting remain unclear. We found no effects of ovariectomy and subsequent estrogen supplementation on APP metabolism or oxidative stress in sheep. Whereas neurosteroidogenesis may offer a potential explanation as to why no effect of
ovariectomy was observed on APP processing or oxidative stress,
the question remains as to why exogenous administration did not
affect these parameters. It is possible that supraphysiological
doses of estrogen are necessary to yield antiamyloidogenic and
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antioxidative benefits; however, if this is the case, then any potential benefits will be overshadowed by serious, life-threatening
side effects associated with these higher doses.
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