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Abstract

Many postmenopausal women question whether to start or continue hormone therapy because of
recent clinical trial negative results. However, evidence from other studies of postmenopausal
women, and from studies in menopausal monkeys, indicate that estrogen has neurocognitive
protective effects, particularly when therapy is initiated close to the time of menopause before
neural systems become increasingly compromised with age. In this review, we present studies of
menopausal women and female monkeys that support the concept that estrogen therapies protect
both cognitive function and neurobiological processes.
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Results from the Women’s Health Initiative Memory Study (WHIMS) [Espeland et al.,
2004; Rapp et al., 2003a; Shumaker et al., 2003; Shumaker et al., 2004] has caused many
postmenopausal women to question whether to start or to continue hormone therapy (HT) to
decrease the risk of developing dementia and has caused many others to question the role of
estrogen in protecting cognitive function from age-related decline in general. However,
several critical factors likely influenced the WHIMS negative results, including the
advanced age of the subjects, delayed timing of HT initiation in relation to when menopause
occurred, and the presence of pathological states (e.g., diabetes, hypertension, obesity)
[Ancelin and Ritchie, 2005; Genazzani et al., 2007; Maki, 2006; Sherwin, 2005]. In
conjunction with the positive results of estrogen obtained in randomized clinical trials in
younger women [Sherwin and Henry 2008], multiple factors have led to the development of
the “critical period hypothesis” in which it is theorized that estrogen exerts protective effects
on cognition only when it is initiated closely in time to menopause, before neural systems
become increasingly challenged by age-related changes and/or neurons become less
sensitive or responsive to HT.

Animal models have proven useful in investigating different parameters of HT
neuroprotection in ways that otherwise are not possible in women. Over the last 15 years,
our laboratory has used surgically menopausal macaque monkeys as models of
postmenopausal women in studies to investigate the neuroprotection by HT of both
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cognitive and neurobiological parameters. Unlike rodents [Steger and Peluso, 1987], female
macaques have 28 day menstrual cycles and patterns of ovarian hormone fluctuations that
are similar to those of human females [Goodman et al., 1977; Jewitt and Dukelow, 1972].
These monkeys experience a menopause that closely resembles that of women [Gilardi et
al., 1997; Johnson and Kapsalis, 1995], and they also have physiological responses to
surgical menopause and estrogen therapy (ET) that are similar to women [Adams et al.,
1990; Jayo et al., 1998; Jerome et al., 1994].

In the following sections, we present studies of menopausal women and female monkeys
that support the concept that estrogen therapies protect both cognitive function and
neurobiological processes.

Neuroprotection of Cognitive Function

Evidence in Postmenopausal Women

Several lines of evidence support the view that HT provides cognitive neuroprotection in
postmenopausal women. Randomized clinical trials in surgically menopausal middle-age
women provide the most compelling evidence, with beneficial effects observed in younger
women with therapy initiated at the time of surgery [Phillips and Sherwin, 1992; Sherwin,
1988; Sherwin and Phillips, 1990], compared to studies where estrogen had no effect in
women who were older or did not receive HT until several years following natural or
surgical menopause [Almeida et al., 2006; Binder et al., 2001; Janowsky et al., 2000;
LeBlanc et al., 2007; Schiff et al., 2005; Wolf et al., 2005]. In addition, two to three years of
HT given in the early phase of menopause (1-5 years of amenorrhea) provided protection
against general cognitive impairment [Bagger et al., 2005]. Of note are reports of benefits of
HT in reducing the risk for cognitive decline only in women with normal cognitive function
at baseline [Viscoli et al., 2005] or of greater adverse effects of HT in women with lower
cognitive function [Espeland et al., 2004]. Epidemiological studies also indicate that women
who receive HT at menopause have a lower risk of developing AD than never-users [Kawas
etal., 1997; Tang et al., 1996; Zandi et al., 2002], unlike older women who received therapy
[Mulnard et al., 2000; Shumaker et al., 2003]. Indeed, a stratified analysis demonstrated that
HT was associated with a significantly decreased risk of AD, but only in younger
postmenopausal women [Henderson et al., 2005]. These studies are in line with the “critical
hypothesis” view that estrogen’s cognitive effects are strongest when given near the time of
menopause before neural systems become challenged by age-related changes and/or disease
processes [Genazzani et al., 2007; Maki, 2006; Sherwin and Henry, 2008].

More direct evidence of estrogen’s neurocognitive protection in postmenopausal women
comes from two recent pharmacological studies. Pretreatment with estradiol for 3 months
attenuated the detrimental effects of the cholinergic (ACh) muscarinic receptor antagonist,
scopolamine (SCOP) in tests of attention and psychomotor function [Dumas et al., 2006].
These findings support our own SCOP data in young OV X monkeys [Voytko, 2002] and
emphasize the use of the cholinergic system by estrogen to modulate visuospatial attention.
In a subsequent study of postmenopausal women, estradiol pretreatment attenuated the
effects of SCOP on verbal memory in younger (mean age 55.8 years) postmenopausal
women, but impaired performance under SCOP in older (mean age of 74.3 years)
postmenopausal women [Dumas et al., 2008]. These studies suggest that estrogen protects
cognitive function from the insult of anti-ACh challenges, but that this protection may only
occur when estrogen is given near the time of menopause, before neural insults associated
with advancing age or neurodisease become increasingly present and severe. Notably, the
effects of estrogen in these studies of women were observed only under the pharmacologic
challenge and not at baseline. Although cognition was equivalent under normal conditions,
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under circumstances of a neural insult (SCOP), only women receiving estradiol
demonstrated neuroprotection.

Evidence in Menopausal Monkeys

Numerous studies in ovariectomized (OVX) rodents [Daniel, 2006; Gibbs and Gabor, 2003]
have demonstrated the cognitive benefits of ET. We and others also have shown that HT is
not only beneficial for cognitive function, but it also provides cognitive neuroprotection in
monkey models of menopause. In our studies in young adult monkeys, we found that
visuospatial attention function was disrupted within one week following OV X and these
deficits continued to significantly worsen during the two months following surgery [Voytko,
2002]. However, these attentional impairments were reversed within one month of starting
continuous ET and the reversal was maintained through 14 months of therapy [Voytko,
2002]. Unlike attention processes, aspects of learning, memory, and cognitive flexibility
were unaffected by almost two years loss of estrogen or by ET in these same monkeys
[Voytko, 2000]. Our results have since been confirmed in studies of memory in OV X young
adult monkeys in other laboratories [Hao et al., 2007; Lacreuse and Herndon, 2003]. The
absence of HT effects on memory in OV X young monkeys at first glance appears to be in
contrast to the HT improvements of memory found in some studies of postmenopausal
women [reviewed in Zec and Trivedi, 2002], however the majority of these studies found
this HT effect primarily for verbal memory [Zec and Trivedi, 2002; Sherwin, 2003];
inconsistent HT effects have been reported for nonverbal memory in postmenopausal
women [Zec and Trivedi, 2002].

Pharmacological challenges to directly assess the capability of ET to protect cognitive
function in OVX monkeys have been performed only in our laboratory. In a series of
investigations, we challenged OV X young monkeys with SCOP and then tested them on a
spatial memory task and a visuospatial attention task. Following SCOP challenges, we found
comparable levels of accuracy in a delayed response memory task in monkeys receiving
placebo and those receiving ET [Voytko, 2002]. In contrast to memory, we found that the
presence of estrogen did affect responses to SCOP in an attention task [Voytko, 2002].
Using a visuospatial cued reaction time task, young OV X monkeys treated with placebo
were considerably less sensitive to SCOP challenges than monkeys receiving ET, who
performed similar to intact monkeys challenged with SCOP [Davidson et al. 1999; Voytko,
2002]. These findings on attention function suggest that 1) loss of ovarian hormones
significantly compromised the ACh system so that it no longer responded normally to
challenges with SCOP, and 2) ET sufficiently protected the ACh system so that it could
respond to SCOP challenges normally. Importantly, our pharmacologic studies in young
OVX monkeys also suggest that the neuroprotective effects of ET may depend on the
cognitive domain examined. Our observations in OV X monkeys [Voytko, 2002] concur with
those made in postmenopausal women receiving SCOP [Dumas et al., 2006] where ET
interacted with the cholinergic system to affect attention, but not memory. Although the
specific manner in which estrogen interacted with the cholinergic system to protect attention
function varied across female human and nonhuman primates, collectively, these studies
emphasize the use of the ACh system by estrogen to modulate visuospatial attention.

With a desire to expand our studies to a closer model of the middle-aged woman
experiencing menopause, we began to investigate the effects of OVX and HT in middle-age
female monkeys. Our rationale was that the effects of loss and treatment with HT may affect
cognitive function differently than what we and others were observing in young OVX
monkeys because of the interactions with the complexities associated with advancing age.
Using the visual recognition memory task of delayed matching-to-sample, we found that
treatment with either ET or the combination of estrogen plus progesterone (E+P) preserved
visual memory in older OV X monkeys compared to older OV X monkeys receiving placebo
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[Voytko et al., 2008]. Similar improvements in memory were found when ET was given
within six months of OV X in middle-age monkeys who were tested on a variant of the task
that we used that is called the delayed nonmatching-to-sample task [Rapp et al., 2003b];
however ET given many years after OV X in older monkeys had no influence on
performance in this recognition memory task [Lacreuse et al., 2002]. These HT benefits
however did not extend to other aspects of memory that have been examined in older OV X
monkeys [Lacreuse et al., 2002; Rapp et al., 2003b; Voytko et al., 2008].

Neuroprotection of Neurobiological Function

Evidence in Postmenopausal Women

Brain imaging studies indicate that HT may be neuroprotective for postmenopausal women.
Specifically, magnetic resonance imaging studies show that HT may prevent age-related
brain atrophy in regions that are vulnerable to alterations with age. In cross-sectional studies,
women using HT had larger hippocampi compared to nonusers [Eberling et al., 2003;
Erickson et al., 2005; Lord et al., 2008], greater cortical grey matter volumes [Erickson et
al., 2005; Erickson et al., 2007; Ghidoni et al., 2006], greater white matter volume [Erickson
et al., 2005; Ha et al., 2007], and reduced numbers of white matter hyperintensities [Cook et
al., 2002; Schmidt et al., 1996]. Moreover, the effects of HT on brain tissue were greater
with increasing age suggesting that HT may protect the brain against age-related challenges
to brain integrity [Erickson et al., 2005]. Longitudinal imaging studies also support a
neuroprotective effect of HT in the brain. Shrinkage of cortical tissue over five years was
less in women on HT than in controls [Raz et al., 2004]. After two years, greater increases in
regional cerebral blood flow were found in frontal or temporal cortex and the hippocampus
of women receiving HT than nonusers, suggesting that HT modulation of cerebral blood
flow may protect against Alzheimer’s disease [Maki and Resnick, 2000].

Recent studies in women also demonstrate that the ACh, dopaminergic, and serotonergic
systems respond to HT. Single photon emission tomography studies revealed that ACh nerve
terminal concentration increased with increasing duration of HT in several cortical regions
including in the prefrontal and temporal cortex [Smith et al., 2001], and ACh muscarinic
receptor density increased in prefrontal cortex and hippocampus in women taking estrogen
compared to never-users [Norbury et al., 2007]. Estrogen increased the dopamine transporter
in postmenopausal women [Gardiner et al., 2004] and long-term use of estrogen enhanced
central dopaminergic responsivity in postmenopausal women [Craig et al., 2004]. Moreover,
estrogen increased serotonin 5HT2 receptors in cerebral cortex in postmenopausal women
[Kugaya et al., 2003; Moses-Kolko et al., 2003] and augmented the responses of cortisol and
prolactin to a serotonergic agonist [Halbreich et al., 1995].

Evidence in Menopausal Monkeys

Estrogen has demonstrated neuroprotective effects against many insults in vitro, including
challenges with amyloid  peptide, glutamate, hydrogen peroxide, iron, and mitochondria
toxins [Behl, 2002; Green and Simpkins, 2000]. Estrogen also provides neuroprotection in
vivo when animals are challenged with acute cerebral ischemia [McCullough and Hurn,
2003; Wise et al., 2005], neurotrauma [Horvath et al., 2002; Rabbani et al., 1997], or
neurotoxins [Morissette et al., 2008]; progesterone also exerts neuroprotection after many of
these same types of brain injury [Gibson et al., 2008; Kipp et al., 2006; Stein, 2008].
Estrogen’s greatest neuroprotection appears when therapy is initiated pre-challenge in cell
cultures or in vivo, at the time of OV X, or at least 24 hours prior to a neurological insult
[Chen et al., 2006; Dubal et al., 1998; McCullough and Hurn, 2003; Suzuki et al., 2007].
Importantly, the middle-aged brain is equally responsive to estrogen’s neuroprotective
effects [Wise, 2006].
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Synaptic Modulation—Although studies in monkeys are more limited than those in
rodents, increasing evidence is accumulating from OV X monkeys to indicate that HT also
provides neurobiological neuroprotection in brain regions directly involved in cognitive
function. One month of ET that was initiated within three months of OV X prevented
dendritic spine loss in the CA1 region of the hippocampus in young monkeys [Leranth et al.,
2002; Hao et al., 2003] and old monkeys [Hao et al., 2003]. The prefrontal cortex also is
critically involved in cognitive functions and ET initiated within six months of OV X in
young monkeys increased the number of dendritic spines in the dorsolateral prefrontal
cortex (area 46) following only one month of therapy [Tang et al., 2004] or several years of
therapy [Hao et al., 2007]. Longer durations of ET (2-3 years) also increased spine densities
in the dorsolateral prefrontal cortex of older OV X monkeys compared to OV X monkeys
receiving placebo [Hao et al., 2006]; indeed, the spine density in older ET monkeys was
nearly equivalent to young OV X monkeys treated with placebo [Hao et al., 2007]. Finally,
ET provided for one month within six months of OVX, increased both pre- and post-
synaptic proteins in the CA1 hippocampal region of OV X monkeys, although the
combination of E+P did not have this same effect [Choi et al., 2003].

Cholinergic System—Besides the synaptic modulation by ET in the hippocampus and
prefrontal cortex of OV X monkey, ET also influences many different neurochemical
systems in the primate brain. The ACh system has been the focus of much research in both
rodents and more recently in monkeys. In rodents, ET increases binding properties of ACh
receptors [Dohanich et al., 1982; Olson et al., 1988; Paradiso et al., 2001; Rainbow et al.,
1980] and other ACh markers also respond favorably to ET or E+P in rodents, although not
all ACh markers are influenced by HT [reviewed in Gibbs, 2000; Gibbs and Gabor, 2003].
The few studies conducted thus far in OV X monkeys suggest that HT may modulate only
particular parameters of the primate ACh system. Two years of ET, initiated at the time of
OVX, preserved the ACh fiber density in the prefrontal cortex of young and middle-aged
monkeys [Tinkler et al., 2004a; Williams et al., 2004] and short-term ET or E+P initiated
within 3-7 months following OV X in monkeys preserved or restored ACh fibers in several
cortical regions, including prefrontal cortex [Kompoliti et al., 2004; Kritzer and Kohama,
1999]. However, ACh fiber density was unaffected in the parietal cortex [Tinkler et al.,
2004a]. Activity of choline acetyltransferase or acetylcholinesterase in OV X monkeys also
was unaffected by long-term ET or E+P in several brains regions [Gibbs et al., 2002]. Two
years of OVX or ET did not alter the number or size of ACh neurons in the nucleus basalis
of Meynert of young monkeys [Tinkler et al., 2004a], however, ET increased the humber of
ACh neurons in specific regions of the nucleus basalis in middle-aged monkeys [Browne et
al., 2009]. In contrast, ACh neurons in the medial septal/diagonal band nuclei of either
young or middle-age monkeys are unaffected by long term ET [Browne et al., 2009]. In
concert, observations made in OV X monkeys indicate that HT can modulate the ACh
system in primates, but the effects may be specific to age, brain region, and ACh marker.

Dopaminergic System—Estrogen modulates many different aspects of DA function,
including release, turnover, uptake, and receptors in OV X rodents [e.g., Di Paolo, 1994;
Disshon et al., 1998; Hruska and Nowak, 1988; Lee and Mouradian, 1999; Morissette et al.,
1992]. In OV X monkeys, short-term ET has beneficial effects in the DA mesostriatal
system. Density of tyrosine hydroxylase fibers in the striatum were increased following ET
or E+P that was initiated within six months of OV X [ Kritzer et al., 2003] and nhumbers of
mesencephalic DA neurons in monkeys were preserved with ET, but only when ET was
initiated within ten days of OV X [Leranth et al., 2000]. In a preliminary study, we used
positron emission tomography and the radiotracer, [*F]-Fluoroclebopride ([*8F]FCP), to
visualize DA D2 receptors in the brain of a female rhesus OV X monkey prior to receiving
ET and following three months of therapy. In comparison to images obtained pretreatment,
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there was a significant increase in D2 receptor binding in the basal ganglia following three
months of ET (Fig. 1). The effects of longer durations of OVX or HT in the primate DA
mesostriatal system is unknown. The primate DA mesocortical system is not as consistent in
responding to HT. One month of ET partially restored decreased tyrosine hydroxylase fiber
density in prefrontal cortex of OV X monkeys [Kritzer and Kohama, 1998], however in
studies of our own, we did not find that DA fiber density in the prefrontal cortex of monkeys
was sensitive to two years of either OVX or ET [Tinkler et al. 2004b]. In addition, two years
of OVX or ET in monkeys did not affect levels of DA or its metabolite
dihyroxyphenylacetic acid in several brain regions of OVX monkeys [Gibbs et al., 2006], or
the numbers or size of DA neurons in the midbrain areas that project to cortex [Tinkler et al.,
2003]. Collectively, these findings in the primate DA mesocortical system suggest that the
effects of OV X and ET in this DA system may depend on the timing or duration of the
manipulations, or that the mesocortical system may be less sensitive to these manipulations
in comparison to the mesostriatal DA system.

Serotonergic System—Ovarian hormones modulate many facets of the serotonergic
system in monkeys. Serotonin production, turnover, and neural responses are influenced by
HT [Bethea et al., 2002; Lu and Bethea, 2002; Lu et al., 2003]. Additionally, HT regulates
genes and pathways involved in the caspase pathways to affect serotonin neuronal survival
[Bethea and Reddy, 2008; Tokuyama et al., 2008]. While ovariectomy increased serotonin
fibers in prefrontal cortex, HT lowered fiber density in this region [Kritzer and Kohama,
1999]. Two years of therapy with conjugated equine estrogens plus a progestagen decreased
levels of serotonin and 5-hydroxyindole acetic acid (5-HIAA) in the dorsal raphe and frontal
cortex of primates, although estrogen alone had no effect [Gibbs et al., 2006].

CONCLUSIONS

Aging and age-associated neurodegenerative disease in particular provide progressively
greater challenges and neural insults to the brain. These challenges will increasingly
compromise cognitive processes and result in cognitive decline. Thus it is important that
therapeutic interventions are identified that can protect cognitive and neurobiological
functions during the aging process. The previous sections provide evidence that ET, and
possibly E+P, are neuroprotective for both cognitive and neurobiological function in both
menopausal women and female monkeys, especially under the condition in which these
therapies are administered prior to a challenge or insult. While evidence is accumulating, it
is clear that many questions remain unanswered regarding the factors that play a role in the
cognitive neuroprotection afforded by HT. For example, how long is the critical window of
opportunity for which HT is neuroprotective, if HT is discontinued does its neuroprotective
effects continue and for what duration, and do the benefits of early therapy with HT
continue to be realized with long durations of usage? Because of their similarity to women
in endocrine and reproductive profiles, female macaque monkeys will continue to be critical
models to investigate these questions to inform and guide the health care community in the
treatment of women as they experience aging and menopause.
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Figure 1.
[18F]Fluoroclebopride (FCP) binding in the striatum of an ovariectomized female monkey at

baseline (before receiving estrogen therapy) and following three months of estrogen therapy.
Binding of FCP is notably greater following estrogen therapy.
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