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Abstract

Beneficial effects of estrogen therapy on cognitive performance diminish with age and time
following the loss of ovarian function. This has led to the *“Window of Opportunity’ hypothesis,
which states that estrogen therapy must be administered within a limited period of time following
menopause in order to be effective. Effects of estrogen therapy on cognitive performance are due,
at least in part, to effects on cholinergic afferents innervating the hippocampus and cortex, and it
has been suggested that the loss of estrogen effect with age and time following menopause is due
to a substantial reduction in the function of these projections. The mechanisms that underlie the
effects are not clear. GPR30 is a novel G-protein coupled estrogen receptor that is expressed in
brain and other tissues. Our recent studies show that GPR30 is expressed in areas of the brain
important for spatial learning, memory, and attention. In addition, GPR30 in expressed by the vast
majority of cholinergic neurons in the basal forebrain, and appears to be an important regulator of
basal forebrain cholinergic function. We hypothesize that GPR30 plays an important role in
mediating direct effects of estradiol on basal forebrain cholinergic neurons, with corresponding
effects on cognitive performance. Hence, GPR30 may be an important target for developing new
therapies that can enhance or restore estrogen effects on cognitive performance in older women.
Here we briefly review the cholinergic hypothesis and summarize our findings to date showing
effects of a GPR30 agonist and antagonist on basal forebrain cholinergic function and cognitive
performance.

Estrogen Effects on Cognition

Animal studies show that estrogens have many beneficial effects on the brain, including
reducing neuronal loss following cardiac arrest and stroke (Suzuki et al., 2006), increasing
neuronal connectivity (Spencer et al., 2008), improving cognitive performance (Daniel,
2006), and preventing or slowing age-related cognitive decline (Frick, 2009; Gibbs and
Gabor, 2003). Young adult ovariectomized rats and mice treated with estradiol perform
better on learning and memory tasks such as T-maze and radial arm maze tasks (Daniel et
al., 1997; Gibbs, 1999), place and object recognition tasks (Fernandez et al., 2008; Frye et
al., 2007; Gresack and Frick, 2006), and contextual or cued fear conditioning (Jasnow et al.,
2006), than ovariectomized controls. These effects are selective and can vary depending on
the type of memory tested (Davis et al., 2005; Fader et al., 1999; Galea et al., 2001; Korol
and Kolo, 2002), level of hormone (Wide et al., 2004), and prior stress (Wood and Shors,
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1998). Human studies likewise show beneficial effects of estrogens on specific cognitive
tasks in younger surgically menopausal or perimenopausal women, particularly in the realm
of verbal memory and executive functioning (Sherwin and Henry, 2008). Several studies
have reported estrogen-mediated increases in cerebral blood flow (Greene, 2000; Resnick
and Maki, 2001), and reductions in hippocampal and cortical atrophy associated with aging
and Alzheimer’s disease (AD) (Erickson et al., 2007; Hu et al., 2006), as well as significant
reductions in memory decline (Resnick et al., 1997) and in the risk of developing
Alzheimer’s disease (AD)-related dementia (Henderson, 2009). A recent study also reported
that women who experience an early menopause are at significantly greater risk for age-
related cognitive decline and dementia, and that this risk is mitigated by early estrogen
therapy (Shuster et al., 2010).

Despite these encouraging findings, recent randomized trials suggest far fewer benefits
when estrogen therapy is initiated in older women. In fact, several large trials have reported
either no beneficial effect or increased harm for women receiving hormone therapy (HT) in
old age (Resnick et al., 2006; Shumaker et al., 2003; Shumaker et al., 2004). The Women’s
Health Initiative Memory Study (WHIMS), one of the largest prospective randomized trials
conducted to date, found that older women (mean age 69 years at enrollment) treated daily
with a combination of conjugated equine estrogens and medroxyprogesterone acetate were
at significantly greater risk for stroke and dementia than placebo-treated controls (Shumaker
etal., 2004). Likewise, attempts to use estrogen therapy to reduce AD-related cognitive
impairment in women have been largely unsuccessful (Henderson et al., 2000; Mulnard et
al., 2000; Mulnard et al., 2004; Wang et al., 2000). Taken together, these studies have led to
the “Window of Opportunity’ or “Critical Period’ hypothesis, which posits that estrogen
therapy must be initiated at or near the time of menopause in order to positively affect brain
aging and cognition. This is supported by recent animal studies which show that the
beneficial effects of estrogens on cognitive performance in rats and mice diminish with age
and time following loss of ovarian function when treatment is delayed (Daniel et al., 2006;
Gibbs et al., 2009; Markowska and Savonenko, 2002; Talboom et al., 2008).

The Cholinergic Hypothesis

The reasons for the loss of estrogen effect with age and time following menopause have yet
to be explained. Cholinergic inputs to the hippocampus and cortex are known to play an
important role in mediating effects of estrogens on cognitive performance (reviewed in
(Gibbs, 2010)). Therefore, it is possible that deficits in cholinergic function that occur with
age and time following menopause are responsible, at least in part, for the loss of estrogen
effect.

Cholinergic neurons in the medial septum (MS), diagonal band of Broca (DBB), and nucleus
basalis magnocellularis (NBM) are the primary source of cholinergic inputs to the
hippocampus and cerebral cortex (Gritti et al., 1997; Mesulam, 1996; Woolf, 1991). These
cholinergic projections are important for learning, memory, and attention (Baxter and Chiba,
1999; Everitt and Robbins, 1997). Early human studies demonstrate that anticholinergic
drugs produce cognitive impairments in young healthy adults similar to impairments seen in
patients with dementia (Deutsch, 1971; Drachman and Leavitt, 1974), while cholinergic
enhancing drugs improve performance in older patients (Drachman, 1977). Cholinergic
lesions in the MS or NBM as well as use of selective muscarinic antagonists impair learning
and memory (Everitt and Robbins, 1997). Moreover, cholinergic neurons in the basal
forebrain (BFCNs) undergo degenerative changes during aging that correlate with
progressive memory deficits (Bartus et al., 1982; Baxter and Chiba, 1999). Loss of BFCNs
is a hallmark of Alzheimer’s disease, and has been shown to play a role in the cognitive
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deficits associated with the dementia (Lanari et al., 2006; Linstow and Platt, 1999; Schliebs
and Arendt, 2006; Smith et al., 1999).

Estradiol’s ability to influence the functionality of the cholinergic system may contribute to
the timing of the Window of Opportunity hypothesis. Following ovariectomy, 17p-estradiol
(E2) treatment can significantly enhance basal forebrain cholinergic function in females. E2
treatment increases choline acetyltransferase (ChAT) activity (Luine, 1985), ChRAT mRNA
and protein (Gibbs, 1997; Gibbs, 2000; Singh et al., 1994), high-affinity choline uptake
(O'Malley et al., 1987; Tinkler et al., 2004), and potassium-stimulated acetylcholine release
in the hippocampus (Gabor et al., 2003; Gibbs et al., 1997). E2 treatment also can increase
the density of cholinergic fibers innervating specific regions of frontal cortex (Gibbs et al.,
1997; Tinkler et al., 2004). These effects are relevant to effects on cognitive performance.
For example, E2 treatment can attenuate the amnestic effects of scopolamine, a muscarinic
acetylcholine receptor blocker in rats (Fader et al., 1998; Fader et al., 1999; Gibbs, 1999). A
similar effect has been reported in humans (Dumas et al., 2006; Dumas et al., 2008). The
effects of E2 on NMDA receptor binding and dendritic spine density in region CA1 of the
hippocampus also appear to be mediated via cholinergic inputs (Daniel and Dohanich, 2001;
Lam and Leranth, 2003). In addition, selectively destroying cholinergic projections to the
hippocampus (Gibbs, 2002; Gibbs, 2007) or blocking M2 muscarinic receptors in the
hippocampus (Daniel et al., 2005) prevents estradiol effects on spatial learning. This
demonstrates that the cholinergic inputs are essential for mediating beneficial effects of
estradiol on certain tasks. Notably, recent studies suggest that the effects of E2 on ChAT
expression and cholinergic function are altered by age and time following ovariectomy
(Bohacek et al., 2008; Gibbs, 1998; Gibbs, 2003; Gibbs et al., 2009; McMillan et al., 1996),
which may account for the loss of beneficial effects of estrogen therapy on cognition in
older women and in women with AD. We propose that a better understanding of the
mechanisms that underlie the effects of estrogens on BFCNs will lead to the development of
more effective therapies for preventing and treating cognitive decline associated with aging
and with AD.

Mechanisms of Estrogen Effects on Cholinergic Function

The mechanism(s) by which estradiol increases the functionality of BFCNs is unclear. Two
nuclear estrogen receptors (ERs) have been identified, ERa and ER (Toran-Allerand,
2004). These nuclear receptors regulate gene transcription but are also capable of activating
second messenger signaling pathways such as mitogen-activated protein kinases (MAPK),
calcium/calmodulin-dependent protein kinases (CamKIl), and cAMP response element-
binding proteins (CREB) (Manavathi and Kumar, 2006; McEwen, 2002). Approximately
30% of cholinergic neurons in the MS express ERa, but not ERpB (Shughrue et al., 2000).
Estradiol can stimulate CREB activation in BFCNs in adult mice, and this effect was
blocked by inhibition of MEK1/2 and by treatment with 1C1182,780 (a classical ERa and 3
antagonist). These effects were observed in ERJ3 knockout mice but not in ERa knockout
mice, suggesting that estradiol may act through ERa to activate MAPK signaling and CREB
phosphorylation in a subset of the cholinergic neurons (Szego et al., 2006).

Recently, a novel membrane-associated estrogen receptor GPR30 was identified (Moriarty
et al., 2006; Prossnitz et al., 2007). GPR30 is a seven-transmembrane-spanning G-protein
coupled receptor that is localized to both intracellular and plasma membranes (Funakoshi et
al., 2006), and promotes rapid estrogen signaling in a variety of cell types including breast
cancer cells, uterine epithelial cells, keratinocytes, thymus, and select cell lines (Albanito et
al., 2007; Filardo and Thomas, 2005; Thomas et al., 2005; Vivacqua et al., 2006).
Radioligand assays have found that GPR30 shows specific, high affinity binding to estradiol
and related estrogens. In SKBR3 cells, GPR30 confers high affinity (Kd: 2.7 nM), saturable,
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low capacity (Bmax: 114 pM) estrogen binding (Thomas et al., 2005). In Cos-7 cells,
transfection with GPR30 confers E2 binding with a Ki of 6.6 nM, and a Kd similar to that
calculated for E2 binding in SKBR3 cells (Revankar, 2005). Heterologous expression
studies and RNA. or antisense knock-down experiments confirm that binding is associated
specifically with GPR30, and does not require classical estrogen receptors. Competitive
binding assays show that steroid binding to GPR30 is specific for E2 and for certain
phytoestrogens, whereas other steroid hormones (e.g., 17a-estradiol, progesterone, cortisol,
and testosterone) have little binding at concentrations up to 10 pM. In contrast, the
antiestrogens 1C1182,780 and tamoxifen compete effectively, with relative binding affinities
approximately 10% that of E2 (Thomas et al., 2005). Functional studies using breast cancer
cells lacking classical estrogen receptors found that GPR30 mediates upregulation of c-fos
proto-oncogene by E2, as well as by other estrogen-like compounds such as the
phytoestrogens genistein and quercetin (Maggiolini et al., 2004). Using Ishikawa cells
(which express ERa) and human endometrial cancer cells (HEC1A cells; which do not
express functional ERa), Vivacqua et al. (Vivacqua et al., 2006) demonstrated that E2 and
the major antiestrogenic metabolite of tamoxifen (4-hydroxytamoxifen) up-regulate c-fos
expression specifically through interaction with GPR30 and that this effect involves
activation of epidermal growth factor receptor.

Both Northern blot and Western blot studies have confirmed that GPR30 is expressed in a
variety of tissues, including the central nervous system. In the brain, GPR30
immunoreactivity has been detected in many regions including the hippocampus,
hypothalamus, and midbrain (Brailoiu et al., 2007). GPR30 also is expressed in spinal cord
and in dorsal root ganglion neurons, and G-1, a selective GPR30 agonist (Bologa et al.,
2006), can depolarize spinal cord neurons as well as stimulate protein kinase C&-dependent
hyperalgesia in rats (Dun et al., 2009; Kuhn et al., 2008). The role that GPR30 plays in
mediating estrogen effects in brain is still largely unclear. One recent study found that G-1
reduces 5-HT1A receptor signaling in the paraventricular nucleus of the hypothalamus,
analogous to E2 (Xu et al., 2009). Other studies suggest that GPR30 is involved in estrogen-
mediated regulation of GnRH neurons in non-human primates (Noel et al., 2009; Terasawa
et al., 2009). Another study reports that G-1 significantly reduced freezing behavior in a
mouse model of depression (analogous to E2) and that this effect was blocked by G-15 (a
selective GPR30 antagonist) (Dennis et al., 2009). Recently we have investigated the role of
GPR30 in mediating estrogen effects on cholinergic neurons in the basal forebrain, and have
generated evidence that GPR30 is an important regulator of BFCN function with
corresponding effects on cognitive performance.

GPR30 is Expressed by Cholinergic Neurons in the Basal Forebrain

Our initial studies evaluated GPR30 expression in the rat forebrain and tested whether
GPR30 is expressed by specific cholinergic cell groups. GPR30-like immunoreactivity was
detected in many regions of the forebrain including hippocampal pyramidal cells, pyramidal
neurons in frontal cortex, cells in the hypothalamus, as well as regions containing basal
forebrain cholinergic cell groups (Hammond et al., 2010) (Figure 1). Using RT-PCR, we
also verified that GPR30 mRNA is detectable in each of these regions, with the highest
levels detected in the hippocampus and frontal cortex (Hammond et al., 2010). ChAT is the
enzyme responsible for the production of acetylcholine (ACh) and is a specific marker for
cholinergic neurons. Using fluorescence immunohistochemistry, we evaluated the co-
localization of GPR30 with cholinergic neurons in the MS, DBB, NBM and striatum. For
comparison, we also evaluated co-localization with parvalbumin (Parv)-containing cells in
these same regions. Parv is a calcium binding protein that is expressed by GABAergic
neurons in the basal forebrain (Freund, 1989; Kiss et al., 1990). Results showed that the vast
majority of ChAT+ cells in each region of the basal forebrain contained GPR30-like
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immunoreactivity (IR) (Hammond et al., 2010) (Figure 1). In the MS and STR, nearly all
ChAT+ cells contained GPR30-like-IR (95% and 99%). In the VDB, HDB, and NBM,
(62%, 68%, and 81%) of cholinergic cells also contained GPR30-like-IR. In contrast, the
majority of parvalbumin (GABAergic) neurons in the same regions of the brain were GPR30
negative (Hammond et al., 2010). Only 19%, 35%, 42%, and 0.4% of parvalbumin cells in
the MS, VDB, HDB, and STR contained GPR30-IR. These data demonstrate that GPR30 is
differentially expressed by cell types in the basal forebrain, and that GPR30 is ideally
positioned to play a significant role in mediating direct effects of E2 on BFCNE.

Activation and Inhibition of GPR30 Affects Cholinergic Function

To determine whether GPR30 influences basal forebrain cholinergic function, we evaluated
whether treating rats with G-1 or G-15 significantly affects ACh release in the hippocampus.
In one experiment, ovariectomized (Ovx) rats were treated with G-1, E2, or vehicle using a
miniosmotic pump implanted subcutaneously. These pumps deliver continuously at a rate of
12 pL/day, and rats were treated with a dose of 5 pg/day G-1 or E2. Rats also received a
guide cannula positioned immediately over the right hippocampus. After one week of
treatment, a 3 mm concentric microdialysis probe was lowered into the hippocampus, and in
vivo microdialysis was performed to measure both basal and potassium-stimulated ACh
release. E2 did not affect basal ACh release, but significantly increased potassium-
stimulated release (Table 1) consistent with previous reports (Gabor et al., 2003;Gibbs et al.,
2004;Marriott and Korol, 2003). G-1 produced essentially the same effect, i.e., G-1 did not
affect basal ACh release, but significantly increased potassium-stimulated release similar to
E2 (Hammond et al., 2010) (Table 1). This suggests that activation of GPR30 enhances ACh
release in the hippocampus similar to E2.

In a separate experiment, gonadally intact rats were treated with G-15 or vehicle and then
tested for effects on ACh release. Preliminary results indicate G-15 at a dose of 10 pg/day
has no effect on basal ACh release, but significantly decreases ACh release in response to
elevated potassium (not shown). The profile of release suggests a depletion of ACh stores
during the period of enhanced neural activity, consistent with a reduction in ACh synthesis.
These preliminary results are consistent with the hypothesis that GPR30 is an important
regulator of basal forebrain cholinergic function, and that effects of E2 on basal forebrain
cholinergic function are mediated, at least in part, via GPR30.

Effects of G-1 and G-15 on Spatial Learning

E2 enhances acquisition of a delayed matching-to-position T-maze task by Ovx rats, and
cholinergic inputs to the hippocampus are critical for this effect (Gibbs, 2002; Gibbs, 2007).
To test whether the effects of GPR30 on cholinergic function are relevant to cognitive
performance, we evaluated the effects of G-1 and G-15 on DMP acquisition in comparison
with the effects of ovariectomy and E2 replacement. Ovx rats were treated with G-1, E2, or
vehicle via miniosmotic pump as described above, and compared with vehicle-treated
gonadally intact controls. G-1 and E2 were delivered at a dose of 5 pg/day for the duration
of the experiment. After one week of treatment, rats were trained on the DMP task as
previously described (Gibbs, 2007), and the number of days required to reach criterion was
compared. Ovariectomy significantly reduced the rate of acquisition as demonstrated by a
significant increase in the number of days required to reach criterion compared with
gonadally intact controls. This effect was reversed by chronic treatment with either E2 or
G-1 (Hammond et al., 2009) (Fig 2). In a separate experiment gonadally intact rats were
treated with G-15 at a dose of 5 or 10 pg/day and then compared with vehicle-treated
controls. Preliminary results suggest G-15 dose-dependently reduces the rate of acquisition
on the DMP task, and that a dose of 10 pg/day has an effect comparable to ovariectomy
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(G-15-treated rats took and average of 13 days to reach criterion compared with 10 days for
gonadally intact controls). These effects are consistent with the effects on ACh release, and
suggest that the effects of Ovx and E2 on DMP acquisition are mediated via GPR30 and the
regulation of BFCN function. Future studies will focus on identifying the specific
mechanisms of GPR30-mediated regulation of BFCN function, showing that G-15
specifically blocks the effects of estradiol, and on demonstrating whether GPR30 is both
necessary and sufficient to mediate the effects of E2 on cognitive performance.

Summary & Conclusions

Human and animal studies support the ‘Window of Opportunity’ hypothesis and show that
the effects of estrogen therapy on cognitive performance are due, at least in part, to effects
on cholinergic inputs to the hippocampus and cortex. We hypothesize that the loss of
estrogen effect with age and time following menopause is due to a reduction in the function
of these projections. Our recent findings support the hypothesis that GPR30 plays an
important role in mediating the effects of estradiol on the function of cholinergic inputs to
the hippocampus and cortex, with corresponding effects on cognitive performance.
Consequently, treatment with a GPR30 agonist may be a viable strategy for preventing or
reversing the loss of estrogen effect with age and time following menopause.

Other mechanisms also may contribute to the loss of estrogen effect following menopause.
For example, decreases in estrogen receptor expression in the hippocampus or cortex have
been described (Mehra et al., 2005; Wilson et al., 2002) and could contribute to reductions
in the effects of estrogen therapy. Data from our laboratory suggest that reductions in
estrogen receptor expression also may occur in response to loss of cholinergic function.
Specifically, preliminary data suggest that septal cholinergic lesions can lead to significant
reductions in ERa and ERB mRNA in the hippocampus (Hammond et al., 2010 abstract).
This may be another mechanism by which cholinergic impairment associated with age and
time following menopause can contribute to the Window of Opportunity. Whether activation
of GPR30 can reverse this effect currently is being evaluated.

Based on our data and on evidence supporting the cholinergic hypothesis, we also propose
that enhancing cholinergic activity, whether indirectly via a GPR30 agonist or AChE
inhibitors, or directly via selective AChR agonists, could be an effective means of reopening
the window of opportunity and restoring beneficial effects of estrogen therapy on cognitive
performance in older women. This is supported by one recent study showing that donepezil,
a cholinesterase inhibitor used in treating Alzheimer’s disease, was effective at restoring
effects of estradiol on DMP acquisition in aged rats (Gibbs et al., 2009). We have observed
similar effects of donepezil + estradiol in young rats with cholinergic lesions, as well as the
ability of galanthamine (another cholinesterase inhibitor used in treating Alzheimer’s
disease) to enhance effects of estradiol on DMP acquisition in aged rats (unpublished
observations). These findings are consistent with a report by Schneider et al. (Schneider et
al., 1996) that postmenopausal women with AD and who also received estrogen therapy
responded better to tacrine (a cholinesterase inhibitor formerly used to treat AD) than
women not on estrogen therapy. Hence, combining estrogen therapy with selective
cholinergic enhancers may be a particularly effective strategy for re-opening the window of
opportunity in older women (discussed in (Gibbs, 2010)). Sustained estrogen therapy,
however, is not without significant risks and side effects, particularly in older women
(Grady et al., 1995; Grady et al., 2000; Ross et al., 2000). Selective GPR30 agonists (such as
G-1) may offer added benefits by avoiding such adverse effects. Whether G-1 is effective at
enhancing cholinergic function and cognitive performance in aged rats and is similarly
affected by co-administration of cholinesterase inhibitors needs to be evaluated. We
hypothesize that such strategies will prove beneficial, particularly in older women who are
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beginning to show signs of mild cognitive impairment or early Alzheimer’s disease. More
studies are needed to address these questions.
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Figure 1.

Immunostaining showing GPR30-IR in forebrain regions and illustrating co-localization of
GPR30-IR with ChAT in adult female Sprague-Dawley rats. Panels A and B show GPR30-
IR staining in the hippocampus, and in pyramidal cells in layer 111 of frontal cortex. Panel C
shows GPR30-IR staining in the medial septum. Panels D and E are confocal images
showing co-localization of GPR30 (panel D-labeled with Cy3) and ChAT (panel E-labeled
with Alexa-488) in the medial septum. The merged image is shown in panel F. Solid arrows
point to double-labeled cells. Open arrow points to a weak GPR30-positive cell that is
negative for ChAT. Scale bar = 400 um in A, 50 um in B-C, and 20 um in D-F. Portions
adapted from (Hammond et al., 2010).
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Figure 2.
Bar graph illustrating the effects of ovariectomy (OVX), estradiol, and G-1 treatment on rate

of DMP acquisition in adult female Sprague-Dawley rats treated systemically with 10 pg/
day of treatment. Bars indicate mean number of days to reach criterion (DTC) + s.e.m. OVX
vehicle significantly differs from all over groups *p<0.05. Adapted from (Hammond et al.,
2009).
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Effects of Estradiol (E2) and G-1 on ACh Release in the Hippocampus

Potassium-
Stimulated
Basal ACh Release ~ ACh Release
(pmol/ 20 (Percentage
Group microliters) Change)
Vehicle 0.38 £0.02 135.4 £ 6.8%
E2 046003 289.8 £ 28.9%"
G-l 0.34+0.03 290.7 +21.2%"

Basal Ach levels represent baseline amounts of Ach collected 90-150 minutes following probe insertion. Potassium-stimulated Ach levels

Page 15

represent the percentage change between amount of Ach in basal levels and amount of Ach collected during perfusion of the probe with high

potassium added to the artificial cerebrospinal fluid.

p<0.05 relative to OVX vehicle. Adapted from (Hammond et al., 2010).
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