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Abstract

While many studies in humans have investigated the effects of estrogen and hormone therapy on 

cognition, potential neurobiological correlates of these effects have been less well studied. An 

important site of action for estrogen in the brain is the cholinergic system. Several decades of 

research support the critical role of CNS cholinergic systems in cognition in humans, particularly 

in learning and memory formation and attention. In humans, the cholinergic system has been 

implicated in many aspects of cognition including the partitioning of attentional resources, 

working memory, inhibition of irrelevant information, and improved performance on effort-

demanding tasks. Studies support the hypothesis that estradiol helps to maintain aspects of 

attention and verbal and visual memory. Such cognitive domains are exactly those modulated by 

cholinergic systems and extensive basic and preclinical work over the past several decades has 

clearly shown that basal forebrain cholinergic systems are dependent on estradiol support for 

adequate functioning. This paper will review recent human studies from our laboratories and 

others that have extended preclinical research examining estrogen-cholinergic interactions to 

humans. Studies examined include estradiol and cholinergic antagonist reversal studies in normal 

older women, examinations of the neural representations of estrogen-cholinergic interactions using 

functional brain imaging, and studies of the ability of selective estrogen receptor modulators such 

as tamoxifen to interact with cholinergic-mediated cognitive performance. We also discuss the 

implications of these studies for the underlying hypotheses of cholinergic-estrogen interactions 

and cognitive aging, and indications for prophylactic and therapeutic potential that may exploit 

these effects.
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INTRODUCTION

The prophylactic and therapeutic use of gonadal steroids remains among the most 

controversial areas in medicine. Large prospective trials such as the Women’s Health 

Initiative (Coker et al., 2010) have altered significantly what had been accepted about 

postmenopausal hormone treatment based on prior retrospective epidemiologic surveys 

(Maki and Hogervorst, 2003). While significant strides have been made in understanding the 

actions of these molecules on such target organs as bone and breast tissue, significant 

questions remain about their impact on the brain and brain function in humans. Cognitive 

symptoms reported by women at menopause include difficulties in memory, attention, and 

word-finding. A study of cognitive change across the menopause transition showed that 

performance on a number of cognitive tasks, including recognition speed, concept 

integration, and psychomotor skill declined at a faster rate immediately after menopause 

than would have been predicted by age alone, suggested an acceleration of decline due to 

loss of estradiol (Halbreich et al., 1995). There is some evidence that estrogen therapy (ET) 

results in the maintenance of a premenopausal level of cognitive functioning (i.e., (Duka et 

al., 2000; Jacobs et al., 1998; Resnick et al., 1997; Smith et al., 2001a; Zandi et al., 2002),

While many studies in humans have investigated the effects of estrogen and hormone 

therapy on cognition, few have proposed a mechanism of action for estrogen in the brain. 

One possible site of action for estrogen in the brain is the cholinergic system. Several 

decades of research support the critical role of CNS cholinergic systems in cognition in 

humans, particularly in learning and memory formation and attention. The activity of the 

CNS cholinergic system may be a primary determinant of the effectiveness of attentional, 

learning, and memory mechanisms (Sarter et al., 2005). In humans, the cholinergic system 

has been implicated in many aspects of cognition including the partitioning of attentional 

resources, working memory, inhibition of irrelevant information, and improved performance 

on effort-demanding tasks (see Newhouse et al. 2001 and Dumas and Newhouse, 2011 for a 

review). It is well accepted that cholinergic dysfunction is relevant to the cognitive and 

behavioral changes secondary to age-related dementias such as Alzheimer’s disease (Levey, 

1996). Loss of p75NTR receptors that are modulated by estrogen (Bora et al., 2005) on basal 

forebrain cholinergic neurons is associated with early evidence of cognitive dysfunction 

even without evidence of cellular loss (Mufson et al., 2002). Studies support the hypothesis 

that estradiol helps to maintain aspects of attention and verbal and visual memory (LeBlanc 

et al., 2001; Sherwin, 1993; Sherwin, 2006), and may have positive effects on tasks 

mediated by the prefrontal cortex (Keenan et al., 2001) and hippocampus (Maki, 2005a) 

especially in younger postmenopausal women. Such cognitive domains are exactly those 

modulated by cholinergic systems and extensive basic and preclinical work over the past 

several decades has clearly shown that basal forebrain cholinergic systems are dependent on 

estradiol support for adequate functioning (Gibbs, 2010).
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This paper will review recent human studies from our laboratories and others that have 

extended the pioneering animal research examining estrogen-cholinergic interactions to 

humans with a specific focus on cognitive changes that may occur with normal and 

pathologic aging, as cholinergic system integrity is critical for normal cognitive performance 

and deterioration of this system leads to age-related cognitive deficits (Dumas and 

Newhouse, 2011). Early studies involved classic cognitive neuropharmacology using 

cholinergic antagonists and focusing on specific cognitive domains thought to be sensitive to 

cholinergic systems. We also examine the potential effects of selective estrogen receptor 

modulators and their potential effects on cholinergic system-mediated cognitive 

performance. Later studies have extended this work using functional neuroimaging to 

examine the neural representation of cognitive operations sensitive to cholinergic blockade 

and the effect of estradiol treatment on brain activity. Finally, we discuss the implications of 

these studies for the underlying hypotheses of cholinergic-estrogen interactions, the 

relationship to cognitive aging, and approaches moving forward that will have the potential 

to exploit these interactions for prophylactic or therapeutic benefit.

Cognitive Changes with Aging

Research in cognitive aging has shown that older adults are impaired on tasks of working 

memory and episodic memory relative to younger adults (Verhaeghen and Cerella, 2002; 

Verhaeghen et al., 1993). Additionally, age differences in brain activation patterns during 

performance of working memory and episodic memory tasks have also been found in many 

studies (Cabeza et al., 2002; Rypma and D’Esposito, 2000). As will be described below 

there are many similarities in the patterns of age differences seen across these cognitive 

domains. There is strong empirical evidence that working memory, the ability to hold and 

manipulate information in mind over a short period of time (Baddeley, 1986) is affected by 

increased age (Verhaeghen et al., 1993). Age-related impairments in working memory have 

been hypothesized to be at the core of age differences in higher cognitive processes like 

problem solving and decision making (Labouvie-Vief, 2003). Thus, understanding how the 

neurobiology of aging influences working memory is important for understanding the 

mechanisms by which higher cognitive processes are affected by aging. Functional 

neuroimaging studies have shown that the age difference in working memory influences 

activation in frontal and posterior brain regions. For example on a task measuring reaction 

time during retrieval of information from working memory, faster younger adults showed 

less dorsolateral prefrontal cortex activation relative to slower younger adults (Rypma and 

D’Esposito, 2000). However, faster older adults showed increased activation relative to 

slower older adults. Thus, the increased activation in slower younger adults and faster older 

adults may represent compensation responses for difficulty in performing the task. In 

another study, older adults were less able than younger adults to inhibit irrelevant 

information during working memory encoding (Gazzaley et al., 2005). Younger adults 

showed enhanced posterior cortical activation during the presentation of task-relevant 

information and suppression in these same areas during the presentation of task-irrelevant 

information. Older adults showed similar task-relevant information enhancement in 

posterior regions, but did not show the same suppression as younger adults. This finding was 

interpreted as an age-related loss in top-down attentional control during working memory 

Newhouse and Dumas Page 3

Horm Behav. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



encoding. Thus, these prior data show age differences in working memory were seen in 

activation increases and decreases in frontal and occipital regions, respectively.

Research on age differences in episodic memory shows that older adults perform more 

poorly than younger adults on tests of episodic memory (Light, 1991). In addition, changes 

in episodic memory are the critical cognitive measure used to diagnose MCI and AD and 

older adults with episodic memory impairment in MCI are more likely to progress to AD 

(Albert et al., 2011). In recent years, studies have examined normal age differences in 

episodic memory during fMRI and older adults activated more bilateral frontal areas relative 

to younger adults during encoding. Cabeza and colleagues (Cabeza et al., 2002) have 

proposed the hemispheric asymmetry reduction for older adults (HAROLD) model of age 

differences in frontal cortex activation during memory tasks. This is an age-related 

modification of the hemispheric encoding/retrieval asymmetry (HERA; (Tulving et al., 

1994) pattern of brain activation often seen in younger adults in which encoding processes 

activated left prefrontal cortex while retrieval processes activated right prefrontal cortex. 

Older adults showed a reduction in this asymmetry such that there was more bilateral 

activation in both episodic encoding and retrieval tasks. Morcom (Morcom et al., 2003) 

found encoding-related activity was left lateralized in younger adults as predicted by HERA 

and bilateral in older adults as predicted by HAROLD. Daselaar (Daselaar et al., 2003) 

found that poorer performing older adults had decreased frontal activity during episodic 

memory encoding relative good performing older adults. The good performing older adults 

had activation that was similar to that of younger adults.

This pattern of similar activation across working memory and episodic memory was 

summarized by Cabeza and colleagues (Cabeza et al., 2004). Older adults showed increased 

activation in the prefrontal cortex and decreased occipital activation during both tasks. 

Cabeza (Cabeza et al., 2004) interpreted these findings as evidence for task-independent 

age-related changes in brain activity representing sensory decline as well as compensation 

for sensory changes with recruitment of additional frontal cortical areas. Davis (Davis et al., 

2008) named this phenomenon the posterior anterior shift in aging (PASA). Interestingly, 

frontal increases were positively correlated with performance and posterior decreases were 

negatively correlated with performance. Thus, the increased activation for older adults was 

related to improved performance on these cognitive tasks.

This data pattern suggests that adults who perform poorly on cognitive tasks relative to 

younger adults have difficulty controlling the focus of attention. This attentional control 

difficulty will affect memory processes that require the control of attention such as working 

memory and episodic memory. This difficulty may increase the need to recruit frontal brain 

regions. However, these data do not implicate the neurobiological processes that underlie the 

age differences in brain activation during working memory and episodic memory. Below 

evidence is presented relating the PASA pattern to age-related changes in the estrogen-

cholinergic systems functioning.

Whether women show differential cognitive changes from men prior to menopause has not 

been clearly studied. However, as has been noted previously, women appear to show an 

inflection point at menopause with changes in cognitive performance in some domains that 
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are greater than would be predicted by chronological age (Halbreich et al., 1995). Whether 

this is true across all cognitive domains is currently being studied in large cohort studies 

such as the Study of Women across the Nation (SWAN) (Greendale et al., 2009). Clearly 

however, women show higher risk for late life cognitive disorders such as Alzheimer’s 

disease(Carter et al., 2012), early menopause increases the risk for late life cognitive 

impairment and dementia (Coppus et al., 2010), and women may show more rapid cellular 

aging in association with high risk genotypes(Jacobs et al., 2013).

Estrogen Effects on Cholinergic Systems

Estradiol appears to modulate cholinergic neurotransmission in the brain (Gibbs, 1996; 

McMillan et al., 1996). Loss of estradiol support after ovariectomy in animals has been 

shown to decrease high affinity choline uptake, choline acetyltransferase (ChAT) activity, 

and ChAT mRNA levels (Gibbs et al., 1994; Luine et al., 1975; Luine et al., 1986; Singh et 

al., 1993). These effects can be reversed by exogenous estradiol (Yamamoto et al., 2007). 

Levels of NGF and BDNF mRNA also appear to decrease following ovariectomy and are 

restored following estradiol replacement (Singh et al., 1993; Singh et al., 1994; Singh et al., 

1995). Short-term estradiol replacement in ovariectomized animals restores trkA mRNA 

levels to normal along with CAT levels in several nuclei (nucleus basalis, horizontal limb of 

the diagonal band) in the basal forebrain (McMillan et al., 1996), although longer-term (10 

days) administration of estradiol results in a decrease in the levels of trkA mRNA, 

apparently commensurate with a restoration of cholinergic function. Estradiol increases 

BDNF and CREB expression in a regionally specific way, particularly in the hippocampus 

and amygdala (Zhou et al., 2005). While estradiol restores CAT levels in ovariectomized 

animals, the effects on NGF receptors may be regionally specific and time-linked to the 

restoration of cholinergic function (Gibbs, 1994; Gibbs, 2000). As over 90% of NGF-

receptor containing neurons in the basal forebrain are cholinergic (Gibbs, 2000), this 

estradiol-related enhancement of NGF receptor mRNA presumably is related to increased 

NGF signaling, the increase in ChAT levels, and an improvement in cholinergic function.

Biologically active estradiol receptors are present in the basal forebrain cholinergic neurons 

with ERα and GPR30 being the predominant receptor subtypes (Hammond et al., 2011; 

Miettinen et al., 2002; Shughrue et al., 2000). Estradiol appears to be able alone to support 

the survival of transplanted cholinergic neurons (Tanaka et al., 1993), can directly modify 

the expression of muscarinic receptors (Cardoso et al., 2010) and receptor binding 

(Dohanich et al., 1982), as well as increasing acetylcholinesterase activity in the 

hypothalamus (Luine and Rhodes, 1983). Estradiol may have nicotinic effects as well, 

including increasing the density of hypothalamic α-bungarotoxin nicotinic receptors 

(Morley et al., 1983), and facilitating the response of neurons to the excitatory actions of 

acetylcholine (Kow and Pfaff, 1985). Estradiol-nicotinic receptor interactions appear 

potentially mediated by ERβ (Fernandez et al., 2013) and may be particularly relevant to 

depression (Kandi and Hayslett, 2011).

Recent studies have suggested that estradiol may produce important effects on cholinergic 

neurons through novel estrogen receptors such as GPR30 (Gibbs et al., 2014). GPR30 is a 

novel G protein-coupled estrogen receptor that is expressed in brain, particularly by 
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cholinergic neurons in the basal forebrain and appears to be an important regulator of basal 

forebrain cholinergic functioning (Hammond and Gibbs, 2011). Stimulation of these 

receptors may produce significant increases in acetylcholine signaling in the hippocampus 

via direct effects on the basal forebrain (Hammond et al., 2011).

In rodents, ovariectomy reduces performance on learning and memory tasks and this decline 

in performance parallels a decline in cholinergic activity and choline acetyltransferase 

(ChAT) levels in several brain regions, while estradiol replacement prevents this decline 

(Singh et al., 1994). Estradiol administration in ovariectomized rats counteracted the 

negative learning effects of the cholinergic antagonist scopolamine on alternation learning 

(Dohanich et al., 1994). Estradiol replacement in ovariectomized rats enhanced acquisition 

of memory tasks and partially or completely blunted the effects of the anticholinergic 

scopolamine (Fader et al., 1999; Gibbs, 1999; Tanabe et al., 2004). In ovariectomized mice, 

estradiol administration increases the expression of choline acetyltransferase (ChAT), which 

correlated with improved performance (Miller et al., 1999). Even single subthreshold doses 

of estradiol can potentiate the effects of the cholinergic or glutamatergic agonist on 

avoidance learning when administered directly to the hippocampus (Farr et al., 2000). When 

cholinergic systems are experimentally destroyed or blocked, estradiol administration is 

ineffective in enhancing learning (Daniel et al., 2005; Gibbs, 2001), suggesting the 

cholinergic systems are critical for estradiol to have cognitively enhancing effects. 

Interestingly, high doses of ethinyl estradiol a synthetic form of 17-β estradiol, the most 

common estrogen in hormonal contraceptives, appears to negatively impact working 

memory performance in rodents and this correlates with a decline in measures of cholinergic 

integrity (Mennenga et al., 2015).

Long-term loss of estrogen function produces a decrease in the functional status of basal 

forebrain cholinergic neurons, particularly projecting to the hippocampus and cortex (Gibbs, 

1998) and treatment with estradiol restored ChAT mRNA in the medial septum and trkA 

mRNA in the nucleus basalis (Yamamoto et al., 2007). Estradiol effects on cholinergic 

neurons appear mediated particularly through ERα via the MAPK pathway (Szego et al., 

2006). Estradiol effects on visual-spatial attention appear to be modulated by cholinergic 

muscarinic receptors in primates (Tinkler and Voytko, 2005), but the ability of estradiol 

replacement to enhance cholinergic function may also be age-related. Savonenko and 

Markowska (Savonenko and Markowska, 2003) found that the ability of estradiol to 

decrease behavioral vulnerability to scopolamine was limited to younger ovariectomized 

animals and was not seen in older rats. The ability of estradiol to enhance basal forebrain 

cholinergic function appears to decline with age and with the time since loss of endogenous 

hormonal support (Daniel et al., 2006). Accumulating evidence suggests that the ability of 

estradiol to enhance both cholinergic functioning and cognitive performance is attenuated if 

a significant delay follows loss of endogenous hormonal support. This seems to also 

correlate with loss of ERα resulting from long-term hormone deprivation. Taken together 

these factors may suggest a reason for the so-called “critical period” (Daniel, 2013). Even 

the rapidity of how quickly estrogen is lost may impact memory and cholinergic functioning 

(Acosta et al., 2009). However some animal studies have shown that estradiol benefits 

cognitive performance even when administration is delayed after ovariectomy or natural 

menopause for several years (Foster et al., 2003; Lacreuse, 2006; Lacreuse et al., 2002; 
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Rapp et al., 2003a). The reason for this discrepancy is not clear, but the length of the 

“window” or “critical period” may be quite different depending on the natural lifespan of the 

animal (Voytko et al., 2008).

In humans, the length of hormone treatment in postmenopausal women has been shown to 

be correlated with vesicular acetylcholine transporter binding in a variety of brain regions 

(Smith et al., 2001b) and greater muscarinic receptor density in hippocampus and frontal 

cortex as well as some cortical areas was found in hormone users compared to nonusers 

(Norbury et al., 2007). Using a positron emission tomography ligand of acetylcholinesterase 

as a marker of cholinergic integrity, Smith and colleagues (Smith et al., 2011) were able to 

show that women who had begun postmenopausal hormone therapy shortly after menopause 

showed significantly higher levels of acetylcholinesterase in the hippocampus and posterior 

cingulate cortex compared to women who had not taken any hormone therapy, consistent 

with a preservation of cholinergic neuronal integrity in the early hormone treatment group.

Estrogen Studies in Human Cognition

Studies of the cognitive effects of estradiol have strongly suggested that estradiol levels are 

directly relevant to cognitive function. An important study showed that performance on a 

number of cognitive tasks, including recognition speed, concept integration and 

psychomotor skill declined at a faster rate immediately after menopause than would have 

been predicted by age alone, suggesting an acceleration of decline due to loss of estradiol 

(Halbreich et al., 1995).

Studying estradiol replacement after surgical oophorectomy, Sherwin (Sherwin, 1988) found 

that an estradiol treated group with three months of hormone treatment after oopherectomy 

showed preservation of verbal learning and memory performance compared to placebo-

treated women who showed a decline (Phillips and Sherwin, 1992). Other investigators have 

also shown similar experimental results in women after surgery (Kimura, 1995; Verghese et 

al., 2000) Beneficial effects of hormone treatment on cognition after natural menopause 

have been shown in a number of other studies (Jacobs et al., 1998; Krug et al., 2006; 

Resnick et al., 1997; Shaywitz et al., 2003; Smith et al., 2001a; Stevens et al., 2005a; Duka 

et al., 2000). Some other studies have not shown positive effects (Alhola et al., 2007; 

Barrett-Connor and Kritz-Silverstein, 1993; Binder et al., 2001; Ditkoff et al., 1991; Polo-

Kantola et al., 1998) and studies examining estradiol therapy specifically in older women 

(70+) have not shown significant benefit (Almeida et al., 2006; Buckwalter et al., 2004; 

Espeland et al., 2004). A meta-analysis (Hogervorst et al., 2000) reviewing 32 studies of 

hormone treatment concluded that the majority showed positive cognitive benefit(s) of 

hormone treatment and a meta-analysis of studies since 2000 (Maki, 2005b) demonstrated 

that most trials showed cognitive benefit in younger women but no benefit or small negative 

effects in older women. Overall, studies support the hypothesis that estradiol helps to 

maintain aspects of attention, verbal and visual memory (LeBlanc et al., 2001; Sherwin, 

1993; Sherwin, 2006), and may have positive effects on tasks mediated by the prefrontal 

cortex (Keenan et al., 2001) and hippocampus (Maki, 2005a) especially in younger 

postmenopausal women.
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Estrogen effects on cholinergic neurons may be important for the risk of developing 

pathologic late life cognitive dysfunction or neurodegeneration such as Alzheimer’s disease 

(AD) (Ábrahám et al., 2009). Women appear to be at higher risk for AD, particularly if they 

carry the APOE4 allele (Bretsky et al., 1999). Furthermore, certain ER polymorphisms 

appear to be associated with the risk of developing cognitive impairment (Yaffe et al., 

2002). Both prospective and case-control studies have shown that estradiol use in 

postmenopausal women may decrease the risk of the development and/or expression of AD 

(Kawas et al., 1997; Paganini-Hill and Henderson, 1994; Panidis et al., 2001; Tang et al., 

1996; Zandi et al., 2002) with an overall odds ratio of 0.66 (LeBlanc et al., 2001). Estradiol 

treatment alone may improve cognitive functioning in some female AD patients (Fillit, 

1994; Ohkura et al., 1994) but large controlled trials of estradiol alone as a therapy for mild 

to moderate AD have been negative, showing no significant effect on cognitive measures of 

long-term progression (Henderson et al., 2000; Mulnard et al., 2000), although estradiol 

appears to enhance the effect of anticholinesterase medication in AD (Schneider et al., 

1996). It may be that estradiol alone cannot significantly prevent progression of an already 

established disease, perhaps due to the progressive deterioration in basal forebrain 

cholinergic systems (Craig et al., 2011) necessary for estrogen to have salutary effects on 

cognition. In addition, studies published as part of the Women’s Health Initiative study 

(WHI) showed that the relative risk of diagnosis of dementia in the active treatment 

(Premarin plus medroxyrogesterone acetate) group was approximately twice that of the 

placebo group (Shumaker et al., 2003) and that in women not diagnosed with dementia, no 

overall cognitive improvement was seen (Rapp et al., 2003b). However, the average age of 

the women in the study at treatment onset was 63.3 years, with two thirds between the ages 

of 60–70, far past menopause (Henderson et al., 2005). Thus, the question of whether 

gonadal steroid hormone therapy may have a role in the prevention of AD or in maintaining 

cognitive function in older women has not been answered by these studies (Yaffe, 2003).

Brinton and others have proposed the so-called “healthy cell bias of estrogen benefit” 

(Brinton, 2004; Harman et al., 2004), suggesting that estrogen may benefit healthy neurons 

but neurologically deficient neuronal systems may be compromised by long-term treatment. 

The human extension of this has been defined as the “critical period hypothesis” (Maki, 

2006; Resnick and Henderson, 2002; Sherwin, 2006, 2007) suggesting that estrogen has 

maximal protective benefits on cognition in women when it is initiated closely in time to the 

menopause but may be ineffective, due to neuronal systems being refractory to estrogen 

(Silva et al., 2003) when initiated many years or decades after menopause (however see 

(Rapp et al., 2003a). This point is supported by the findings of the Cache County Study 

(Zandi et al., 2002), which found a linear association between the length of prior use of 

estrogen (but not current use) and risk reduction for the diagnosis of dementia in older 

women.

As studies of the effects of estrogen on cognition have become more selective, a pattern of 

results is emerging that suggests that initiation of hormone therapy improves cognitive 

performance particularly in younger postmenopausal women, but produces either no benefit 

or worsening cognitive performance in older postmenopausal women (Maki, 2005b). 

Studies examining estradiol therapy specifically initiated in older women (70+) have not 

shown significant benefit (Almeida et al., 2006; Buckwalter et al., 2004; Espeland et al., 
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2004; Pefanco et al., 2007; Yaffe et al., 2006), whereas studies of hormone treatment in 

women initiating at midlife or in the early postmenopausal period, tend to show 

improvement (MacLennan et al., 2006; Shaywitz et al., 2003; Stevens et al., 2005a; Stevens 

et al., 2005b). This has been formulated as the “critical period hypothesis” (Maki, 2005b; 

Pinkerton and Henderson, 2005; Sherwin, 2007) suggesting that there is a limited window of 

time to initiate hormone treatment for an undefined period after menopause if beneficial 

effects on brain function are to be seen. Dumas and colleagues (Dumas et al., 2008a) have 

shown that estrogen effects on enhancing cholinergic-related performance effects on 

episodic memory may be limited to younger postmenopausal women. These data also 

suggest that cholinergic system activity may be a major player in the “critical period”.

Experimental Estrogen-Cholinergic Interaction Studies in Humans

Many of the studies reviewed here create a temporary neurochemical “lesion” utilizing 

cholinergic antagonist drugs. This approach simulates the effects of age- or disease-related 

neuroreceptor and/or neuronal dysfunction by temporarily blocking pre- and postsynaptic 

muscarinic and nicotinic cholinergic receptors. This model reliably produces mild and 

quantifiable but rapidly reversible cognitive impairment and has proved valuable in 

understanding the role of the cholinergic system and its impairment on human cognitive 

functioning. This model has been successfully used to establish the effects of the loss of 

muscarinic and nicotinic cholinergic receptors in aging and neurodegenerative disorders 

(Newhouse et al., 1988; Sunderland et al., 1986; Sunderland et al., 1988) and show that 

cholinergic blockade alters task-related brain activity in a similar fashion as normal aging 

(Dumas et al., 2008b). This model has now been extended to demonstrate the effects of 

estradiol treatment on cholinergic function and cognitive performance in normal aging.

The effects of cholinergic modulation on cognitive processing and related brain circuitry 

have been examined in neuroimaging studies (see (Newhouse et al., 2011) and (Thiel, 2003) 

for reviews). In general, anticholinergic and procholinergic drugs show opposite patterns of 

brain activation across a range of cognitive tasks. However, the patterns of activation after 

anticholinergic drugs may differ in older subjects. For example, Dumas and colleagues 

(Dumas et al., 2012; Dumas et al., 2010b) found that scopolamine increased activation in 

frontal brain areas during both working memory and episodic memory tasks relative to 

placebo in older women and increased frontal activation after the nicotinic cholinergic 

antagonist mecamylamine during an N-back working memory test in older women. Dumas 

et al. (Dumas et al., 2010b) also found increased frontal and hippocampal activation and 

decreased occipital activation after mecamylamine compared to placebo during an episodic 

encoding task in older women.

Overall, these and cholinergic agonist studies suggest evidence for two related functions of 

the cholinergic system in information processing. The first is that the cholinergic system 

modulates stimulus-specific processing of sensory information in extrastriate cortical areas 

(Bentley et al., 2004; Furey et al., 2000). Second, brain regions involved in memory 

processing such as the hippocampus and frontal lobe are influenced by cholinergic 

modulation (Dumas et al., 2008b; Sperling et al., 2002; Thiel et al., 2003).
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Newhouse, Dumas and colleagues have utilized anticholinergic models in humans to 

examine the potential for estrogen to produce salutary effects on cholinergic system integrity 

that would convey greater resistance to the effects of a given dose of an anticholinergic 

agent, possibly via trophic effects on cholinergic neurons, leading to increased 

synaptogenesis, increase in receptors, etc.

An initial study (Dumas et al., 2006) demonstrated that relatively short periods of estradiol 

administration produced quantifiable and significant changes in the effects of cholinergic 

antagonists on cognitive performance. In a within-subjects crossover design 15 non-smoking 

normal postmenopausal women (mean age 60.1±10.1) received either oral 17β-estradiol (1.0 

mg/day) or placebo for 3 months. Subjects then took part in five challenge sessions 

including the cholinergic antagonists scopolamine at doses of 2.5 and 5 μg/kg administered 

intravenously and mecamylamine at 10 and 20 mg administered orally, or placebo. Subjects 

were blindly crossed over to the alternate treatment for an additional three months followed 

by a second set of pharmacological challenges. There were no baseline or pre-challenge 

differences between treatment phases.

Results showed that three months of treatment with estradiol resulted in a blunting or 

reduction of the effects of cholinergic antagonists on specific cognitive domains. In the 

domain of attention and vigilance, analysis of the Critical Flicker Fusion (CFF) showed 

performance was significantly less impaired after three months of estradiol following the 

muscarinic antagonist scopolamine challenge. Analysis with age group and years since 

menopause as the covariates showed a significant effect of estrogen in each model with 

better performance on the estrogen treatment relative to the placebo treatment.

Estradiol treatment significantly reduced the effects of a challenge with mecamylamine on 

the Choice Reaction Time Task (CRT), a measure of attention and psychomotor speed. 

Motor reaction time showed a significant reduction following anticholinergic drug challenge 

when subjects were treated with three months of estradiol compared to three months of 

placebo treatment (Figure 1).

Performance on the Continuous Performance Task (CPT) showed that estradiol treatment 

reduced the effects of both cholinergic antagonists on performance with similar patterns for 

the scopolamine and mecamylamine challenge days (Figure 2). There were main effects of 

estradiol treatment resulting in shorter hit reaction times compared to placebo treatment, 

thus attenuating the impairing effects of the anticholinergic drugs. Estradiol treatment also 

resulted in an improvement in throughput on the CPT task as the speed of hit performance 

was improved without affecting accuracy, thus there was no speed-accuracy tradeoff. Thus 

for the attention tasks, the effect of estradiol treatment was attenuation of the negative 

effects of anti-cholinergic drugs on performance and improved performance during anti-

cholinergic drug challenge relative to placebo treatment.

By contrast, effects on verbal episodic memory were less strong. The Selective Reminding 

Task (SRT) showed that estradiol treatment resulted in a reduction in recall failure after 

scopolamine challenge compared to placebo treatment, although this did not quite reach 

statistical significance. On the same measure, there was an interaction of estrogen treatment 
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and the dose of mecamylamine, consistent with a small improvement in performance with a 

small improvement (negative difference score) after low dose mecamylamine challenge 

during estrogen treatment (Figure 3).

Overall, estradiol treatment attenuated the impairing effects of the anticholinergic drugs on 

tests of attention and speed. There was less attenuation of the anticholinergic-induced 

impairment on a test of verbal episodic memory. Intriguingly, the human estrogen therapy 

literature would predict that estradiol would influence verbal memory performance, while 

the animal literature on the interaction of estrogen and the cholinergic system would predict 

that estrogen would influence attentional performance.

In a further study (Dumas et al., 2008a), Dumas and colleagues examined whether dose and 

age may be factors in determining how estrogen affects cholinergic system responsivity. 

Twenty-two cognitively normal postmenopausal women were evenly divided into two age 

groups (50–60 and 70+) and treated with either 17β-estradiol 1 mg/day for 1 month and 2 

mg/day for a further 2 months (to lead to typical late follicular-phase levels of estradiol) or 

placebo. They then underwent three challenges (2.5 μg/kg scopolamine, 10 mg oral 

mecamylamine, or placebo).

By contrast with the prior 1 mg estradiol study, stronger but selective effects of 2 mg 

estradiol were seen on verbal episodic memory after anticholinergic challenge. For the SRT 

there were interactions of age and treatment for the dependent measures total recall, recall 

failure, and recall consistency following scopolamine challenge. There were significant 

estradiol treatment by age interactions on total recall, recall consistency, and recall failure 

(Figure 4). In all cases, these interactions showed that estradiol improved performance for 

the younger group and impaired performance for the older group on the SRT measures 

compared to placebo treatment following scopolamine challenge.

Thus, the beneficial effects of estrogen on attenuating anticholinergic effects on verbal 

episodic memory were seen for the younger group (mean age 55.8) of postmenopausal 

women but not for the older group (mean age 74.3) of subjects. This study provides 

experimental evidence supporting the epidemiologic finding that younger postmenopausal 

women may benefit from estradiol therapy while older women may not.

Importantly, support for the critical period hypothesis was not seen the effect of estrogen 

therapy on memory performance was examined alone without the cholinergic challenge. 

These data suggest that prior studies have not seen significant effects on cognitive 

performance in the early postmenopausal period with estradiol therapy because the lack of 

significant cholinergic impairment at this age. Thus, if a significant part of estradiol effects 

on cognitive performance are mediated through cholinergic system stimulation or 

maintenance, the lack of significant cholinergic dysfunction at the age that most women go 

through menopause means that it will be difficult to demonstrate cognitive improvement. 

However, cholinergic blockade studies model cholinergic dysfunction, thus the estradiol 

effect can be detected.
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Tamoxifen-Cholinergic Interactions

Tamoxifen (TMX) is a selective estrogen receptor modulator that is used as an peripheral 

estrogen receptor antagonist for the treatment of breast cancer but may have ER agonist 

properties in the human brain (Haun et al., 2001; Haynes and Dowsett, 1999). Newhouse 

and colleagues examined how TMX affects cognitive performance in older women using 

anticholinergic drug-induced cognitive dysfunction (both muscarinic and nicotinic) to probe 

whether TMX would blunt or reverse anticholinergic impairment in attention and verbal 

memory. In this study (Newhouse et al., 2013), 18 normal postmenopausal women were 

administered 20 mg of oral TMX or placebo for three months. Subjects then took part in five 

drug challenges using the anticholinergics mecamylamine and scopolamine and were 

assessed cognitively. After a three-month washout, they were crossed over to the alternate 

treatment for three months and completed another five anticholinergic challenge days.

Results showed that TMX appears to act as an estrogen agonist by reducing the effects of 

anticholinergics on attention, speed, and episodic memory. For example, when subjects were 

on TMX treatment, effects of low dose cholinergic antagonists, particularly the effects of the 

nicotinic antagonist mecamylamine, were significantly less than on placebo treatment. 

Episodic memory performance showed that long-term recall was enhanced with significant 

reduction of impairment after cholinergic blockade while subjects were treated with TMX 

compared to placebo treatment (Figure 5).

To further examine hippocampal-dependent cognitive processes, this study added analysis of 

spatial learning and memory skills, utilizing the computerized Virtual Morris Water task 

(VMWM) for measuring spatial navigation (Astur et al., 2002; Newhouse et al., 2007). 

TMX treatment attenuated the impairment produced by nicotinic cholinergic blockade with 

mecamylamine on hidden platform latency during training trials (Figure 6a) and also 

improved correct quadrant time during the probe trial (Figure 6b). Similar though less robust 

effects were seen on training trials after scopolamine. These findings support the hypothesis 

that TMX treatment may blunt anticholinergic-induced impairment in visuospatial learning 

by improving cholinergic system integrity and/or input to the hippocampus and suggests 

cholinergic system integrity and/or hormonal status may have direct influence on 

hippocampally-mediated visuospatial learning.

It is of interest that our results are somewhat at variance with some studies in breast cancer 

patients that have suggested that long-term treatment with TMX may have negative 

cognitive consequences (Boele et al., 2015; Schilder et al., 2009). However, our studies were 

performed in normal postmenopausal women. Previous studies with TMX have been 

performed in cancer patients, many of whom may have had chemotherapy, which is known 

to produce cognitive deficits (Janelsins et al., 2014). Administered alone, TMX may act as a 

weak estrogen agonist in the brain compared to its use in premenopausal breast cancer 

patients in which, (in the presence of estradiol), TMX will act as an antagonist.

Gene-Hormone Treatment Interactions

The APOE4 genotype is a known risk factor for the development of late life cognitive 

dysfunction and Alzheimer’s disease (Risacher et al., 2013; Roses, 1994). An unanswered 

Newhouse and Dumas Page 12

Horm Behav. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



question is to what extent APOE genotype may influence estrogen-cholinergic interactions. 

Newhouse and colleagues (Newhouse et al., 2013) also performed a reanalysis of the TMX 

data examining interactions between genotype (APOE4 + or −) and TMX treatment in 

normal women with at least one APOE4 allele (APOE4+). Numerous interactions with 

genotype were seen in the direction of a greater TMX benefit in APOE4+ individuals. For 

example, APOE4+ subjects showed reduction or reversal of the mecamylamine-induced 

slowing of RT following TMX treatment compared to APOE4- subjects. TMX treatment in 

APOE4+ subjects during the VMWM showed significant improvement in hidden platform 

latency compared to APOE4- subjects. Thus there is evidence for a significant APOE4 

genotype effects on how ER stimulation modulates cholinergic system function. These data 

support the hypothesis that cholinergic impairment is necessary to reveal estrogen-like 

stimulation effects on cognitive functioning in normal women and suggests that there may 

be important genetic differences in how women respond to estrogen-like stimulation or 

blockade on cognitive systems.

Neural Representations of Estrogen-Cholinergic Interactions

To assess how estradiol and cholinergic manipulations affected cognitive processes and 

related brain activation, Dumas and colleagues examined the effects of the estradiol-

cholinergic interaction on functional brain activity during a working memory task in 

postmenopausal women. It has been shown previously that cholinergic antagonists (Dumas 

et al., 2010b; Dumas et al., 2008b) and estradiol (Dumas et al., 2010a; Joffe et al., 2006; 

Shaywitz et al., 1999; Smith et al., 2006) can separately modulate frontal lobe functioning 

during working memory in postmenopausal women. Dumas and colleagues examined 

activation patterns on the N-back working memory task to establish the anticholinergic 

patterns of brain activation without the influence of estradiol treatment. Increased activation 

during scopolamine was seen in the left medial frontal gyrus (BA 10 and BA 6), right 

inferior parietal lobule (BA 40), left cingulate gyrus (BA 23), right precuneus (BA 7), and 

right medial dorsal nucleus of the thalamus. Increased activation for mecamylamine 

compared to placebo challenge was found in right inferior frontal gyrus (BA 46), right 

middle temporal gyrus (BA 21), and right superior temporal gyrus (BA 38).

To examine the estradiol-cholinergic interaction, three months of estradiol or placebo were 

administered to 25 cognitively normal postmenopausal women, ages 51–71 years (Dumas et 

al., 2012). Brain activation during working memory performance was evaluated for both the 

estradiol and placebo treatment groups after scopolamine challenge. The estradiol group had 

less activation compared to the placebo treatment group in the left medial frontal gyrus (BA 

10), right anterior cingulate gyrus (BA 24), left inferior parietal lobule (BA 40), right insula 

(BA 13), and left superior temporal gyrus (BA 22; see Figure 7). Decreased activation for 

the estradiol group compared to the placebo treatment group was seen in the right 

parahippocampal gyrus (BA 34). Estradiol treatment eliminated the significant relationship 

between brain activation and performance (d′) in the right inferior parietal lobule (BA 40) 

seen after scopolamine alone. Thus, in a region involved in working memory performance, 

estradiol treatment altered the negative relationship between activation and performance 

seen following scopolamine challenge.
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Muscarinic and nicotinic blockade alone increased frontal lobe activity during working 

memory, but three months of estradiol treatment resulted in decreased frontal activation for 

the estradiol group after muscarinic blockade and increased precuneus activation after 

nicotinic blockade. These data demonstrate that the ability of estradiol to alter cholinergic-

related brain activity associated with cognitive processing. While estradiol by itself has been 

shown to modulate working memory-related brain activation (e.g., (Dumas et al., 2010a; 

Joffe et al., 2006), it also clearly interacts with the cholinergic system-related cognitive 

processes. The estradiol effect in this estradiol-cholinergic interaction study was specific to 

modifying activation associated with the cholinergic manipulations. Thus, consistent with 

the preclinical data described above, estradiol affected muscarinic- and nicotinic-related 

cognitive processes specifically.

The current data showed that anticholinergic blockade resulted in an “older” pattern of brain 

activation (Davis et al., 2008) for postmenopausal women and estradiol treatment appeared 

to modify this pattern. Estradiol decreased this frontal activation during antimuscarinic 

challenge and increased posterior activation during antinicotinic challenge. Thus estradiol 

treatment appeared to alter this pattern to one that is more consistent with the pattern 

observed in younger adults. A number of rodent (see for a review) and human cognitive 

studies (Dumas et al., 2008a; Dumas et al., 2006) have shown the importance of the 

cholinergic system in observing effects of estradiol on cognition, this study was the first to 

show that working memory-related brain regions are specifically modulated by the estradiol-

cholinergic interaction.

Implications and Discussion

A number of conclusions can be drawn from this work thus far. Estradiol appears to have a 

substantial trophic effect on neuronal growth, development, and survival. These effects are 

particularly significant in cholinergic neurons of the basal forebrain and regions of the 

hippocampus important in memory formation. These neurons have critical relevance for the 

development of age-related cognitive changes as well as dementing disorders such as AD. 

Estradiol loss impairs cholinergically-mediated performance in animals and estradiol 

administration can reverse these effects. Changes in estradiol levels after surgical and 

natural menopause are associated with negative changes in cognitive function and these 

changes are preventable by estradiol administration. Loss of estradiol support is a risk factor 

for the development of AD, perhaps particularly in vulnerable, at risk women.

Hormone treatment initiated close to the menopause may provide neuroprotection and 

reduce risk of neurodegenerative disorders. It appears to be the case that following the loss 

of hormonal support (e.g. menopause) there is a reappearance of the growth-promoting 

properties of estradiol on neurons including increased dendritic density and synapse 

formation which is not seen in the adult animal (Gould et al., 1990; Woolley and McEwen, 

1993). Estradiol may influence cell growth and differentiation directly by inducing and 

regulating growth-related genes (e.g. tubulin or tau) or through interactions with growth 

factors and their receptors such as the NGF group of peptides (NGF, BDNF, etc) (Lee and 

McEwen, 2001; Toran-Allerand, 1996). Estradiol may exert permissive effects (Chalbos et 

al., 1994) on neurotrophin actions by the facilitating expression of neurotrophin-induced 
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intracellular protein kinases whose nuclear targets may also be E2-responsive growth-related 

genes (Toran-Allerand, 1996).

Salutary effects of estradiol in humans are mediated at least in part through actions on 

cholinergic systems. These studies strongly suggest that administration of estradiol in 

humans produces significant changes in cholinergic neurotransmission that manifest 

themselves in alterations in cognitive performance and related brain activity. As cholinergic 

dysfunction represents the most widely understood neurochemical mechanism related to 

cognitive aging and dementia (Dumas and Newhouse, 2011) and is particularly important in 

the mediation of attentional function and hippocampally-mediated memory processes 

(Hasselmo and Sarter, 2011), estradiol support of basal forebrain cholinergic function may 

be critical to maintenance of cognition into old age. We hypothesize that early 

administration of estradiol may promote the ability of the cholinergic system to compensate 

for age- or disease-related cortical changes leading to cognitive impairment. Prior data 

support this thesis and suggest that the linkage between the cholinergic system and estrogen 

support may be a critical variable in determining the cognitive benefits or lack thereof of 

postmenopausal hormone treatment.

As studies of the effects of estrogen on cognition have become more selective, a pattern of 

results is emerging that suggests that initiation of hormone therapy (hormone treatment) 

improves cognitive performance particularly in younger postmenopausal women, but 

produces either no benefit or worsening cognitive performance in older postmenopausal 

women (Maki, 2005b). Studies examining estradiol therapy specifically initiated in older 

women (70+) have not shown significant benefit (Almeida et al., 2006; Buckwalter et al., 

2004; Espeland et al., 2004; Pefanco et al., 2007; Yaffe et al., 2006), whereas studies of 

hormone treatment in women initiating at midlife or in the early postmenopausal period, 

tend to show improvement (MacLennan et al., 2006; Shaywitz et al., 2003; Stevens et al., 

2005a; Stevens et al., 2005b). This has been formulated as the “critical period hypothesis” 

(Maki, 2005b; Pinkerton and Henderson, 2005; Sherwin, 2007) suggesting that there is a 

limited window of time to initiate hormone treatment for an undefined period after 

menopause if beneficial effects on brain function are to be seen (Singh et al., 2013). Dumas 

and colleagues have shown (Dumas et al., 2008a) that estrogen effects on enhancing 

cholinergic-related performance effects on episodic memory may be limited to younger 

postmenopausal women. These results provide experimental support for the concept of a 

“critical period” in the early postmenopausal years when hormone administration may have 

salutary effects on brain function, but that this ability of estrogen to enhance brain function 

is lost after an indeterminate period of time. These data also suggest that cholinergic system 

activity may be a major player in the “critical period”. It may be possible that cognitive 

complaints or performance may be an important proxy marker and may turn out to be a 

better predictor of response to estradiol then age per se. Thus it may be possible to 

reformulate the “critical period hypothesis” to be a “critical window hypothesis” with less a 

window of time, but rather a window of adequate cognitive performance.

Women who notice significant cognitive disruption during the perimenopause or early 

postmenopausal periods may have a cholinergic system or other brain structures that are 

more vulnerable due to biological characteristics, early neurodegeneration, or other factors. 
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Thus, the loss of estrogen support with its negative effects on cholinergic function may be 

more noticeable in terms of cognitive processes, particularly attention and episodic memory. 

Data from the Seattle Midlife Women’s Health Study (Woods et al., 2000) suggest that 

nearly half of postmenopausal women report noticeable cognitive symptoms including 

attention, concentration, and memory problems. Approximately a third of women reported 

these problems as at least moderate in severity. In terms of the potential for benefits on short 

and long-term brain function, if the cholinergic system is already damaged, it is possible that 

these individuals may be less likely to benefit from estradiol as suggested by the “healthy 

cell bias effect” hypothesis (Brinton, 2008) that suggests that intact neuronal systems are 

more likely to be benefited by estradiol treatment than damaged ones. However, relatively 

little work has been done in this area and thus we know little about what characteristics may 

be important in predicting cognitive improvement with estrogen treatment. While the 

presence of autonomic symptomatology and sleep disturbance has been examined in terms 

of its relationship to the cognitive effects of estradiol (LeBlanc et al., 2007; Weber et al., 

2013), less is known about the relationship between cognitive symptoms or characteristics, 

brain morphology, or genetics. Furthermore, relatively little is known in humans about the 

relationship between cholinergic system integrity and postmenopausal estrogen treatment 

with regard to these above factors.

Cognitive complaints (“subjective cognitive decline”) in the postmenopausal period may be 

a useful index of developing cognitive and/or brain dysfunction (Jessen et al., 2014). Older 

adults with subjective cognitive complaints but normal cognitive performance have been 

shown to convert to dementia at higher rates than those without complaints (Reisberg et al., 

2010) and to have morphologic and functional changes in the brain that may presage 

developing neurodegenerative disorders (Rodda et al., 2011; Rodda et al., 2009; Saykin et 

al., 2006). Cognitive complaints have also been associated with the menopause transition 

(e.g. (Weber and Mapstone, 2009) and the presence of complaints was related to poorer 

working memory and encoding performance. Data showing objective cognitive impairments 

after menopause are inconsistent (see (Hogervorst and Bandelow, 2010) for a meta-

analysis). Dumas, Newhouse, and colleagues have recently examined the cognitive and 

neural representation of cognitive complaints in postmenopausal women (Dumas et al., 

2013). Middle-aged postmenopausal women with subjective cognitive complaints showed 

increased activation relative to women with no complaints in working memory-related brain 

regions as working memory load increased during an N-back task. There were no group 

differences in working memory performance and thus this increased activation made be a 

compensation response in these otherwise healthy postmenopausal women with significant 

cognitive complaints after loss of estradiol.

Results of these studies are informative for estradiol-cholinergic interactions. We have 

proposed that age- and disease-related changes in cholinergic functioning are responsible for 

cognitive brain activity changes such as those observed in these studies (Dumas and 

Newhouse, 2011). Our model suggests that cholinergic system activity initially increases in 

response to developing age-related changes in bottom-up sensory-related (attentional) 

activity by increasing cortical activity and that neural compensation seen in older adults is 

related to increased recruitment of the cholinergic system. Administration of estradiol during 

the “critical window” may serve to support cholinergic functioning in the Dumas and 
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Newhouse model, and may serve to maintain the configuration of cognitive functioning in a 

more “middle-aged” conformation (Figure 8).

Pines (Pines, 2007) has suggested that we are already in the “third era” of postmenopausal 

hormone therapy with individualization of treatment, stressing the prognostic importance of 

individual parameters, compared to the prior eras, when “one-size-fits-all” was more of the 

standard. Furthermore, the risks of unselected hormone therapy are better understood. 

However, for optimization of brain function in older women, continuing studies will be 

necessary to improve our understanding of the particular cognitive operations that 

postmenopausal estradiol can be expected to influence, to begin to establish what potential 

predictors of positive or negative cognitive responses to estradiol treatment will be useful in 

clinical studies. It will be necessary to examine whether age is the most important factor in 

determining postmenopausal estradiol-cholinergic responsiveness or whether other factors 

such as early signs of cognitive dysfunction such as increased cognitive complaints or subtle 

decreases in cognitive performance might be more useful as guides to therapeutic response 

or nonresponse. Other potential biomarkers including APOE genotype, markers of amyloid 

accumulation in CSF or brain amyloid PET imaging may also turn out to be useful tools for 

determining the potential brain benefits of selective estradiol supplementation.

Pro-cholinergic agents remain the mainstay of cognitive enhancing therapy in aging, mainly 

directed at patients with Alzheimer’s disease. Whether estradiol supplementation can 

enhance cholinergic therapies directly to ameliorate normal or pathologic cognitive aging 

remains a subject for future study. Analysis of some of the initial cholinesterase inhibitor 

trials revealed that patients taking estradiol supplementation had stronger responses to these 

agents (Schneider et al., 1996), but negative results from estradiol-alone studies (Mulnard et 

al., 2000) and studies from the Women’s Health Initiative have discouraged estrogen 

supplementation in older women with Alzheimer’s disease. Whether combining estradiol 

supplementation and cholinergic treatment in younger postmenopausal women with early 

signs of cognitive dysfunction might be beneficial is as yet untested, in part because this 

phenotype is just beginning to be recognized, and thus studies of a positive potential 

interaction between estrogen and pro-cholinergic drugs may be useful.
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Highlights

• Cholinergic systems are critical for learning and memory formation and 

attention.

• Cognitive changes that occur in aging are related to cholinergic system 

impairment.

• Basal forebrain cholinergic systems depend on estradiol for adequate 

functioning.

• Estradiol enhances cholinergic-mediated cognitive performance in humans.

• Combining estrogen and cholinergic treatment may improve cognitive 

performance.
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Figure 1. Choice Reaction Task
Median motor reaction time difference scores (in milliseconds) following 3 months of 1 mg 

oral estradiol or placebo treatment and after exposure to anti-cholinergic challenge. Paired 

bars represent reaction time difference from placebo challenge following each drug 

challenge by long-term treatment (estradiol or placebo). Positive difference score indicates a 

slowing of RT (impaired performance) after drug compared to placebo challenge. SCOP = 

scopolamine; MECA = mecamylamine. Doses are μg/kg for intravenous scopolamine and 

oral milligram dosage for mecamylamine. F(1,12) = 7.71, p < .05 for main effect of estradiol 

treatment. Reproduced with permission from (Dumas et al., 2006).
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Figure 2. Continuous Performance Task
Hit reaction time difference scores (in milliseconds) following 3 months of 1 mg oral 

estradiol or placebo treatment and after exposure to anti-cholinergic challenge. Paired bars 

represent reaction time difference from placebo challenge following each drug challenge by 

long-term treatment (estradiol or placebo). Positive difference score indicates a slowing of 

RT (impaired performance) after drug compared to placebo challenge. SCOP = 

scopolamine; MECA = mecamylamine. Doses are μg/kg for intravenous scopolamine and 

oral milligram dosage for mecamylamine. F(1,14) = 7.69, p < .05 for main effect of estradiol 

treatment during scopolamine challenge and F(1,14) = 9.71, p < .01 for main effect of 

estradiol treatment during mecamylamine challenge. Reproduced with permission from 

(Dumas et al., 2006).
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Figure 3. Selective Reminding Task
Recall failure difference scores following 3 months of 1 mg oral estradiol or placebo 

treatment and after exposure to anti-cholinergic challenge. Paired bars represent total recall 

failure difference from placebo challenge following each drug challenge by long-term 

treatment (estradiol or placebo). Greater impairment indicated by greater positive difference 

score. SCOP = scopolamine; MECA = mecamylamine. Doses are μg/kg for intravenous 

scopolamine and oral milligram dosage for mecamylamine. F(1,14) = 4.82, p < .05 for 

treatment by mecamylamine challenge dosage interaction. Reproduced with permission 

from (Dumas et al., 2006).
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Figure 4. Selective Reminding Task
Total recall difference scores following 3 months of 2 mg oral estradiol or placebo treatment 

and after exposure to anticholinergic (scopolamine) challenge vs placebo (greater 

impairment indicated by greater negative score). Paired bars represent 8-trial total recall 

difference from placebo challenge following scopolamine challenge by age group (Young = 

50–60; Old = 70+). F(1,20) = 10.73, p = .004 for age group by estradiol treatment 

interaction. Reproduced with permission from (Dumas et al., 2008a).
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Figure 5. Selective Reminding Task
Delayed recall difference scores following 3 months of 10 mg daily oral tamoxifen or 

placebo treatment and after exposure to anticholinergic (scopolamine and mecamylamine) 

challenge vs placebo (greater impairment indicated by greater negative score). Paired bars 

represent delayed word recall difference from placebo challenge following each drug 

challenge by long-term treatment tamoxifen (TMX) or placebo (PLC).. SCOP = 

scopolamine; MECA = mecamylamine. Doses are μg/kg for intravenous scopolamine and 

oral milligram dosage for mecamylamine. F(1,17) = 5.0, p=.03 for main effect of tamoxifen 

treatment (Newhouse et al., 2013).
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Figure 6. Virtual Morris Water Maze
(modified from Newhouse et al., 2013):

A. Platform latency during learning trials after mecamylamine 10 mg challenge. Filled 

triangle represents long-term placebo treatment. Filled squares represent long-term 

tamoxifen 10 mg treatment. F(1,14) = 6.6, p=.024 for main effect of tamoxifen treatment. B. 

Time spent in correct quadrant during the probe trial; difference from placebo challenge 

during mecamylamine challenge (10 mg). Crosshatch bar represents placebo long-term 

treatment and dark bar represents tamoxifen 10 mg oral long-term treatment. F(1,67) = 6.28, 

p<.01 for main effect of tamoxifen treatment.
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Figure 7. N-Back Working Memory Task
(Reproduced with permission from Dumas et al., 2012):

A. Activation map for estradiol treatment minus placebo treatment for the 3-back minus 0-

back conditions of the N-back task for subjects on the scopolamine challenge day (p < .05). 

Blue colors represent activation that is greater for the placebo treatment group relative to the 

estradiol treatment group.

B. Activation map for estradiol treatment minus placebo treatment for the 3-back minus 0-

back conditions of the N-back task for subjects on the mecamylamine challenge day (p < .

05). Orange colors represent activation that is greater for the estradiol treatment group 

relative to the placebo treatment group.
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Figure 8. Cholinergic functional compensation model of age-related cognitive dysfunction with 
the proposed role of estrogen
The functional compensation model illustrating the effects of aging and cholinergic 

dysfunction on the focus of attention (FOA). Dotted and grayed lines indicate impairments. 

When younger adults (left panel) perform attention and memory tasks they show cholinergic 

modulation of the FOA. Normal cognitive aging (middle panel) may degrade the control 

processes of the focus of attention thereby affecting working memory and long-term 

memory. Functional compensation will recruit further activity of the cholinergic system and 

associated cortical areas to maintain adequate performance on a task. Estradiol (estradiol) 

treatment during the critical window may help maintain a middle-aged configuration of 

cognitive performance by maintaining cholinergic basal forebrain functioning. By contrast, 

estradiol treatment of dementia patients is ineffective because the basal forebrain cholinergic 

system is severely damaged and does not respond positively to estradiol treatment. Modified 

from Dumas and Newhouse, 2011.
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