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Abstract

Objective: Older women are at increased risk of developing Alzheimer’s disease compared to
men. One proposed reason is that following menopause there is a decline in estrogens. Estrogens
are important for cholinergic functioning and attenuate the impact of cholinergic antagonists on
cognitive performance in postmenopausal women. Self-reported or subjective cognitive complaints
in middle or older age may represent a harbinger of cognitive decline and those who endorse
cognitive complaints appear more likely to develop future cognitive impairment. However, the
response of individuals with cognitive complaints after menopause to estrogen and the relationship
to cholinergic functioning has not been investigated. This study investigated the effect of estrogen
treatment using 17pB-estradiol on cognitive performance following anticholinergic blockade in
postmenopausal women and the relationship of this interaction with the level of self-reported
(subjective) postmenopausal cognitive complaints.

Methods: Forty postmenopausal women (aged 50-60 years) completed a 3-month treatment
regimen of either 1 mg oral estradiol or placebo. Participants then completed four challenge days
in which they completed cognitive and behavioral tasks after one of four cholinergic antagonist
drug conditions (oral mecamylamine (MECA), intravenous scopolamine, combined MECA and
scopolamine, or PLC).
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Results: Compared to PLC, the estradiol treated group performed worse on attention tasks under
cholinergic challenge including the choice reaction time task and the critical flicker fusion task. In
addition, participants who endorsed greater cognitive complaints showed reduced performance on
the N-back working memory task, regardless of whether they received estradiol treatment.

Conclusions: The findings of this study indicate that estradiol treatment was unable to mitigate
anticholinergic blockade in postmenopausal women with subjective cognitive complaints, and
worsened performance on attention tasks. Moreover, the present study suggests that greater levels
of cognitive complaints following menopause may be associated with an underlying decline in
cholinergic function that may manifest as an inability to compensate during working memory

tasks.

Keywords

cholinergic system; cognitive complaints; estrogen; mecamylamine; menopause; scopolamine;
working memory

1| INTRODUCTION

Changes in mood and cognition are commonly reported by women during and following
the menopause transition (Dumas et al., 2013; Halbreich et al., 1995; Weber et al., 2014;
Woods et al., 2000). While in many cases these changes are not long-lasting, in other cases
this transition may be the beginning of long-term concerns about memory and cognition.
In some of these women, these self-reported changes may progress to the development of
objective deficits in cognition or Mild Cognitive Impairment (MCI), which is associated
with increased likelihood of later development of Alzheimer’s disease (AD; Buckley et al.,
2016; Jessen, 2014; Mitchell et al., 2014; Reisberg et al., 2010). Postmenopausal women
endorsing greater numbers of cognitive complaints have been shown to perform worse on
objective measures of memory and attention compared to postmenopausal women who

do not endorse these complaints (Schaafsma et al., 2010; Weber et al., 2012), indicating
that there may be someveracity to these concerns. The above findings highlight the
importance of investigation into the relationship of postmenopausal cognitive complaints,
and what underlying biological processes may contribute to them as well as the potential for
amelioration.

Alterations in mood and cognition after menopause are thought to be caused by the
reduction of estrogens in the brain which may accelerate cognitive decline to a level beyond
chronological age (Halbreich et al., 1995; Maki & Dumas, 2009). Several studies over the
past 20 years have examined hormone therapy (HT) to enhance cognition both during and
following the menopause transition with mixed success (Espeland et al., 2004; Henderson
etal., 2016; MacLennan et al., 2006). The lack of a definitive improvement could be

due to an underlying deficit that does not respond to HT. One of the more well-known
systems affected by the depletion of estrogens is the cholinergic system, whose activity

is modulated by 17p-estradiol (Newhouse & Dumas, 2015). The cholinergic system is
involved in many cognitive processes, including attention and memory (Ballinger et al.,
2016; Sarter et al., 2005). Additionally, the reduction of cholinergic system efficiency is
associated with the development of pathological cognitive decline with aging (Dumas &
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Newhouse, 2011). There is evidence from both human and animal models that loss of
estradiol (E2) directly impacts the integrity of the cholinergic system (Gibbs et al., 1994;
Maki & Dumas, 2009; McMillan et al., 1996; Norbury et al., 2007; Smith et al., 2011).
Following depletion, adding exogenous E2 can reverse the impact on cholinergic tone
(Yamamoto et al., 2007). In humans, the length of time that postmenopausal women were
on HT has been observed to be positively correlated with cholinergic transporter binding

at the synapse in several cortical regions, including the hippocampus and frontal cortex
(Smith et al., 2001). Moreover, women who started HT shortly after menopause displayed
greater hippocampal and posterior cingulate acetylcholine compared to women who had not
taken HT, which supports the proposal of a critical period of effectiveness in which HT

is effective (Smith et al., 2011; Whitmer et al., 2011). Therefore, underlying changes in
cholinergic functioning during the menopause transition are more detectable and potentially
more modifiable within the first few years after menopause compared to many years later.

This cholinergic system is expressed through two types of receptors, namelyion-gated
nicotinic acetylcholine receptors, and metabotropic muscarinic acetylcholine receptors.
Nicotinic acetylcholine receptors are expressed throughout the cortex but have high
concentrations in the ventral tegmental area, prefrontal cortex and hippocampus, as well

as at neuromuscular junctions (Levin, 2002; Picciotto et al., 2012). Muscarinic acetylcholine
receptors are expressed throughout cortical and subcortical areas but are highly expressed

in the prefrontal cortex, hippocampus, striatum, and thalamus (Ballinger et al., 2016;

Moran et al., 2019). Outside the brain, muscarinic receptors are located on organs in the
cardiovascular, gastrointestinal systems and on sweat glands. Nicotinic receptor expression
is faster compared to muscarinic receptor expression, as muscarinic receptors often act as the
initial point of a complex cascade of expression using second messengers (Caulfield, 1993;
Picciotto et al., 2012). Both nicotinic and muscarinic receptors are important in the encoding
of new memories (Green et al., 2005) however in different ways. Nicotine receptors have
been shown to boost excitatory transmission during the encoding of new information, while
muscarinic receptors suppress feedback mechanisms that could interfere with the encoding
process (Hasselmo, 2006; Hasselmo & Sarter, 2011). For attention processes, muscarinic
receptors are particularly important for topdown control of attention (Gould et al., 2015;
Parikh & Sarter, 2008), whereas nicotinic receptors are involved in both topdown control
and also sensory-driven, bottom-up attentional streams (Guillem et al., 2011). As such,
cholinergic receptors can influence higher-order cognitive processes in different ways, by
controlling the transmission of information throughout the cortex.

One way to examine the influence of E2 on cholinergic system functioning is to use a
cholinergic inactivation model, which uses cholinergic antagonists to induce temporary
deficits in cholinergic function and task performance (Ellis et al., 2006; Newhouse,
Sunderland, Tariot, Blumhardt, et al., 1988). Anticholinergic challenge using the muscarinic
antagonist scopolamine and the nicotinic antagonist mecamylamine (MECA) has been
observed to suppress performance on tasks of attention and memory in both healthy
volunteers (Baakman et al., 2017; Green et al., 2005; Newhouse et al., 1992, 1994), and

also in patient populations (Huff et al., 1988; Newhouse et al., 1996; Newhouse, Sunderland,
Tariot, Weingartner, et al., 1988). This challenge model allows for the examination of

group or treatment differences that may be masked by increased cholinergic activation in
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healthy adults. In studies of postmenopausal women, MECA and scopolamine have been
utilized to demonstrate the impact of the loss of E2 on the cholinergic system following
menopause (Newhouse & Dumas, 2015). A study by Dumas and colleagues (Dumas et al.,
2006) showed that 3 months of 1 mg oral E2 treatment in postmenopausal women lessened
the impact of both MECA or scopolamine on attention, psychomotor speed, and episodic
memory tasks compared to placebo. A second study (Dumas et al., 2008) showed that
recently postmenopausal women responded better following cholinergic blockade compared
to older postmenopausal women, performing better on a verbal episodic memory task
following 3-months of oral 2 mg E2 treatment.

The present study seeks to build on previous results by investigating the effects of E2
treatment on cognitive performance during anticholinergic challenge and investigating the
relationship with the level of postmenopausal cognitive complaints. All participants were
between the ages of 50-60 years, to target the relative age range of greatest effectiveness
for E2 treatment, based on the timeline of the critical window hypothesis (Whitmer

etal., 2011). Participants received either 3 months oral E2 or placebo treatment, then
completed four anticholinergic challenge days, in which they received MECA, scopolamine
(SCOP), a combination of MECA and scopolamine, or placebo. On these challenge

days, participants were administered a series of cognitive tasks sensitive to alterations in
cholinergic functioning. Based on the results of previous studies, we predicted that the 3
months of E2 treatment would be successful in boosting cholinergic system integrity and
would enable the participants to be able to compensate more effectively for the reduced
activation due to anticholinergic challenge from MECA or scopolamine. Therefore, we
hypothesized that participants who received 3 months of E2 treatment would perform better
on tasks of attention and memory following cholinergic blockade compared to those who
received placebo. We also predicted that participants with greater endorsement of cognitive
complaints would respond worse to E2 treatment, performing worse on tasks of attention
and memory compared to those who endorsed fewer complaints.

2| METHODS

2.1

Participants

A total of 56 healthy, postmenopausal women aged between 50 and 60 years were recruited
and screened. Of this sample, 40 women (mean 55.95 + 2.7 years) completed all study
visits; and data were analyzed on these participants. All participants were without menses
for at least 1 year with a follicle-stimulating hormone level greater than 30 mIU/ml.
Participants had to have not used any HT for at least 1 year before participating in the
study. All participants had to have gone through natural rather than surgical menopause,
however having undergone a hysterectomy was allowed if participants did not have a
bilateral oophorectomy. Recruitment of participants was targeted to capture postmenopausal
women with varying levels of cognitive complaints that they reported began after the
menopause transition. Following screening, all participants were randomized to receive
either 1 mg oral 17p-E2 or placebo (n7= 20 for each treatment condition). The current
study was conducted at the University of Vermont (UVM) and the Vanderbilt University
Medical Center (VUMC). Both Institutional Review Boards approved all study protocols,
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and all participants gave written informed consent in accordance with the Declaration of
Helsinki. Exclusion criteria for all participants included: (1) any active neurologic and/or
psychiatric disease, history of significant head trauma followed by persistent neurologic
deficits, or known structural brain abnormalities, (2) current major depression or another
major psychiatric disorder as described in the Diagnostic and Statistical Manual of Mental
Disorders version 1V including use of psychotropic medications (e.g., antidepressants), (3)
any history of alcohol or substance abuse or dependence, (4) any significant systemic

illness or unstable medical condition which could lead to difficulty complying with the
protocol including, (4a) history of myocardial infarction in the past year or unstable,

severe cardiovascular disease including angina or congestive heart failure with symptoms

at rest, or clinically significant abnormalities on the ECG (4b) clinically significant and/or
unstable pulmonary, gastrointestinal, hepatic, or renal disease (4c) insulin-requiring diabetes
or uncontrolled diabetes mellitus, (4d) uncontrolled hypertension (systolic BP > 160 or
diastolic BP > 100), (5) use of HT during the last year, (6) a history of breast cancer, and

(7) and a history or presence of severe menopausal symptoms. Exclusion criteria for MRI
scanning included: (1) non-removable ferromagnetic material on or in the body and (2)
claustrophobia. All participants who passed inclusion and exclusion criteria were screened
to ensure a normal level of cognitive performance for age, and exclude MCI or dementia
using the Mini-Mental State Exam (MMSE; Folstein et al., 1975), Brief Cognitive Rating
Scale, and the Mattis Dementia Rating Scale to establish a Global Deterioration Scale score
(Reisberg et al., 1988). Participants were required to have a Global Deterioration Scale score
of 1-2 and an MMSE score of greater than 26. Participants were required to be euthymic as
assessed by a partial Structured Clinical Interview (SCID) for DSM disorders (Nichols et al.,
1976) and the Beck Depression Inventory (BDI; score <13 Beck et al., 1961).

Subjective measures of cognitive and symptomatic complaints

Following screening, participants completed the Cognitive Complaint Index (CCIl) battery
(Saykin et al., 2006) to determine their level of endorsed subjective cognitive complaints.
The CCI battery included the Memory Functioning Questionnaire (Gilewski et al., 1990),
Memory Self-Rating Questionnaire (Squire et al., 1979), Neurobehavioral Function and
Activities of Daily Living Rating Scale (Saykin, 1992), Informant Questionnaire on
Cognitive Decline in the Elderly (Jorm et al., 1994), 4 items related to cognition from

the Geriatric Depression Scale (Yesavage et al., 1982), 12 items from a telephone-based
screening for MCI, and 20 items from the Memory Assessment Questionnaire adapted

in part from the Functional Activities Questionnaire. Responses to 114 questions were
dichotomized as representing an endorsed or unendorsed complaint. The CCI score was
expressed as the percent of all items endorsed. This baseline CCI was used as the marker
of endorsed cognitive complaints in all future analyses. The severity of postmenopausal
symptoms was assessed using the Menopause Symptom Checklist (MSC; Newhouse et al.,
2010), which includes 60 items measured on a Likert scale from 0 to 4 that describe the
severity of physiological symptoms over the past 4 weeks. The MSC was completed prior to
and following the 3-month treatment period.
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Procedure

Figure 1 outlines the overall procedure of the study, as well as the procedure during
anticholinergic challenge days. After the initial screening session, participants completed
baseline cognitive and neuroimaging assessments. The cognitive battery used at baseline
was the same used on each study day and consisted of tasks designed to measure arousal,
attention, and memory. The participants then completed 3 months of treatment (1 mg oral E2
or placebo) before undertaking a post-treatment cognitive and neuroimaging assessment. At
the end of the treatment phase and after all challenges are completed, all participants who
had not undergone a previous hysterectomy were administered 10 mg medroxyprogesterone
acetate per day for 12 days to produce endometrial shedding. The participants who had
previously undergone hysterectomy did not receive the medroxyprogesterone. Compliance
was verified by pill counts during biweekly telephone calls, and at in-person study visits.
Following the 3-month treatment period, the participants completed 4 days of testing in
which they were given one of four different cholinergic challenge treatments: 20 mg oral
MECA + intravenous (V) placebo, 2.5 pg/kg 1V scopolamine (SCOP) + oral placebo, 10
mg oral MECA plus 2.5 pg/kg IV scopolamine in combination (SCOP + MECA), or an

oral and IV placebo. The order of challenge days was randomized across participants, and
investigators were blinded to the drugs being administered. The procedure for the testing
days was as follows. Participants were admitted to the clinical research center at UVM or
VUMC in the morning at 0700. At this time, an IV was started with saline continuously
delivered for the next 7 hours to reduce peripheral effects of the antagonists. Participants
received an oral dose of MECA or placebo at 0900 and at 0930 an intravenous dose of
scopolamine or placebo depending on treatment assignment as indicated above. Cognitive
testing began at 1100, at the estimated peak drug effect time (based on prior work) for

the cholinergic antagonists taken 1.5 and 2 h prior. The order of the cognitive tasks was
counterbalanced across the challenge days. Participants were discharged at approximately
1400, or at 7 hours following the beginning of the saline administration. All participants
were fasting on the day of testing and had no caffeine on the day before admission. The four
challenge days were completed across a 3-week period in which all challenge days were
separated by at least 48 h. This was to ensure that enough time had passed for the drugs to
dissipate before completion of the next challenge day (Baakman et al., 2017; Ebert et al.,
2001; Newhouse et al., 1992; 1994; Newhouse, Sunderland, Tariot, Weingartner, et al., 1988;
Putcha et al., 1989; Young et al., 2001).

Cognitive battery

2.4.1| Measures of attention and arousal—The critical flicker fusion task (CFF;
Kupke & Lewis, 1989) is a test of attention/vigilance using the frequency of a flickering
LED (between 12 and 50 Hz). The outcome variable for CFF is the frequency (Hz) for
ascending and descending trials. In an ascending trial, the participant presses a button
indicating when the light is flickering to a speed that the lights appear to be continuously
on or fused. In a descending trial, the participant presses a button when the frequency of
apparently fused lights is decreased such that lights begin to appear to be flashing.

The choice reaction time (CRT; Hindmarch, 1984) task is a measure of attention and
psychomotor speed. In this task, the participant must press one of six buttons in an arc
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when a light corresponding to the button turns on. She then must press and hold a “home”
button, which sits closest to her on the box. Outcome variables on the CRT include the mean
and median total reaction time, which can be separated into recognition time (time from
stimulus onset to initiation of movement) and motor time (time from initiation of movement
to stimulus termination).

2.4.2| Measures of episodic and working memory—A visually presented N-back
sequential letter task was used to assess working memory performance (Jonides et al., 1997;
Saykin et al., 2004). Four conditions were presented: 0-back, 1-back, 2-back, and 3-back.
The 0-, 1-, 2-, and 3-back conditions were performed in two blocks of 27 trials each for a
total of 216 trials. The main outcome variable of the n-back task was sensitivity (0’/) for each
of the four conditions, calculated as Z (Hit) — Z (False Alarms).

Immediate and delayed episodic memory was assessed using The Selective Reminding Task
(SRT; Buschke, 1973). This task involves word list learning and selective reminding over

8 trials and a delayed recall trial after a 20-min delay. SRT total immediate recall was the
number of correctly recalled words across trials 1-8, recall consistency was the number of
words correctly on two consecutive trials across trials 1-8, recall failure was the number of
words not recalled on two consecutive trials across trials 1-8, and delayed recall was the
number of words correctly recalled after a 20-min delay.

Statistical analyses

Demographic information for the two treatment groups was compared by independent
samples ttests for continuous variables, and by Chi-square likelihood ratios for categorical
variables. Analysis of the MSC scores was performed using a repeated-measures analysis
of variance (ANOVA) with one within-subject factor of time (screening vs. post-treatment)
and one between-subjects factor of treatment (E2 vs. placebo). To examine differences in
the length of time since menopause, participants were categorized according to the Stages
of Reproductive Aging Workshop criteria (STRAW+10 model; Harlow et al., 2012). To
examine whether there was any difference in the E2 treatment response between participants
in the two STRAW conditions, we ran a repeated-measures ANOVA within-subject factor
of time (screening vs. post-treatment) and one between subject’s factor of STRAW (Stage

1 vs. Stage 2) on the participants who received 3-months E2 treatment. Analyses for each
cognitive task used the outcome variables specified above. The analyses on the outcome
variables were performed as follows: To examine the impact of the 3-months E2 or placebo
treatment, as well as to ensure that objective performance of the two treatment groups was
similar without cholinergic blockade, we used the cognitive data from both baseline and
post-treatment sessions to perform a repeated-measures ANOVA with one within subject’s
factor of time (baseline vs. post-treatment) and one between subject’s factor of treatment
(E2 vs. placebo). The next step was to examine the cholinergic blockade effects, and to do
this we evaluated the effect of anticholinergic challenge day performance versus placebo
challenge day performance for the participants who received 3-months placebo treatment.
This analysis was performed as a 4-level (Challenge Day) repeated measures ANOVA. Post-
hoc contrasts compared individual challenge day performance against the placebo challenge
day performance.
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Following this, we examined the impact of the treatment and endorsed complaints on
cognitive performance under cholinergic blockade. To do this we first calculated difference
scores for each of the outcome variables. Each difference score was the anticholinergic
challenge performance minus placebo challenge performance. To examine the impact of the
blockade of nicotinic, muscarinic or both nicotinic and muscarinic receptors on cognitive
performance these differences scores from both treatment groups were included in a one-
way analysis of covariance (ANCOVA) for each anticholinergic challenge day separately,
with a between participants’ factor of hormone treatment (E2 vs. placebo), and CClI score
used as a covariate. Due to technical scoring issues, data from some of the 40 participants
were not analyzed on each task. The analysis of the pre/post-treatment MSC was run

on 32 participants, with the final sample having 15 participants who received E2 and 17
participants who received placebo. For each of the cognitive tasks on the challenge days,
the statistical analysis was run on 38 participants. For the CRT and CFF, N-back tasks, the
final sample had 19 participants who received E2 and 19 participants who received placebo.
For the SRT the final sample was 20 participants who received E2 and 18 participants who
received placebo. All statistical analyses were run using International Business Machines
Corporation SPSS version 20 (Armonk, NY).

3| RESULTS

3.1

Table 1 summarizes participant demographic information for each group. The two groups
were similar in all characteristics, including age, years since menopause, as well as the
levels of cognitive complaints. There were more women in the placebo treatment group that
had previously used HT (7 vs. 2) however, this difference was not statistically significant
(p>0.05). The average duration of HT use at least 12 months prior to the study was 3.1

+ 2.2 years, and the most common form of HT reported was oral estrogen medication (77

= 5). The mean period post menopause before participation in the study was 6.9 + 4.06
years. According to the most recent STRAW+10 criteria (Harlow et al., 2012), 22 of the 40
participants were in Stage +1 and 18 participants were in Stage +2. The STRAW+10 stages
did not differ between treatment groups (p = 0.3). In the reporting of analyses following
anticholinergic challenge, the term “treatment” always refers to E2 or placebo treatment
and “challenge” refers to anticholinergic challenge (MECA, SCOP, SCOP + MECA) or the
placebo challenge.

Estrogen treatment effects on cognition and symptomatology

The analysis of the cognitive performance of the two treatment groups following 3-months
E2 or placebo treatment showed no significant interaction between time and treatment, nor
was there a main effect of treatment observed for any of the cognitive tasks. For the SRT,
there was a main effect of time for both delayed recall and recall consistency in which
performance improved following treatment for both groups (Delayed Recall: F[1, 35] =
5.6, p=0.024, 12, = 0.14; Recall Consistency: F [1, 35] = 4.15, p=0.049, n?= 0.11).

No other effects of time were observed. These comparisons are reported in further detail

in the Figure S1, S2. The analysis of the MSC scores from screening to post-treatment did
not show an interaction between time and treatment or a main effect of treatment (both
p>0.1). There was a main effect of time (F[1, 30] = 4.36, p=0.045, nzp =0.13),
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with both treatment groups showing an increase in the number of endorsed symptoms over
the 3-month treatment period (see Table 1). While the MSC scores at both baseline and
post-treatment being positively associated with CCI scores (Baseline: r=0.63, p< 0.001;
Post-treatment: 7= 0.38, p = 0.03), there was no relationship between the CCl and the
change in endorsed symptoms over the treatment period (r=-0.07, p> 0.7), indicating that
the participants with higher CCI scores did not have the largest increase in the endorsement
of somatic symptoms over the treatment period.

Effect of anticholinergic challenge alone on cognitive performance

Reported below are the results of the participants who received 3 months of placebo
treatment alone on each anticholinergic challenge day (reported in further detail in
Supporting Information S1). The placebo treatment group is presented alone initially to
demonstrate that the anticholinergic challenge days were effective in blunting performance
in comparison to the placebo challenge days.

3.2.1| Measures of arousal and attention

Critical Flicker Fusion Task: The performance of the participants who received placebo
treatment on the CFF was significantly different following anticholinergic challenge for both
trial types (Ascending: F[3, 54] = 3.05, p=0.036, nzp = 0.145; Descending: F[3, 54] =
12.2, p<0.001, nzp = 0.4); however, the pattern of results differed between ascending and
descending trials. Compared to the placebo challenge day, performance following MECA
improved on the ascending trial (mean frequency, Placebo: 35.5 + 2.8; MECA: 36.7 £ 2.9
Hz; p<0.01); whereas SCOP and SCOP + MECA performance were similar to placebo
performance (SCOP: 35.8 + 3.2; SCOP + MECA: 35.6 + 3.6 Hz). On the descending

trial, performance on the placebo and MECA challenge days were similar, but performance
decreased following SCOP or SCOP + MECA (mean frequency, Placebo: 37.6 + 3.6;
MECA: 37.4 £ 2.95; SCOP: 35.6 + 3.7; SCOP + MECA: 34.4 + 2.96 Hz).

Choice Reaction Time Task: The results of the placebo treatment group showed that
compared to placebo challenge performance, participants were slower at responding across
all three anticholinergic challenge days (Total RT: ~(3, 54) = 7.3, p<0.001, nzp =0.29;
Recognition RT: £~ (3, 54) = 5.6, p< 0.01, n°p = 0.24; Motor RT: £ (3, 54) = 3.75, p=
0.016, nzp =0.17). Total reaction time for all four challenge days was slowest following
SCOP + MECA (mean RT, Placebo: 758 + 105.3; MECA: 810.1 + 109.6; SCOP: 809.8 +
145.2; SCOP + MECA: 836.8 = 120.6 ms), while the recognition and motor components
revealed more selective anticholinergic challenge drug effects. The recognition component
was increased by SCOP (mean RT, Placebo: 398.4 + 47.7; MECA: 407.9 £ 41.3; SCOFP:
418.6 £ 55.2; SCOP + MECA: 430.2 + 57.1 ms), whereas the motor component was more
affected by MECA (mean RT, Placebo: 353.3 + 78; MECA: 389 £ 79; SCOP: 380.7 + 102.2;
SCOP + MECA: 393.7 + 80.3 ms).

3.2.2| Measures of episodic and working memory

N-back: The performance of the placebo group on the 0-back across the challenge days
showed decreasing accuracy following SCOP and SCOP + MECA challenge days compared
to placebo (mean d": Placebo: 5.58 + 1.0; MECA: 5.36 + 0.82; SCOP: 4.37 + 2.0; SCOP

Hum Psychopharmacol. Author manuscript; available in PMC 2022 September 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Conley et al.

3.3

Page 10

+ MECA: 4.52 + 1.5; F[3, 54] = 2.87, p=0.024; n°p = 0.16). There was a significant
effect of cholinergic blockade for the 1-back block (F[3, 54] = 3.6, p< 0.02; nzp =0.17),
with decreased performance for both SCOP and SCOP + MECA challenge days (mean

d” Placebo: 5.0 £ 1.5; MECA: 4.6 £ 1.5; SCOP: 4.2 £ 1.2; SCOP + MECA: 3.8 + 1.4).
However, performance on both two- and 3-back blocks did not differ across challenge days
(both p>0.2).

Selective Reminding Task: For the placebo treatment group, anticholinergic challenge
was associated with lower performance on all 4 outcome measures of the SRT, with
progressively worse performance from MECA to SCOP, with SCOP + MECA resulting

in the lowest performance (Immediate Recall: ~[3, 54] = 6.95, p< 0.001, nzp: 0.3; Delayed
Recall: F[3,54] =4.8, p<0.01, n2p= 0.22; Recall Consistency: F[3, 54] =5.98, p< 0.001,
n?p = 0.26; Recall Failure: £[3, 54] =5.4, p< 0.01, n%= 0.24).

Estrogen-anticholinergic interaction effects on cognitive performance

Reported below are the comparisons of both treatment groups across the four anticholinergic
challenge days and with their baseline levels of endorsed cognitive complaints. Each of

the treatment and CCI comparisons with the anticholinergic challenge days are represented
as difference scores (Active drug — Placebo performance). Table 2 provides the average
performance of participants on each outcome variable across the three anticholinergic
challenge days. The term “treatment” always refers to E2 or placebo treatment and
“challenge” refers to anticholinergic challenge (MECA, SCOP, SCOP + MECA) or the
placebo challenge.

3.3.1| Mecamylamine challenge—Following MECA administration participants’
performance differed significantly compared to the placebo challenge day on the CFF

and the N-back tasks. The result of the ANCOVASs on the CFF data showed a significant
effect of E2/placebo treatment following MECA challenge in the ascending condition, with
participants who received E2 treatment having reduced performance following MECA,
and participants who received placebo showing improved performance (Figure 2; mean
frequency E2: -0.34 £ 2.5; Placebo: 1.2 £ 1.8 Hz; F[1, 35] = 4.1, p=0.05, 172p =0.104).
Results of the CRT showed that participants responded slower following MECA compared
to the placebo challenge day, though this difference was not significantly affected by the
treatment group or CCI score (all p> 0.05).

On the N-back task there was a significant effect of the CCI score on participants 0-back
performance following MECA (Figure 3a, ~[1, 35] = 6.7, p=0.012, 172p =0.17).
Participants who endorsed more complaints were less accurate on the 0-back blocks of

the task following MECA (r=-0.41, p=0.01). There was no impact of CCI or treatment
group on performance on the 1- two- or 3-back conditions following MECA. Analysis of the
SRT showed that participants who had higher CCI scores had more recall failures following
MECA compared to those that had lower CCI scores, however, this relationship was not
statistically significant. Performance on the other SRT scores of immediate and delayed
recall, and recall consistency were not significantly different from the placebo challenge day
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following MECA administration in either treatment group, or due to changes in CCI score
(all p>0.1).

3.3.2| Scopolamine challenge—Following SCOP administration participants
performed worse on both attention and memory tasks compared to either the placebo or the
MECA challenge days (see Table 2). However, these deficits in performance were consistent
across both groups, as the analyses showed no significant effect of E2 treatment or CClI
score on any of the four tasks (all p> 0.1).

3.3.3|] Combined anticholinergic challenge—Following combined anticholinergic
challenge participants performed worse on both attention and memory tasks compared

to all three other challenge days (Table 2). Analysis of the CRT, following combined
anticholinergic challenge day there was a significant effect of treatment on recognition
time, with participants who received E2 treatment reacting slower than those who received
placebo treatment (Figure 4; mean RT, E2; 63.11 + 46.7; Placebo: 31.8 + 41 ms; F[1, 35]
=5.06, p=10.03, 772p= 0.122). There was no impact of CCI on any of the three performance
scores on the CRT (all p> 0.05). On the N-back task there was a significant effect of

the CCI score on participants 1-back performance following the combined anticholinergic
challenge (Figure 3b, F[1, 35] = 4.76, p=0.046, qu: 0.11). This effect showed that
increasing complaints were associated with less accurate performance on the 1-back block
of the task following the combined challenge (r=-0.34, p= 0.036). There were no
significant effects of on 0-, two- or 3-back blocks (all p> 0.05). Analysis of the CFF and
SRT showed that while participants performed substantially worse compared to the placebo
challenge day, there was no significant impact of E2 treatment or CCI score on performance
following the combined anticholinergic challenge (all p> 0.1).

4| DISCUSSION

We investigated the effect of 3 months of 1 mg E2 treatment or placebo on the

cognitive performance of postmenopausal women who endorsed differing levels of cognitive
complaints while undergoing anticholinergic challenge. Following 3-months of E2/placebo
treatment, there was a modest improvement on the SRT for recall consistency and delayed
recall performance across both groups. The anticholinergic challenge was effective at
blunting performance on cognitive tasks, as shown by the performance of the placebo
treatment group under anticholinergic versus placebo challenge. Contrary to our hypothesis,
3 months of E2 treatment did not mitigate the effect of cholinergic antagonists on task
performance. Indeed, E2 treatment had a negative effect on attention task performance
during the anticholinergic challenge, resulting in reduced performance compared to placebo
treatment. On memory tasks, E2 treatment did not reduce performance, however there was
no improvement compared to the placebo treatment. The associations of CCI score with
performance were consistent with our predictions, with participants endorsing a greater
number of complaints showing lower performance compared to those endorsing fewer
complaints, regardless of treatment group, on the N-back task.

The present study extends our previous work in that it examines the relationship of differing
levels of cognitive complaints to cognitive performance and cholinergic functioning of
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recently postmenopausal women. The presence of cognitive complaints may be associated
with increased risk for neurodegeneration and may be associated with reduced performance
on cognitive tasks. Changes in cholinergic system functioning may be relevant as
postmenopausal women in this study with greater CCI scores demonstrated a reduced ability
to compensate in response to the cholinergic blockade. This was evident on the N-back
task, where a higher CCI score was related to reduced performance during 0- and 1-back
blocks while under cholinergic blockade. The results of the 0-back task show that nicotinic
blockade by MECA was effective at reducing attention to the target for participants with
higher CClI scores. The results of the 1-back task showed a decline in working memory
performance under combined anticholinergic challenge. However, these effects were not
seen in the two- and 3-back blocks, the more difficult conditions of the task. This may be
because participants’ accuracy on these blocks during the placebo challenge day was much
lower than on the 0- and 1-back blocks, thus the effect of the anticholinergic challenge,
either MECA alone or combined with SCOP, did not add significantly to this load-related
decline in performance. Thus, despite performing worse on the harder conditions of the
N-back following anticholinergic challenge compared to the placebo challenge day, this
deficit was not significant. In contrast to the effects of the CCI score, the impact of

E2 treatment was only seen on the performance on attention tasks. Participants who had
received 3-month of E2 treatment displayed worse recognition time on the CRT while
under combined cholinergic blockade. There was also a decrement in performance for
E2-treated participants on the ascending trial of the CFF following MECA administration.
Interestingly, the participants who received a 3-months placebo showed slightly improved
performance on the CFF following MECA but decreased performance following muscarinic
blockade by SCOP. This result is broadly consistent with our previous results which
showed that postmenopausal women showed slightly improved performance on ascending
trials following MECA but decreased performance following SCOP following either E2 or
placebo treatment (Dumas et al., 2008). In contrast to the attention tasks, there was no
impact of E2 treatment on memory task performance under cholinergic blockade.

The findings of the present study are interesting in comparing the effects of the different
cholinergic antagonists. While the greatest deterioration of performance for all tasks was
observed for the combined cholinergic blockade, when antagonists were administered
alone, participants generally performed worse following muscarinic blockade by SCOP
compared to nicotinic blockade by MECA regardless of treatment group. This difference

in performance was driven by the effects that blocking nicotinic or muscarinic receptors

in the cortex have on cortical processes. In attention processes, nicotinic receptors are in
mediating attention in the medial prefrontal cortex, specifically the B2 subunit (Bloem et al.,
2014; Guillem et al., 2011; Poorthuis & Mansvelder, 2013). Blocking nicotinic receptors by
MECA may limit this mediation, reducing the effectiveness of the medial prefrontal cortex
to direct attention. For attention tasks, muscarinic receptors are important in cue-detection
and also in the filtering of task-relevant information (topdown control) by the prefrontal
cortex (Ballinger et al., 2016; Gould et al., 2015; Parikh & Sarter, 2008). Thus, the blocking
of the muscarinic receptors would reduce the transfer of goal-directed signals from the
prefrontal cortex to the basal forebrain. In the present study, this deterioration in attention
following SCOP was evident in the performance of participants on the recognition score of
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the CRT. In contrast, the effect of MECA was smaller on recognition performance, which
indicates that these B2 receptors may be less important during recognition processes. On
memory tasks, muscarinic receptors are important for suppressing feedback mechanisms
during encoding (Green et al., 2005; Hasselmo, 2006). Under muscarinic blockade by SCOP,
these feedback mechanisms interfere with the encoding of information at the hippocampus
and the striatum, leading to decreased accuracy on the N-back task and poorer recall on
the SRT. The impact of MECA on memory performance was important in the relationship
between endorsed cognitive complaints and participants’ accuracy on the 0- and 1-back
tasks. As nicotinic receptors are important at boosting the signal of sensory information
during encoding (Hasselmo, 2006), the blockade of nicotinic receptors by MECA may be
limiting this transfer of information, which would reduce working memory performance.
This response to MECA was stronger in women endorsing more cognitive complaints,
which indicates that these women may have less intact cholinergic activity in the cortex.

Previously we have demonstrated that E2 treatment in postmenopausal women was effective
at mitigating or blunting the effects of the cholinergic blockade (Dumas et al., 2006, 2008).
In comparison, the results of the present study suggest that in women with cognitive
complaints, E2 may not enhance cholinergic system activity. Indeed, the women who
received E2 treatment performed generally worse than the placebo group, especially on

the attention tasks. This finding is contrary to our predictions, as we had believed that

E2 treatment would stimulate cholinergic neurotransmission in the brain, and generally be
supportive of the critical window hypothesis of estrogen enhancement in the first few years
following menopause (Guo et al., 2020; MacLennan et al., 2006; Maki, 2013). Indeed, in
previous research, E2 treatment has been shown to increase muscarinic receptor density in
women (Norbury et al., 2007), and in animal models has been shown to modulate muscarinic
activation of visuospatial attention (Tinkler & Voytko, 2005). E2 has also been observed

to enhance attention processes through the potentiation of the a4p2 nicotinic receptors
(Curtis et al., 2002; Howe et al., 2010; Jin & Steinbach, 2011). Therefore, why the E2
treated group was more affected by cholinergic blockade is puzzling. It is possible that the
answer may lie in studies of aged animals. In older, ovariectomized rodents, E2 has only
been shown to improve performance in combination with an anticholinesterase inhibitor,
either donepezil or galantamine (Gibbs et al., 2009, 2011). Therefore, the addition of a
cholinergic antagonist may have had the opposite effect on the E2 treated women in the
present study, not only blocking cholinergic terminals, but also interfering with the E2
cholinergic interactions, which had a greater impact on performance than the antagonists
alone. Another explanation may be related to the healthy cell bias of estrogen hypothesis
(Brinton, 2008), which indicates that while E2 is beneficial in healthy women, individuals
who already possess some underlying dysfunction may not benefit from increased E2 levels,
in fact the additional E2 levels may exacerbate this dysfunction. Thus, in the present study,
the impact of E2 in postmenopausal women who endorsed more cognitive complaints may
have been detrimental to cognitive performance, particularly in the presence of cholinergic
antagonists.

In contrast to showing a benefit of E2 treatment, our results support evidence of a model of
cholinergic compensation following menopause (Dumas & Newhouse, 2011; Newhouse &
Dumas, 2015). In the present study, the women with higher levels of cognitive complaints
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were not able to compensate as well during the cholinergic blockade compared to the
women with lower endorsement of complaints. This suggests that cognitive complaints may
be related to a decline in cholinergic function that may explain the inability of exogenous

E2 to boost cholinergic tone. This susceptibility was most noticeable on the N-back task,
which is consistent with previous research showing that postmenopausal women endorsing
greater cognitive complaints having to engage in greater cortical activation during working
memory tasks to compensate for the decreased efficiency in processing (Dumas et al., 2013).
While the statistically significant effects were shown only for the 0- and 1-back blocks, there
was a pattern of decrement following cholinergic blockade of all blocks of the N-back task.
Thus, in the absence of cholinergic blockade, the women endorsing greater complaints may
be able to perform adequately on less demanding tasks, but on more effortful tasks, they
need to activate the cholinergic system to compensate for the reduction in cortical efficiency.
In the presence of a cholinergic blockade, this ability to compensate is reduced, resulting in
decreased performance.

The results of the present study are also consistent with several studies examining AD
biomarkers in women at the different stages of the menopause transition and age-matched
men. Compared to men and premenopausal women, perimenopausal and postmenopausal
women showed reduced performance on paragraph recall tasks, which has been thought

of as a measure of estrogen-dependent memory (Kampen & Sherwin, 1994; Mosconi et

al., 2018). These studies have also observed that compared to men and premenopausal
women, women in the perimenopause and postmenopausal groups possessed a greater
number of AD risk factors including hypometabolism, reduction in cortical gray and white
matter, a reduction in cerebral metabolism as measured by fluorodeoxyglucose positron
emission tomography. Additionally, a number of recent studies show that the relative
burden of AD-biomarkers in older women is higher compared to older men (Buckley et

al., 2019; Lin et al., 2015; Mosconi et al., 2017, 2018; Oveisgharan et al., 2018). Analysis
of the baseline neuroimaging data of the participants in the present study showed that
higher levels of cognitive complaints were associated both with reduced medial temporal
graymatter volume and increased resting-state connectivity in the executive control network,
indicating underlying cortical dysfunction in postmenopausal women with subjective
cognitive complaints (Conley et al., 2020; Vega et al., 2016). The age of menopause

may also be a factor in the long-term cognitive health of women. Recent epidemiological
evidence has shown that women who undergo the menopause transition at younger (Gilsanz
et al., 2019) or older (Najar et al., 2020) ages of the population distribution are at higher
risks of developing dementia later in life. These studies offer accumulating evidence that
menopause may create a vulnerability to cognitive decline in at-risk women, which may
contribute to women’s overall increased risk for AD (Beam et al., 2018; Paganini-hill &
Henderson, 1994; Pike, 2017). In this vein, cognitive complaints may be how this phenotype
is expressed.

The finding that increased levels of cognitive complaints were associated with decreased
working memory performance could be argued as an effect of healthy aging, rather than

a sex-specific effect of menopause. However, in the recent study in which we examined

the baseline data of this sample (Conley et al., 2020), we found that the level of endorsed
complaints was not associated with age, education or the number of years since menopause.

Hum Psychopharmacol. Author manuscript; available in PMC 2022 September 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Conley et al.

Page 15

In contrast, the number of cognitive complaints endorsed was highly associated with the
number of somatic symptoms that these women reported. The evidence that postmenopausal
women with higher baseline cognitive complaints had a smaller graymatter volume of

the right medial temporal lobe is reinforced by the results of the current study, showing

that these participants also had decreased working memory performance under cholinergic
blockade. Interestingly, there was no impact of the E2 treatment on the number of somatic
symptoms endorsed by participants, as across the treatment period, the MSC scores for both
treatment groups increased. Whether this increase was due to the dosage of the E2 treatment
(discussed more below), is unclear, however it may be due to the fact that these women
were endorsing more subjective cognitive complaints. Indeed, the level of endorsed somatic
symptoms was associated with more cognitive complaint endorsement both at baseline

and following the treatment period. Therefore, based on these results, we believe that the
impact of menopause is to diminish or remove the compensatory mechanism in these at-risk
women. We propose that the reduction in cortical E2 levels that reduces both cholinergic
and hippocampal activity unmasks the vulnerability of these women to future cognitive
decline. While a definitive answer to this hypothesis is beyond the scope of the current
article, an approach for future studies would be to examine the cholinergic blockade effects
in combination with an examination of other biomarkers of neurodegenerative pathology, for
instance, cortical amyloid-p and phosphorylated tau levels.

It is possible that for this age group, the dose of E2 treatment was not large enough to
provide a beneficial effect on cholinergic functioning. Additionally, using oral capsules may
have lessened the absorption of E2 compared to using a transdermal administration. E2 has
been hypothesized to provide neuroprotective effects against cognitive decline if given at
the critical time during the menopause transition (Petrovska et al., 2012; Sherwin, 2009).
This idea is encapsulated in the healthy cell bias of estrogen hypothesis (Brinton, 2008).

In a previous study, recently postmenopausal women were more responsive to E2 given

at 2 mg compared to older postmenopausal women (Dumas et al., 2008). Therefore, it

could be that a higher dose of E2 may have been able to blunt the cholinergic antagonists
compared to placebo. However, in another study, Dumas et al. (2006) found that 3 months
of 1 mg treatment was effective at mitigating some effects of the cholinergic antagonists
MECA and scopolamine on cognitive performance. But, unlike the present study, in the
prior studies, participants were not recruited based on levels of postmenopausal cognitive
complaints. We hypothesized that the current sample of participants may represent a higher
risk group than in prior studies and therefore were not receptive to E2 treatment effects

on cholinergic functioning. Additionally, while the participants in the present study did not
endorse subjective cognitive impairment to the level of preclinical MCI (Jessen, 2014), we
believe that the impact of these complaints on participants represents a risk factor for future
cognitive impairment. A limitation of the paper is the relatively small samples of the two
treatment groups. Due to the difficult nature of the study with multiple challenge days, some
participants withdrew prior to completing the full study. As such it is possible that some of
the comparisons were statistically underpowered. Another limitation of the present study is
that the majority of the participants were white, and this does limit the generalizability of the
results. While these limitations do reduce the strength of conclusions that can be drawn from
these comparisons, we still believe that the effects that are found in this paper represent the
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impact of self-reported cognitive complaints on memory performance under anticholinergic
challenge.

In conclusion, the present study found that 3 months of E2 treatment did not mitigate
cholinergic blockade effects on the performance of recently postmenopausal women with
varying levels of cognitive symptoms. The results of the present study also show that
postmenopausal women with greater endorsement of cognitive complaints performed worse
on working memory tasks during cholinergic blockade regardless of receiving E2 treatment
or placebo. The findings of the present study highlight that cognitive complaints in
postmenopausal women might be a manifestation of cortical dysfunction modulated by
changes in cholinergic system functioning, which is revealed as reduced performance in
the presence of cholinergic antagonists. Future studies should examine whether the level of
cognitive complaints may be indicative of early biomarker evidence of neurodegenerative
disorders such as AD. It will also be important to investigate the relationship of cholinergic
blockade on cognitive performance with brain activity and the presence or absence of early
biomarker evidence of developing neuropathology.
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Experimental design of the treatment period and challenge days
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FIGURE 4.
Median recognition time difference scores on the Choice Reaction Time task for the

cholinergic challenge days (Challenge — Placebo) for participants who received estradiol
or placebo (PLC) treatment
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