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Estrogen has been shown to interact with the cholinergic system and influence cognition in animal models. This study investigated the

interaction of estrogen and cholinergic system functioning and the effects of this interaction on cognitive task performance in healthy

older women. Fifteen post-menopausal women were randomly and blindly placed on 1mg of 17-b estradiol or placebo for 3 months

after which they participated in five anticholinergic challenge sessions, where they were administered one of two doses of the

antimuscarinic drug scopolamine (SCOP) or the antinicotinic drug mecamylamine (MECA) or placebo. After the first challenge phase,

they were crossed over to the other hormone treatment for another 3 months and repeated the challenges. Performance in multiple

domains of cognition was assessed during anticholinergic drug challenge, including attention and verbal and nonverbal learning and

memory. Results showed that estrogen pretreatment attenuated the anticholinergic drug-induced impairments on tests of attention and

tasks with speed components. This study is the first to demonstrate the interaction of estrogen and the cholinergic system and the effects

on cognitive performance in humans. The results suggest that estrogen status may affect cholinergic system tone and may be important

for cholinergic system integrity.

Neuropsychopharmacology (2006) 31, 2065–2078. doi:10.1038/sj.npp.1301042; published online 15 February 2006

Keywords: estrogen; cholinergic system; scopolamine; mecamylamine; menopause; cognition

��
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

The prophylactic and therapeutic use of gonadal steroids is
among the most controversial areas in medicine. The
complex impact of these agents on various body systems
has become necessary to understand, in particular for aging
women. While significant strides have been made in
elucidating the actions of these molecules on target organs
such as bone, breasts, and cardiovascular systems, relatively
little is known about their short- or long-term impact on the
brain and brain function in humans.
As a result of menopause and the decrease in circulating

estrogen, women may experience changes in cognitive
functioning. Estrogen treatment (ET) has been shown to
improve or at least maintain current levels of cognitive
functioning in postmenopausal women (ie, Duka et al, 2000;
Resnick et al, 1997); however, there is contradictory
evidence (ie, Shumaker et al, 2003, 2004). While many

studies in humans have investigated the effects of estrogen
and hormone therapy on cognition, none 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. Studies in rodents and primates have suggested
potent effects of estrogen on cholinergic function (Tinkler
and Voytko, 2005). Further, the activity of the CNS
cholinergic system may be a primary determinant of the
effectiveness of attentional, learning, and memory mechan-
isms (Sarter et al, 2005).
The current study utilized a controlled experimental

design to investigate the interaction of estrogen and the
cholinergic system and the effects of this interaction on
cognition. Below is a brief review of the prior findings of ET
on cognition, the evidence for the interaction of estrogen
and the cholinergic system, and a description of the current
study’s examination of the interaction of estrogen and the
cholinergic system in postmenopausal women.
Cognitive symptoms reported by women at menopause

include difficulties in memory, attention, and word-finding.
Studies have shown an acceleration of cognitive problems of
aging after menopause, including difficulties on tests of
driving simulation, reaction time, and some visual spatial
tasks (Halbreich et al, 1995). There is some evidence that
ET results in the maintenance of a premenopausal level of
cognitive functioning (ie, Duka et al, 2000; Jacobs et al,
1998; Resnick et al, 1997; Smith et al, 2001a; Zandi et al,
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2002), and may reduce the risk of Alzheimer’s disease (AD;
Paganini-Hill and Henderson, 1994; Panidis et al, 2001;
Tang et al, 1996). Some of the most consistent evidence for
a direct effect of estrogen on cognitive function is from
studies of surgically menopausal women. Sherwin (1988)
studied women after total abdominal hysterectomy (TAH/
BSO) with random assignment to estrogen or placebo for 3
months and found that the treated grouped showed
preservation of verbal memory, while the placebo group
showed a significant decline. These data were confirmed in
a study showing that women treated with estrogen for 3
months after TAH/BSO showed either improvement in or
preservation of verbal learning and memory performance
compared to placebo-treated women who showed a decline
(Phillips and Sherwin, 1992). In a naturalistic study, women
who were placed on estrogen after surgical menopause had
better preserved verbal memory and constructional ability
than women not placed on estrogen (Verghese et al, 2000).
While many studies have shown positive effects of ET on

cognition, there are a number of studies that showed no
benefit (Barrett-Connor and Kritz-Silverstein, 1993; Binder
et al, 2001; Ditkoff et al, 1991; Polo-Kantola et al, 1998).
Recent findings from the Women’s Health Initiative (WHI)
and Women’s Health Initiative Memory Study (WHIMS)
have suggested that gonadal steroids may increase the risk
of dementia. The WHIMS study found that the risk of
diagnosis of dementia in women taking estrogen alone and
estrogen and progesterone was twice that of women in the
placebo group (Shumaker et al, 2003, 2004). In addition, in
women without dementia, no overall cognitive benefit was
seen (Rapp et al, 2003). In another study also using estrogen
and progesterone, no benefit for cognition was seen after 4
years of follow-up (Grady et al, 2002). However, the
majority of the dementia diagnoses in the WHI study
seemed to be related to vascular disease (Vermeer et al,
2003), and women were an average age of 68 when entering
the study. These issues may limit the generalizeability of the
WHI/WHIMS findings, especially regarding the role of
estrogen and progesterone (separately or in combination)
in the preservation of normal cognition functioning
(Yaffe, 2003).
Thus, prospective and some longitudinal studies indicate

beneficial effects of estrogen replacement on cognitive
functioning of postmenopausal women. One possible site of
action explaining estrogen’s effects on cognition is through
its interaction with the cholinergic system (Tinkler and
Voytko, 2005). Estrogen has been shown to modulate
cholinergic neurotransmission in the brain (Gibbs, 1996;
McMillan et al, 1996). Estrogen is associated with increases
in choline uptake and choline acetyltransferase (ChAT) in
the hippocampus and frontal lobe (Simpkins et al, 1997).
Estrogen administration also appears to alter hippocampal
structure and function (Bi et al, 2001; Woolley and McEwen,
1993). Loss of estrogen after ovariectomy in animals has
been shown to decrease high affinity choline uptake, ChAT
activity, and ChAT mRNA levels (Gibbs et al, 1994; Luine
et al, 1975, 1986; Singh et al, 1993). These effects can be
reversed by exogenous estrogen (McMillan et al, 1996).
Cholinergic fiber density in the dorsolateral prefrontal
cortex decreased 2 years after ovariectomy relative to intact
monkeys, and this decrease was prevented if monkeys were
treated with estrogen (Tinkler et al, 2004). Another study

showed that cholinergic fiber density was restored in
ovariectomized monkeys only 1 month after estrogen
treatment (Kritzer and Kohama, 1999). The finding that
estrogen affects cholinergic circuits in the frontal lobe and
hippocampus is important because these areas are asso-
ciated with cognitive performance and may explain why
some studies find that estrogen has beneficial effects on
cognition.
A number of studies have investigated the interaction of

estrogen and the cholinergic system and its effects on
memory performance in animals. Packard (1998) found that
the posttraining administration of estrogen enhances
memory relative to vehicle-trained rats in a time dependent
manner and was blocked by the muscarinic antagonist
scopolamine (SCOP). Daniel and Dohanich (2001) found a
comparable increase in NMDA receptor binding in the CA1
area of the hippocampus when estrogen and physostigmine,
an acetylcholinesterase inhibitor, were given to female rats.
When given in combination with estrogen, the amounts of
cholinergic agonist and glutamatergic agonist needed to
produce good retention of a foot shock response was
decreased 10-fold (Farr et al, 2000). In addition, the
detrimental effects of SCOP on memory for passive
avoidance were attenuated when rats were given estrogen
(Gibbs et al, 1998). Lesions of the cholinergic system appear
to alter the ability of estrogen to modify attentional
performance in rats (McGaughy and Sarter, 1999). Thus,
there is experimental evidence for the attenuation of the
detrimental effects of cholinergic antagonists on memory
when estrogen is present.
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) for a
review). Beginning with studies by Drachman and collea-
gues (Drachman, 1977; Drachman and Leavitt, 1974),
temporary blockade of muscarinic receptors produced
impairments of learning and memory that resembled
changes associated with normal aging (Ghoneim and
Mewaldt, 1977; Peterson, 1977). This has been proposed
as a model of the cognitive deficits in AD (Bartus et al, 1982;
Caine et al, 1981; Sitaram et al, 1978). These studies were
extended by Sunderland and Newhouse (Newhouse et al,
1988; Sunderland et al, 1985), who showed that when elderly
normals and elderly depressed patients were given SCOP,
their performance declined to a level similar to AD patients.
AD patients were even more sensitive to the impairing
effects of the drug (Sunderland et al, 1988).
Data from studies using nicotinic antagonists in humans

also show the detrimental effects of these drugs on
cognition. Newhouse et al (1992, 1993, 1994) used the
nicotinic antagonist mecamylamine (MECA) to examine
cognitive functioning in younger adults, healthy older
adults, and patients with mild to moderate AD. MECA
impaired cognitive performance in all groups in an age- and
disease-dependent way. Younger adults showed impair-
ments only after the largest dose of MECA (Newhouse et al,
1992), older adults show impairments after the medium and
largest doses (Newhouse et al, 1994), and AD patients
showed impairments at all doses (Newhouse et al, 1993).
The impairments were manifest in learning phases of the
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tasks, but not during retrieval. These findings implicate a
role for nicotinic receptors in learning and storing new
information, but not in retrieving old information.
Thus, normal cognitive performance is disrupted when

subjects are administered antimuscarinic and antinicotinic
drugs creating a temporary lesion. The current study uses
this model to probe the ability of estrogen to modulate the
temporary cognitive impairment during anticholinergic
drug challenge. Thus far, no study in humans has directly
probed estrogen’s effects on specific neurotransmitter-
related cognitive performance, although several studies
have examined estrogen effects on neurotransmitter avail-
ability (Gardiner et al, 2004; Smith et al, 2001b; van
Amelsvoort et al, 2001). We predicted that impairments in
cognitive performance during cholinergic challenge would
be attenuated after 3 months of estrogen treatment. The
effects of estrogen were predicted be largest on tasks where
the estrogen–cholinergic system interaction was critical for
accurate performance on those tasks, in particular tests of
attention and verbal episodic memory.

METHODS

Subjects

Subjects were 15 cognitively normal women, ages 48–84,
M¼ 60.4 (SD¼ 10.3). These women were postmenopausal
for an average of 11.4 years since their last menses
(SD¼ 13.55). They had a mean body mass index (BMI) of
24.30 (SD¼ 3.46). Subjects had an average of 15.64 years of
education (SD¼ 2.47). They were recruited through notices
and advertisements in local newspapers and direct mailings.
Subjects were required to be postmenopausal, nonsmokers
without menses for 1 year, without surgically induced
menopause, with no history of breast cancer, and no use of
hormone therapy for at least 1 year. Three subjects had
previously taken hormone or ET after menopause. The
length of time of prior hormone use ranged from 2 weeks to
1.5 years. Medical exclusion criteria for ET included:
contraindications for hormone therapy, estrogen-dependent
neoplasia, untreated blood pressure greater than 160/100,
history of deep vein thrombosis or other thromboembolic
disease, hepatoma, severe migraines or stroke on oral
contraceptives, current use of barbiturates, rifampin,
insulin, carbamezepine, oral hypoglycemics, antidepres-
sants, lipid-lowering drugs, known intolerance to conju-
gated estrogens, diabetes, untreated thyroid disease, clinical
osteoporosis, and severe menopausal symptoms. In addi-
tion, the following exclusions applied to the challenge
drugs: heavy alcohol or coffee use, significant cardiovas-
cular disease, asthma, active peptic ulcer, hyperthyroidism,
pyloric stenosis, narrow angle glaucoma, epilepsy, or
current Axis I psychiatric disorders.
Upon meeting these criteria, subjects were approved for

further screening at the University of Vermont (UVM)
General Clinical Research Center (GCRC). After signing
informed consent documents, subjects gave their medical
history,and underwent physical and laboratory tests asses-
sing hematopoietic, renal, hepatic and hormonal functions.
Subjects were cognitively evaluated using the Mini Mental
State Exam (MMSE; Folstein et al, 1975), Brief Cognitive
Rating Scale (Reisberg et al, 1988), and the Mattis Dementia

Rating Scale (DRS, Jurica et al, 2001) to establish a Global
Deterioration Scale score (GDS) that rates the degree of
cognitive impairment (Reisberg et al, 1988). Subjects were
required to have an MMSE scoreX27, a DRS score of 123 or
greater, and a GDS score of 1 or 2.
Behavioral screening consisted of a partial Structured

Clinical Interview for DSM-IV-TR (SCID; First et al, 2001)
to establish the presence/absence of Axis I psychiatric
disorders. In addition, subjects completed the Beck
Depression Inventory (BDI). A cutoff score of 10 was used
for the BDI, and subjects scoring over this criterion were
discontinued from further participation. All subjects met
these criteria for the cognitive and behavioral screening.

Study Design

The overall study design was a 2 (estrogen treatment:
estradiol vs placebo) by 5 (cholinergic challenge drug:
2.5 mg/kg. SCOP, 5 mg/kg SCOP, 10mg MECA, 20mg MECA,
and placebo) within-subjects crossover design.

Estrogen Administration

After meeting all inclusion criteria, subjects were randomly
and blindly assigned to the estrogen or placebo condition
for 3 months (Phase 1). In the estrogen condition, subjects
took 1mg of oral 17b-estradiol (E2) per day for 3 months.
In the placebo condition, subjects took similar appearing
placebo pills for 3 months. After 3 months, subjects
completed five challenge days (described below). They were
then crossed over to the other condition, either placebo or
estrogen, for another 3 months (Phase 2) and completed
five more challenge days after those 3 months. After
completion of the second phase of the study, all subjects
took 10mg per day of medroxy-progesterone acetate for
12 days to produce sloughing of any endometrium that
developed.

Cholinergic Challenge Procedure

After 3 months of estrogen or placebo treatment, subjects
came in to the UVM GCRC for six sessions. At the first
session, subjects were trained on the cognitive battery. They
then took part in five cholinergic challenge study days. On
each challenge day, subjects reported to the UVM GCRC by
0900 h. Each participant performed a baseline motor skill
sobriety test to have as a comparison to a second test before
discharge in the afternoon. An intravenous (i.v.) line was
inserted and blood was drawn for an estradiol assay. A
double-blind, double placebo method of administration of
the challenge drugs was followed. Subjects received one of
the following medications: 2.5 mg/kg SCOP, 5 mg/kg SCOP,
10mg MECA, 20mg MECA, or placebo. SCOP was
administered i.v. and MECA was administered orally. At
time 0, a pill containing one of the MECA doses or placebo
was administered. After 30min, an injection of one of the
SCOP doses or placebo was administered i.v. On each day
only one of the drugs was active or both were placebo. The
order of the drug administration across the 5 days was
determined randomly. At 90min after the injection and 2 h
after oral pill administration, cognitive testing began at a
running time of 120min. After the cognitive testing that
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took approximately 70min, subjects were given lunch. Vital
signs and pupil diameter were assessed at seven time points
throughout the session, at running times of 0, 30, 60, 120,
180, 210, and 240min. At the end of the study day, after
passing the sobriety test to the satisfaction of the research
nurse and covering physician, subjects were discharged.

Cognitive Battery

The cognitive testing battery was constructed to evaluate a
number of cognitive domains potentially sensitive to
cholinergic manipulation, as well as those affected by loss
of and subsequent treatment with estrogen. These cognitive
domains included tests of attention, verbal learning and
memory, and nonverbal learning and memory. Before each
of the challenge sessions, subjects were trained on the
cognitive battery until they reached asymptotic perfor-
mance to minimize learning or practice effects across
sessions during each challenge phase.

Attention

The Critical Flicker Fusion (CFF) task (Kupke and Lewis,
1989), the Choice Reaction Time (CRT) task (Hindmarch,
1984), the Digit Symbol Substitution Test (DSST; Wechsler,
1981), the Divided Attention test (DA; Della Sala et al, 1995),
and the Connors Continuous Performance Test (CPT;
Conners, 1995) were used as the measures of attention.
During the CFF task there were two different types of trials.
In an ascending trial, the participant pressed a button that
indicated when the frequency of flickering lights had
increased to the point that the lights appeared to be no
longer flickering but rather appeared continuously on
(‘fused’). The lights began flashing at a rate of 12Hz,
increasing to 50Hz. In a descending trial, subjects indicated
when the frequency of the apparently fused lights decreased
such that lights appeared to be flickering. The participant
was presented with three of each trial type. The dependent
measure from the CFF was the median detection frequency
across all trials.
The CRT task was a reaction time task in which subjects

kept their index finger on a ‘home’ light-sensitive diode
(LSD) until one of six LCD lights arrayed in a semicircle,
approximately 25 cm from the ‘home’ key, was lit on the
response box. The subject lifted her index finger and moved
it to cover the LSD corresponding to the illuminated LCD.
Performance measures included the median total reaction
time (RT), the median recognition RT (time from stimulus
onset to initiation of movement), and the median motor RT
(time from initiation of movement to stimulus termination).
In the DSST, subjects were presented with nine numbers

that corresponded to nine symbols. On the answer form, the
subject was instructed to write the symbol that corre-
sponded to each number and to complete as many as
possible in 90 s. The dependent measure on the DSST was
the total correct completions.
In the DA task, the subject placed crosses on a series of

interconnected boxes on a piece of paper. Simultaneously, a
memory span test was performed, in which lists of numbers
(length adjusted to individual maximums) were read to the
subject and immediately recalled. Subjects performed each
task separately, then together (2min for each component).

Dependent measures for the DA task were the number of
lists correctly recalled and the number of boxes completed
on the maze during the single-task and dual-task portions
of the test.
In the computerized CPT task, individual letters appeared

on the computer screen for 300ms, with a response period
of 2 s for 120 trials for a total time of 4.6min. Subjects were
instructed to press a button when they saw an A followed by
an X. The dependent measures for the CPT were hits, errors
of omission and commission, and hit reaction time.

Verbal Learning and Memory

The Buschke Selective Reminding Task (SRT; Buschke,
1973), the Verbal Paired Associates Test (VPA; Wechsler,
1997), and the NYU Immediate Paragraph Recall (PR) test
were used as measures of verbal learning and memory. In
the SRT, subjects were read a list of 14 words, followed by
an immediate recall trial. On subsequent trials (up to eight),
subjects were immediately reminded of words they had
failed to recall on the prior trial. Three measures were
obtained from the SRT task: the total number of words
recalled across all lists, recall consistency, and recall failure.
In the VPA, subjects were read a list of eight pairs of

words. Then they were read the first word in each pair and
asked to recall the associate. The list was read and recalled a
maximum of six times. If the participant recalled all words
on the list within the first three trials, the test was
discontinued after three trials. Dependent measures for
the VPA were the numbers correct for the strong and weak
associates after three and six trials.
The final test of verbal memory was an NYU Immediate

PR test. Subjects were read a short paragraph and then
asked to retell the story. The dependent measure for the PR
task was the number of information units recalled verbatim
from memory.

Nonverbal Learning and Memory

The tests of nonverbal learning and memory included the
Repeated Acquisition Task (RAT; Higgins et al, 1989) and
the Benton Visual Retention Test (BVRT). There were two
phases to the RAT, Performance and Learning. During the
Performance phase, subjects pressed buttons 1, 2, or 3 to
learn a 10-digit sequence of these numbers. Feedback was
given with each button press. If a correct button press was
made, a counter was incremented to move to the next
number in the sequence. If an incorrect response was made,
the computer screen timed out for 2 s and then returned to
the current trial to allow the subject to make another
selection. Subjects had learned the Performance sequence
previously at the training session, and thus they were
instructed to produce the same sequence at each testing
session. The Learning phase was similar to the Performance
phase, except that subjects were instructed to learn a new
10-digit sequence on each challenge day. Dependent
measures from both phases were total number of errors,
quarter life, and response rate (Newhouse et al, 1994).
In the BVRT, subjects were shown 10 geometric figures

for 10 s each. Their task was to reproduce the figure
immediately after viewing it. Dependent measures from the
BVRT were the number of correct designs and errors.
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The cognitive tasks were administered in the following
order: CFF, CRT, SRT, DA, RAT, PR, BVRT, DSST, VPA,
and CPT. This administration order was the same for all
subjects on all study days. A minimum of 10 equivalent
versions of the testing forms (except for PR, where six forms
were used) were created so that a new version of each test
was available for each of the testing days (five challenge
days for Phase 1 and Phase 2). These forms were counter-
balanced across the study days for all subjects.

Behavioral Measures

After the cognitive battery was completed, subjects and the
experimenters completed behavioral assessment measures.
Subjects completed the Profile of Mood States (POMS;
McNair et al, 1971), Stanford Sleepiness Scale (Hoddes et al,
1973), Subjective Visual Analogue Scale (SVAS; Newhouse
et al, 1994), and a Physical Symptom Checklist (PSCL). The
experimenter completed the Brief Psychiatric Rating Scale
(BPRS; Overall and Gorham, 1993) and Objective Visual
Analogue Scale (OVAS; Newhouse et al, 1994).

Data Analysis

Our main analysis of interest was whether 3 months of
estrogen treatment would attenuate the negative effects of
the antimuscarinic and antinicotinic cholinergic drugs on
the cognitive tasks in this study. Four different approaches
were taken to examine the data. First we calculated
difference scores for the each of the dependent measures
from each task. Performance on the cholinergic challenge
placebo day was subtracted from performance on each of
the other cholinergic challenge days (within a phase) in an
effort to examine the specific effects of the cholinergic drugs
on cognitive performance (Table 1). This was done to
control for anticipated baseline differences in performance
for different subjects in different phases of the study.
Second, to demonstrate that the anticholinergic drugs
produced impairments in the cognitive tasks, we examined
one-sample t-tests for each dependent measure for each
treatment by challenge drug dose condition. If the change in
performance was greater than zero for any dependent
measure, performance after anticholinergic challenge was
different from the placebo challenge.
Third, we examined the ability of estrogen to attenuate

the anticholinergic induced impairment on our tasks. The
effects of SCOP and MECA were analyzed in separate
models in order to examine the effects of estrogen to
attenuate antimuscarinic and antinicotinic induced cogni-
tive impairment separately. For the SCOP challenge days, 2
(estrogen treatment: E2 vs PLC)� 2 (SCOP dose: 2.5 mg/kg
vs 5.0 mg/kg) mixed-model repeated-measures ANOVAs
were run for each dependent measure. For the MECA
challenge days, 2 (estrogen treatment: E2 vs PLC)� 2
(MECA dose: 10mg vs 20mg) mixed-model repeated-
measures ANOVAs were run for each dependent measure.
If estrogen attenuated the negative effects of the anti-
cholinergic drugs on cognition, the main effects of estrogen
would be seen in these analyses. Finally, we also examined
the effects of age and years since menopause on each of the
dependent measures with two separate ANCOVAs. The
statistics are described for the dependent measures where

the ANCOVAs produced different results than the ANOVAs
in particular with regard to the specific effects of estrogen
treatment.
Data from the behavioral measures and vital signs were

analyzed separately for SCOP and MECA study days. For the
SCOP study days, 2 (estrogen treatment: E2 vs PLC)� 3
(challenge drug: 2.5 mg/kg SCOP, 5.0 mg/kg SCOP, PLC)
mixed-model repeated-measures ANOVAs were run for
each dependent measure. For the MECA study days, 2
(estrogen treatment: E2 vs PLC)� 3 (challenge drug: 10mg
MECA, 20mg MECA, PLC) mixed-model repeated-mea-
sures ANOVAs were run for each dependent measure.
When significant effects of estrogen treatment were found
in the behavioral analyses, we correlated those behavioral
measures with the cognitive measures in order to further
examine the relationship between the treatment and drug
effects and cognitive and behavioral performances.

RESULTS

The Effects of 3 Months of Estrogen Treatment on
Baseline Cognitive Functioning

We examined performance on the cognitive battery during
the cholinergic challenge placebo days and compared the
performance after 3 months of estrogen versus 3 months of
placebo. Paired t-tests compared the performance on each
task on the placebo challenge day after 3 months of estrogen
vs 3 months of placebo treatment. All analyses showed no
difference in performance between the estrogen and placebo
days. Thus, there was no effect of 3 months of estrogen on
performance of any of the tests in this battery. This finding
is not unexpected given that we pretrained subjects on the
battery so that their performance would be stable and not
susceptible to learning or practice effects across the various
study days. We further examined the data for practice or
learning effects across treatment phase (1 or 2) and
challenge days (1–5). There were no phase by day
interactions and the patterns of means did not show
increasing improvements across the study days and phase.
Therefore, practice effects were not found on any of the
cognitive tests.

The Effects of Anticholinergic Drugs on Cognitive
Performance

In order to examine the ability of estrogen to attenuate the
anticholinergic induced impairment on cognition, it is
important to first demonstrate that SCOP and MECA
reliably impaired performance on the tasks used in this
study. Results of the one sample t-tests showed that SCOP
significantly (po0.05) impaired performance on the CFF,
CRT, DSST, CPT, DA, SRT, VPA, PR, and RAT Learning.
MECA significantly (po0.05) impaired performance on the
CRT, DSST, CPT, RAT performance, and BVRT. Details are
available in Supplementary online information. The ability
of estrogen to attenuate these performance impairments is
described below.

Attention. The analysis of CFF performance during SCOP
challenge revealed a main effect of estrogen treatment for
the total median frequency across all trials, F(1,12)¼ 6.70,
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Table 1 Performance Differences for Cognitive Tasks for Each Drug Challenge by Treatment Type

Cognitive construct Task Dependent variable Treatment 2.5lg/kg SCOP 5.0lg/kg SCOP 10mg MECA 20mg MECA

Attention CFF Total (Hz)a Placebo �2.38 (0.70) �1.31 (0.70) �0.62 (0.52) �0.1 (0.61)

Estrogen �0.53 (0.68) �0.28 (0.68) �2.65 (2.65) 0.26 (0.43)

CRT Total (ms) Placebo 50.3 (29.02) 94.11 (21.92) 49.04 (17.40) 36.07 (17.40)

Estrogen 24.14 (19.91) 121.64 (54.26) 20.63 (17.40) 2.9 (18.06)

Recognition RT (ms) Placebo 40.46 (24.89) 30.57 (20.97) 9.59 (7.81) �11.88 (9.14)

Estrogen 25.49 (12.81) 76.13 (28.41) �33.43 (28.75) 4.99 (12.49)

Motor RT (ms)b Placebo 21.33 (18.64) 37.02 (8.58) 33.44 (11.27) 35.29 (11.27)

Estrogen 8.63 (9.75) 27.39 (21.52) 9.89 (11.27) �4.35 (11.70)

DSST Number correct Placebo �4.07 (2.09) �6.53 (2.15) �2.07 (1.25) �0.73 (1.25)

Estrogen �2.20 (2.09) �6.47 (2.09) �2.27 (1.25) �2.60 (1.25)

CPT Hits (proportion correct) Placebo �3.24 (1.9) �3.25 (1.37) �0.13 (0.30) �0.13 (0.30)

Estrogen �0.97 (0.37) �3.60 (1.14) �0.31 (0.31) �0.42 (0.31)

Errors of omission (number of errors) Placebo 3.03 (1.78) 2.93 (1.3) 0.13 (0.29) �0.07 (0.29)

Estrogen 0.84 (0.34) 3.53 (1.09) 0.3 (0.30) 0.41 (0.30)

Errors of comission (number of errors) Placebo 0.81 (0.52) 1.09 (0.77) 0.13 (0.19) �0.33 (0.27)

Estrogen 0.63 (0.43) 1.4 (0.58) 0.35 (0.16) 0.07 (0.41)

Hit RT (ms)c Placebo 30.45 (9.96) 22.09 (21.46) 56.92 (12.57) 52.53 (16.61)

Estrogen �14.15 (10.90) �7.63 (14.97) 8.01 (9.63) 23.27 (18.07)

DA Digit spanFsingle task (number correct) Placebo �2.51 (4.77) 0.47 (4.77) 1.94 (3.37) 2.74 (3.22)

Estrogen 1.56 (4.77) 1.75 (4.77) �0.15 (3.94) 2.32 (5.98)

Digit spanFdual task (number correct) Placebo 1.11 (4.79) �3.62 (4.71) �2.37 (3.42) �1.69 (3.42)

Estrogen 0.87 (4.10) �0.30 (5.62) 5.12 (3.42) 0.16 (3.42)

MazeFsingle task (number correct) Placebo �9.60 (4.80) �2.87 (3.33) �5.80 (4.14) �1.93 (3.55)

Estrogen �21.20 (3.59) �10.40 (3.68) �8.33 (3.92) �2.13 (4.06)

MazeFdual task (number correct) Placebo �6.47 (4.45) �0.53 (3.41) �3.00 (3.09) 0.67 (3.16)

Estrogen �14.13 (3.30) �9.67 (4.40) �3.80 (2.58) �4.60 (3.64)

Verbal memory SRT Total recall (number correct) Placebo �7.87 (3.88) �20.53 (5.10) �2 (2.39) 0.07 (2.39)

Estrogen �5.27 (2.94) �19.2 (3.52) �0.8 (2.39) �1.27 (2.39)

Recall consistency (number correct) Placebo �11.31 (3.46) �21.93 (4.10) �2.4 (2.63) �1.13 (2.63)

Estrogen �9.8 (3.42) �24.6 (4.71) �4.47 (2.63) �1.6 (2.63)

Recall failure (number of failures) Placebo 6.71 (2.64) 11.6 (2.55) 1.8 (1.61) 1.20 (0.93)

Estrogen 2.07 (2.55) 10.87 (2.55) �1.8 (1.09) 2.00 (1.38)

VPA Three trialsFeasy (number correct) Placebo �0.60 (0.34) �0.54 (0.33) 0.07 (0.23) �0.47 (0.27)

Estrogen �0.13 (0.19) �0.33 (0.32) �0.53 (0.29) �0.27 (0.26)

Three trialsFhard (number correct) Placebo �1.00 (0.64) �2.36 (0.67) 0.13 (0.57) �0.07 (0.57)

Estrogen �0.93 (0.64) �2.07 (0.64) �0.73 (0.57) �0.27 (0.57)

Six trialsFeasy (number correct) Placebo �0.6 (0.26) �0.35 (0.35) 0.27 (0.33) �0.53 (0.31)

Estrogen �0.27 (0.43) �0.67 (0.43) �0.53 (0.46) �0.27 (0.27)

Six trialsFhard (number correct) Placebo �1.60 (0.83) �3.00 (0.86) 0.20 (0.76) �0.47 (0.76)

Estrogen �0.73 (0.93) �1.87 (0.93) �1.00 (0.76) 0.27 (0.76)

PR NYU scoring (number correct) Placebo �1.72 (1.28) �5.16 (1.53) �0.45 (1.12) �0.13 (0.96)

Estrogen �0.20 (1.25) �4.93 (1.30) 0.07 (1.13) 0.40 (1.65)

Non-verbal memory RAT Performance Placebo 3.13 (2.55) 2.19 (2.05) �0.13 (1.60) �0.67 (0.51)

errors (percent errors) Estrogen �0.60 (1.31) 4.7 (2.63) 0.40 (1.56) �0.97 (1.63)

Quarter life Placebo �0.86 (7.46) 7.80 (6.42) �0.07 (0.73) �0.32 (0.24)

Estrogen 3.24 (4.66) 9.29 (5.53) 0.17 (0.70) �0.67 (0.73)

Response rate (ms) Placebo 0.06 (0.09) 0.01 (0.08) 7.63 (9.61) 1.00 (8.21)

Estrogen �0.10 (0.06) 0.02 (0.12) 3.67 (3.83) 1.41 (4.61)
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po0.05, that showed that performance was less impaired on
the CFF after 3 months of estrogen relative to placebo
treatment during SCOP challenge (Figure 1). The ANCOVAs
with age group and years since menopause as the covariates
showed an effect of estrogen in each model, F(1,12)¼ 6.93,
po0.05 and F(1,12)¼ 6.81, po0.05, respectively. CFF
performance was better on the estrogen treatment days
relative to the placebo treatment days for total median
frequency. For the analysis of CFF performance during the
MECA challenge, no significant effects were found.
For the CRT task, performance on SCOP challenge days

showed no drug effects on the total median RT but for the
median recognition RT there was an effect of SCOP dose,
F(1,14)¼ 5.51, po0.05, that showed that recognition RT
was longer in the high-dose SCOP conditions. For the
median motor RT, the SCOP dose effect approached
significance, F(1,14)¼ 4.12, p¼ 0.06. The pattern of means
indicated that motor RTs were longer in the high-dose
SCOP condition. There was no effect of estrogen treatment
on RT in the SCOP analysis.
During the MECA challenge there was an effect of estrogen

treatment on median motor RT, F(1,12)¼ 7.71, po0.05,
which showed that motor RTs were shorter on the MECA
challenge days after three months of estrogen treatment
relative to placebo treatment (Figure 2). The ANCOVA with
years since menopause as the covariate revealed similar
results for estrogen treatment, F(1,12)¼ 7.15, po0.05.
Additionally, the one-sample t-tests showed that, for the
motor RT component, performance after estrogen treatment
during MECA challenge was no different from performance
during placebo challenge. Thus, estrogen improved perfor-
mance on the motor RT of the CRT during MECA challenge.
There was little effect of either dose of MECA on total RT or
recognition RT.
For the DSST, there was a trend toward a main effect of

SCOP dose, F(1,14)¼ 3.62, p¼ 0.08. The data pattern
indicated that there were fewer correct completions for
the high SCOP condition relative to the low SCOP

condition. There were no effects of MECA on the DSST,
and there were no effects of estrogen treatment under either
drug challenge.
The analyses of the CPT data showed similar patterns for

the SCOP and MECA challenge days. For both analyses,
there was an effect of estrogen condition on hit RT, SCOP:
F(1,14)¼ 7.69, po0.05, and MECA: F(1,14)¼ 9.71, po0.01
(Figure 3). There were very few errors of omission or
commission overall; thus, it is reasonable to examine hit RT
as a measure of the overall performance on this task.
Estrogen treatment resulted in shorter hit RTs relative to the
placebo treatment conditions; thus, estrogen attenuated the
impairing effects of the anticholinergic drugs on hit RT.
Estrogen treatment resulted in an improvement in through-
put on the CPT task as the speed of hit performance was
improved without affecting accuracy, and thus there was no
speed-accuracy tradeoff.
The ANOVAs for the DA task showed similar patterns for

the SCOP and MECA days. There were main effects of SCOP
dose, F(1,14)¼ 12.89, po0.01, and MECA dose, F(1,14)¼
6.48, po0.05, for the number of boxes completed in the
dual-task condition that showed that subjects completed
fewer boxes on the high-dose days. Additionally, both of
the ANCOVAs using age and years since menopause as the
covariates found a trend toward a main effect of estrogen,
F(1,13)¼ 3.76, p¼ 0.07 and F(1,13)¼ 3.78, p¼ 0.07, respec-
tively. However, fewer boxes were completed during the
single task maze completion test on estrogen compared to
placebo. Thus, estrogen did not improve performance on
the DA task during anticholinergic drug challenge.
To summarize the findings from the attention tasks, the

effect of estrogen treatment was most clearly seen on CFF
during SCOP challenge, on the motor RT from the CRT
under MECA challenge and on the hit RT measure from the
CPT under both SCOP and MECA challenges. In all cases
estrogen treatment resulted in improved performance
during anticholinergic drug challenge relative to placebo
treatment.

Table 1 Continued

Cognitive construct Task Dependent variable Treatment 2.5 lg/kg SCOP 5.0lg/kg SCOP 10mg MECA 20mg MECA

Learning Placebo 13.8 (7.02) 15.68 (7.20) �1.93 (4.62) �8.61 (4.16)

errors (percent errors) Estrogen 5.13 (7.21) 21.91 (7.21) �3.47 (5.80) �8.62 (6.13)

Quarter life Placebo 4.12 (1.25) 3.53 (1.28) 1.14 (1.23) 0.4 (1.77)

Estrogen 1.94 (1.28) 3.30 (1.28) 0.3 (1.80) �1.20 (1.38)

Response rate (ms) Placebo 0.35 (0.22) 0.27 (0.18) 0.26 (0.25) 0.08 (0.27)

Estrogen 0.07 (0.21) 0 (0.16) �0.19 (0.20) �0.37 (0.21)

BVRT Correct (number correct) Placebo �0.40 (0.52) 0.40 (0.52) �0.80 (0.53) �0.67 (0.60)

Estrogen 0.27 (0.52) �0.20 (0.52) �0.80 (0.44) �0.87 (0.32)

Errors (number of errors) Placebo 0.40 (0.70) �0.60 (0.70) 0.67 (0.85) 1.60 (0.85)

Estrogen �0.87 (0.70) 0.47 (0.70) 2.40 (0.85) 3.60 (0.85)

Numbers represent difference scores (drug minus placebo). Significant effects of estrogen treatment are indicated. See text for challenge drug effects. Cognitive tasks
are Critical Flicker Fusion (CFF), Choice Reaction Time (CRT) test, Digit Symbol Substitution Test (DSST), Continuous Performance Test (CPT), Divided Attention
(DA) test, Buschke Selective Reminding Test (SRT), Verbal Paired Associates (VPA), NYU Immediate Paragraph Recall (PR), Repeated Acquisition Test (RAT), and
Benton Visual Retention Test (BVRT).
aMain effect of estrogen in the SCOP analysis for median total frequency on the CFF, po0.05.
bMain effect of estrogen in the MECA analysis for motor RT on the CRT, po0.05.
cMain effect of estrogen treatment in the SCOP and MECA analysis for the hit RT measure from the CRT, po0.05 and po0.01, respectively.
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Verbal learning and memory. The data from the SRT
during SCOP challenge days showed an effect of SCOP dose
on all three dependent measures, recall across eight trials,
F(1,14)¼ 12.95, po0.01, recall consistency across eight
trials, F(1,14)¼ 18.18, po0.001, and recall failure across
eight trials, F(1,14)¼ 7.09, po0.05. For all measures, the
high-dose SCOP condition impaired performance relative
to the low-dose SCOP condition. Estrogen treatment
did result in a reduction in recall failure in the low SCOP
condition after estrogen treatment relative to placebo
treatment (Figure 4), although this did not reach statistical
significance.
SRT performance on the MECA study days showed no

effects of either drug condition on eight trial recall or eight
trial consistency. On the eight trial recall failure measure,
there was an interaction of estrogen treatment and MECA
dose, F(1,14)¼ 4.82, po0.05. Post hoc comparisons showed
no differences between the low and high MECA doses on the
placebo days, p40.10 (Figure 4).
There were no significant effects of any of the drug

conditions on the VPA performance. There was a trend
toward a main effect of SCOP dose for the hard pairs after
three trials, F(1,14)¼ 3.66, p¼ 0.08. The pattern of means
indicated that fewer word pairs were remembered in the
high SCOP condition relative to the low SCOP condition.
For PR performance on the SCOP challenge days, there

was an effect of SCOP dose, F(1,14)¼ 52.28, po0.001, that
showed that subjects recalled fewer story units during the
high-dose SCOP testing session relative to the low-dose
SCOP session. There were no effects of either dose for the
MECA study days. There were no effects of estrogen
treatment seen in this task.
To summarize the results from the verbal memory tasks,

an estrogen effect was seen in the recall failure measure of
the SRT during MECA challenge reducing the effect of
MECA. Although the effects of SCOP on verbal memory
were more prevalent, effects of estrogen appeared to
attenuate the effects of low-dose SCOP, but the effects did
not reach statistical significance.

Non-verbal learning and memory. Data were analyzed
separately for the Performance and Learning phases of the
RAT. For the Performance phase, there were no significant
effects during the SCOP challenge days. During the MECA
challenge days, there was a main effect of MECA dose on
the response rate measure in the Performance phase,
F(1,14)¼ 6.16, po0.05. Subjects’ responses were slower
on the high-dose MECA day relative to the low-dose
MECA day.
For the RAT Learning phase, there were no significant

drug effects during the SCOP challenge days. For the MECA
challenge days, there was a trend toward a main effect of
MECA dose for the percent total errors, F(1,14)¼ 3.91,
p¼ 0.07, that showed that subjects made more errors on the
high-dose MECA relative to the low-dose MECA. The effect
of MECA dose for the response rate measure also
approached significance, F(1,14)¼ 4.15, p¼ 0.06. Subjects
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Figure 1 Difference scores for the total frequency measure on the CFF
on SCOP and MECA challenge days minus placebo day performance.
Results showed an effect of estrogen during SCOP study days only,
F(1,12)¼ 6.70, po0.05. Estrogen attenuated the negative effects of SCOP
on CFF performance.
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Figure 2 Difference scores for the median motor RT on the CRT on
SCOP and MECA challenge days minus placebo day performance. After
estrogen treatment, the RT cost of MECA challenge was significantly less
than after placebo treatment, F(1,12)¼ 7.71, po0.05.
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Figure 3 Difference scores for hit RT on the CPT during SCOP and
MECA challenge days minus placebo day performance. Estrogen
attenuated the negative effects of both SCOP, F(1,14)¼ 7.69, po0.05,
and MECA, F(1,14)¼ 9.71, po0.01, on hit RT.
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responded slower on the high-dose MECA days relative to
the low-dose MECA days. Additionally, the ANCOVA using
years since menopause as the covariate showed a strong
trend toward an effect of estrogen treatment, F(1,13)¼ 4.08,
p¼ 0.06. Estrogen speeded response rate relative to the
placebo treatment condition during MECA challenge.
Data from the BVRT during SCOP challenge showed an

effect of SCOP dose on the error measure, F(1,14)¼ 6.83,
po0.05, where subjects made more errors on the high SCOP
study days. There were no effects for the MECA study days
from the ANOVAs. There were also no effects of estrogen
treatment on BVRT performance.

Behavioral Measures

Questionnaires assessing mood and physical symptoms
were administered after cognitive testing was completed to
examine whether there were any negative mood or physical
symptoms as a result of the estrogen treatment and
challenge drugs. There were statistically significant, but
clinically minor, effects of SCOP and MECA that can be
summarized as expected effects from the anticholinergic
drugs. Estrogen treatment did little to influence subjective
or objective behavioral ratings.
The SVAS scales assessed Anxiety, Mood, Alertness,

Comfort, Fear, Irritability, Hunger, and Interest. An inter-
action of estrogen and SCOP dose as well as a main effect of
estrogen treatment were found for the Interest measure on
the SVAS during SCOP study days, F(1,14)¼ 12.81, po0.01,
and F(2,22)¼ 4.19, po0.05, respectively. Subjects reported
slightly less interest on study days after estrogen treatment.
Interest declined more with increasing SCOP dose during
estrogen treatment compared to placebo treatment. No
effects of estrogen treatment were seen on the SVAS during
the MECA study days.
There was a main effect of estrogen treatment on the

Blurry Vision measure from the PSCL on the SCOP study
days, F(1,14)¼ 9.45, po0.01. Subjects rated somewhat more

blurred vision after estrogen treatment compared to placebo
treatment; however, the magnitude of this effect was very
small. There were no effects of estrogen treatment found on
the PSCL on MECA study days.
The OVAI assessed Drowsiness, Restlessness, Disorienta-

tion, Impaired Speech, Euphoria, Irritability, Sweating, GI
Distress, Motor Incoordination, Fatigue, Depression, Anxi-
ety, and Alertness. On the OVAI, there was a main effect of
estrogen on the Fatigue measure, F(1,9)¼ 6.17, po0.05, that
showed that subjects were rated by the experimenter as
slightly more fatigued on study days in the estrogen
treatment phase relative to the placebo treatment phase.
No estrogen effects were found for the MECA study days on
the OVAI.
No effects of estrogen treatment were found for the

POMS, Stanford Sleepiness Scale, or the BPRS.
Correlations were examined between the behavioral

ratings that showed effects of estrogen treatment (Interest
from the SVAS, Blurry Vision from the PSCL, and Fatigue
from the OVAI) and the cognitive measures. Significant
correlations were seen for these three behavioral measures
with some cognitive measures; however, no consistent
relationships were seen. In most cases the expected
relationships were found during SCOP challenge days with
increases in fatigue related to decreases in performance.
Additionally, the behavioral changes across estrogen treat-
ment conditions were small and did not significantly affect
the performance.
To summarize the results from the behavioral ratings,

estrogen treatment affected very few of the subjective or
objective ratings and changes to these ratings only
inconsistently correlated with cognitive performance. Any
beneficial effects of estrogen treatment on cognitive
performance were therefore not a result of improved
arousal or mood due to estrogen treatment.

Vital Signs

Blood pressure, pulse, and pupil diameter were monitored
at seven time points throughout the challenge days.
Analyses were conducted on the maximum change score
from the baseline measurement for each variable. On the
SCOP challenge days, there were no significant effects of
challenge drugs or estrogen treatment for the maximum
change from baseline for any of the vital signs measures. On
MECA study days, there was a main effect of challenge drug
on systolic blood pressure, F(2,28)¼ 5.72, po0.01, that
showed the expected lower systolic blood pressure on
MECA study days relative to placebo. There was also a main
effect of challenge drug on pupil diameter, F(2,28)¼ 5.72,
po0.01, that showed that pupil diameter increased with
increasing MECA dose. Estrogen treatment did not affect
any of the vital signs measures during MECA challenge
days.

DISCUSSION

The results from this study strongly suggest that even a
relatively short-duration (3 months) and low-dose (1mg)
estradiol administration to normal postmenopausal women
was sufficient to blunt the effects of SCOP, a muscarinic
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Figure 4 Difference scores for recall failure on the SRT during SCOP
and MECA challenge days minus placebo day performance. Estrogen
attenuated the negative effects of MECA during the low-dose MECA,
F(1,14)¼ 4.82, po0.05.
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antagonist, and MECA, a nicotinic antagonist, on measures
of psychomotor function and attention, as well as other
measures with a speed component. Additionally, these
effects of estrogen were not related to a reduction of
sedation, and were thus unlikely to be the result of a direct
antagonism of estrogen on the pharmacologic effects of
SCOP and MECA. Thus, the results of this study suggest that
estrogen may interact with the cholinergic system to
provide a buffer against declining efficiency in cognitive
processing as a result of the loss of cholinergic tone with
aging. While studies have shown the importance of
estrogen–cholinergic system interaction on cognition in
animals, this is the first study to demonstrate this relation-
ship in humans. The exact cellular level interactions can
only be speculated based on the data from this study, but
prior research provides a basis for hypothesis generation
regarding the cellular level interaction between estrogen and
the cholinergic system. Proposals regarding estrogen’s
effects on cognition and its interactions with the cholinergic
system are considered below.

Estrogen, the Cholinergic System, and Cognition

The effects of estrogen were most prominently seen on
anticholinergic-induced changes in measures of psycho-
motor function and attention. Estrogen was additionally
beneficial in speeding response times on some of the
attention measures. The interaction of estrogen with the
cholinergic system had a general effect on improving RT
and cognitive efficiency. The finding that estrogen inter-
acted with the cholinergic system to influence attentional
performance supports findings from the primate literature
(Tinkler and Voytko, 2005) showing that estrogen affects
cholinergic functioning and attentional processing. The
finding that estrogen did not attenuate the effects of SCOP
and MECA on the accuracy measures of learning and
memory was not predicted based on the prior research on
the effects of ET on cognition (Sherwin, 1988; Verghese
et al, 2000). However, the patterns of means across many
dependent measures indicated that estrogen may be
potentially protective against anticholinergic cognitive
impairment on our tasks, but a small sample size reduced
the statistical power to detect these effects (although the
learning and memory tasks used in this study were generally
sensitive to cholinergic manipulation).
The effects of estrogen were only seen during anti-

cholinergic challenge and not on the placebo days. Similar
to other studies, we found no beneficial effect for estrogen
alone (Binder et al, 2001; Ditkoff et al, 1991; Janowsky et al,
2001). In this study, while we did train subjects prior to
challenge days, there are implications for other studies
looking at the effects of estrogen on cognition. Studies that
do not find an effect of estrogen may be explained by
performance issues with asymptotic or ceiling level
performance by cognitively normal subjects. If estrogen
has an effect on the cholinergic system, then subjects similar
to the women in our study, who presumably have ‘normal’
cholinergic systems, will only show a visible effect if that
system is stressed by administering anticholinergic drugs.
Several decades of research support the critical role of

CNS cholinergic systems in cognition, particularly in
learning and memory formation and attention (ie Caine

et al, 1981; Drachman and Leavitt, 1974; Ghoneim and
Mewaldt, 1977; Newhouse et al, 2001; Peterson, 1977;
Sitaram et al, 1978). Sarter et al (2003) have suggested that
cholinergic system functions are primarily attentional in
nature. The cholinergic system supports the detection of
external signals (bottom-up information processing) as well
as processing of task-relevant and knowledge-based detec-
tion processes (top-down information processing; Sarter
et al, 2005). Recruitment of the cholinergic system appears
to increase with increasing cognitive demands and may
reflect effortful processing (Sarter et al, 2005). The data
from the current study are consistent with Sarter’s
hypothesis that cholinergic systems mediate attentional
effects.
The current study also supports findings from an

important series of studies by Voytko and colleagues
examining the effects of ovariectomy and estrogen replace-
ment on cholinergic-related cognitive performance in
rhesus monkeys (Tinkler et al, 2004; Tinkler and Voytko,
2005; Voytko, 2002; Voytko and Tinkler, 2004). In these
studies, SCOP effects on RT in visual spatial attention tasks
were sensitive to the presence or absence of estradiol,
suggesting that estradiol uses the cholinergic system to
modulate visual–spatial attention performance. ET in
surgically menopausal monkeys interacted with the choli-
nergic system to maintain visual–spatial attention and not
visual–spatial memory. Interestingly, E2 administration in
studies by Voytko and colleagues showed RT performance
enhancements that were in part related to the attentional
component of the task, not simply the motor performance
requirements. This finding confirms the proposal that
attentional load determines the degree of estrogenFcholi-
nergic, interaction which is supported by the work of Sarter
et al (2005) and Bentley et al (2003, 2004). Their results are
similar to the findings of the current study that found
effects of the interaction of estrogen and the cholinergic
system on measures of attention and not memory. Our
study is the first to demonstrate experimentally in humans
the effects of E2 and its interaction with the cholinergic
system and the effects of the interaction on specific
cognitive processes.
The mechanism responsible for resistance to anti-

cholinergic induced impairment cannot be definitively
established from this experiment, but may include the
neurotrophic effects of estrogen on basal forebrain choli-
nergic neurons mediated through NGF (Lee and McEwen,
2001; Toran-Allerand, 1996). For example, the early
dysregulation of basal forebrain cholinergic neurons
mediates the early attentional and performance impairment
in AD (Sarter and Bruno, 2004), and loss of neurotrophic
receptors such as tyrosine kinase (trkA) may in part
underlie the neurodegeneration of these basal forebrain
cholinergic neurons and subsequent loss of cholinergic
capability, leading to cognitive impairment in Mild
Cognitive Impairment (MCI) and later AD (Sarter et al,
2005). Intriguingly, there is evidence that estrogen specifi-
cally regulates the expression of neurotrophic receptors like
trkA (Toran-Allerand, 1996). E2 appears to be able to
directly regulate NGF receptor expression, including both
trkA and the low-affinity receptor p75ntr, as well as the
number of E2 receptors (Gibbs and Pfaff, 1992; Sohrabji
et al, 1994a, b). Following neuronal injury or E2 deficiency
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(eg, menopause), there is an apparent reversion of E2
receptor regulation via neurotrophins back to a develop-
mental pattern in which responsiveness to E2 can once
again be demonstrated (Lee and McEwen, 2001; Toran-
Allerand, 1996). Enhanced growth, transcription, and
proliferation of these neurons and their connections may
follow, providing some resistance to the antagonistic effects
of anticholinergic drugs.
This relationship between estrogen and neurotrophic

factors provides a biologically plausible mechanism, where-
by the loss of estrogen support may contribute to the
dysfunction of basal forebrain cholinergic neurons asso-
ciated with aging and neurodegenerative disorders and a
mechanism to potentially explain the salutary effects of E2
administration on cholinergic-related cognitive perfor-
mance as detected by the antagonist model in this study.
These results also suggest that the basal forebrain choliner-
gic system may still be plastic enough to respond to
hormonal stimulation even many years after those hor-
mones are reduced or absent. Even short periods of
estrogen administration may be sufficient to provide long-
term protection by enhancement of cholinergic function.
How long such protection may last and what effects
progestins have will require further research.
Another interpretation of the data from the current

experiment is that estrogen administration alters the
pharmacokinetics or metabolism of SCOP. We believe this
to be less likely due to the physiologic levels of the estrogen
dosage used in this study, and that reports of subjective
effects of the drugs did not differ for the most part between
estrogen and placebo treatment phases. Alternatively, the
presence of estrogen may alter signal transduction at the
muscarinic receptor by influencing receptor binding and
second messenger systems. The lack of a significant
estrogen treatment effect on vital signs and pupil diameter
tends to suggest that simple pharmacokinetic or pharma-
codynamic effects are less likely to explain the estrogen
treatment effects.
The findings from this study provide support for the

general slowing account of cognitive aging (Salthouse, 1996)
that provides a bridge between psychological theorizing
about aging and cognition and the biological underpin-
nings. Under this model, the age-related variance in higher
level cognitive tests like learning and memory can be
explained by age variance in lower level processes like
processing speed and reaction time. We have shown that
estrogen can buffer the effects of a temporary cholinergic
lesion on the arousal, attention, and speed tasks. Other
studies have shown a positive correlation between cognitive
efficiency or processing speed and memory performance
(see Verhaeghen and Salthouse (1997) for a meta-analysis).
Thus, before menopause, estrogen’s effect on cognition may
be to maintain overall cognitive efficiency, and when given
to postmenopausal women it may buffer the negative effects
of aging that lead to reduced cognitive processing efficiency.
Additionally, our data suggest that the general aging effects
on cognitive slowing are probably produced by age-related
changes in the cholinergic system.
Three possible explanations arise for the lack of an effect

of estrogen on the learning and memory measures. The first
is that the tasks examined in this study do not afford
the necessary sensitivity to measure the effects of the

interaction of estrogen and the cholinergic system. The
response time measures in the attention tasks most reliably
showed the effects of estradiol. With the exception of the
RAT, none of the learning and memory tasks included a
response time measure. If the learning and memory tasks
are sufficiently complex, requiring a number of overlapping
cognitive operations for correct performance, the effect of
estrogen administration may have been missed as a result of
task complexity. For example, good performance on the
SRT requires subjects to simultaneously encode, store, and
retrieve information. Cholinergic systems have been shown
to be important for encoding, but not retrieval (Newhouse
et al, 1994), and a task with many simultaneous cognitive
operations may not have been useful for detecting the more
subtle effects of estrogen on cholinergic system modulation.
A second possible explanation for the lack of significant
findings on the learning and memory measures includes
differences in the length of treatment in this study relative
to the prior literature. Estrogen treatment for 3 months in
women who have undergone normal menopause may not be
enough time to affect the accuracy measures on these tasks.
Finally, differences in the estrogen dose and the formulation
of estrogen across studies may be the explanation for
different findings on the learning and memory measures
across studies. The effects of estrogen administration on
nicotinic blockade were more limited because MECA
produced significant impairment predominantly on the
motor reaction time. This may indicate differences in the
types of cognitive tasks and/or operations that are sensitive
to muscarinic versus nicotinic blockade.
Future studies may include different cognitive measures,

increase the estrogen dose or use of an estrogen with a
different route of administration (patch vs pills). Prelimin-
ary data from our laboratory suggest that administration of
2mg per day of E2 for 3 months to older women may
potentially interact more strongly with the learning and
memory measures (Hancur et al, 2003).

Clinical Implications

If confirmed, these data suggest that the cholinergic system
in humans may be an important system for cognition that
is sensitive to hormonal state. The cholinergic system
is inarguably the most prominent neurochemical system
involved in age- and disease-related deterioration in
cognitive performance, especially in neurodegenerative
dementias, for example, AD. Declining function or dysfunc-
tion of the basal forebrain cholinergic system may weaken
both signal-driven and top-down or task-related attentional
processing (Sarter et al, 2005), increasing errors and
distractibility. Such changes may be responsible in part
for the perception of attentional impairment by perimeno-
pausal and postmenopausal women, and more importantly
may interact with more severe cholinergic dysfunction
secondary to developing neurodegenerative processes such
as MCI or early AD.
Further studies will help to define the limits of estradiol

or related compounds’ abilities to manipulate the choliner-
gic system in normal women as well as in women with
neurodegenerative disorders. Additional follow-up work is
needed to examine precisely the impact of attentional
factors on estradiol–cholinergic interactions, evaluate
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estrogen plus progesterone and estrogen antagonist effects
on cholinergic system-modulated performance, investigate
the parametric effects of estradiol dose and duration, and
examine the functional neuroanatomy underlying these
effects.

SUMMARY

This study investigated the interaction of estrogen and
cholinergic system functioning and the effects of this
interaction on cognitive task performance in healthy older
women. Normal postmenopausal women were placed on
1mg 17-b estradiol or placebo for 3 months each, followed
by cholinergic challenge sessions, where they were adminis-
tered one of two doses of the antimuscarinic drug SCOP or
the antinicotinic drug MECA or placebo. Results showed
that estrogen pretreatment attenuated the anticholinergic
drug-induced impairments on tests of attention and tasks
with speed components. Effects on tasks of episodic
memory were suggestive of a similar protective effect,
though not definitive. Data showing reduced anticholinergic
effects on attentional performance in women while admin-
istering estradiol are consistent with studies and a variety
of species that suggest that cholinergic systems modulate
attentional processing of stimuli, and that estrogen status
can affect cholinergic system activity and perhaps integrity.
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