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WOMEN'S HEALTH

The interplay between age at menopause and synaptic
integrity on Alzheimer’s disease risk in women

Madeline Wood Alexander'?, William G. Honer?, Rowan Saloner?, Liisa A. M. Galea®®%7,
David A. Bennett®, Jennifer S. Rabin’%%1%1¢, Kaitlin B. Casaletto?*+

Menopause is a major biological transition that may influence women'’s late-life brain health. Earlier estrogen
depletion—via earlier menopause—has been associated with increased risk for Alzheimer’s disease (AD). Synaptic
dysfunction also incites and exacerbates AD progression. We investigated whether age at menopause and synaptic
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health together influence AD neuropathology and cogpnitive trajectories using clinical and autopsy data from 268
female decedents in the Rush Memory and Aging Project. We observed significant interactions between age at
menopause and synaptic integrity on cognitive decline and tau tangles, such that earlier menopause strengthened
the associations of reduced synaptic integrity with faster cognitive decline and elevated tau. Exploratory analyses
showed that these relationships were attenuated in women who took menopausal hormone therapy. These find-
ings suggest that midlife endocrine processes or their sequalae may influence synaptic vulnerability to AD. Inter-
ventions addressing both hormonal factors and synaptic health could enhance resilience to dementia in women.

INTRODUCTION
Two-thirds of individuals diagnosed with Alzheimer’s disease (AD)
dementia are women, but the causes of this sex disparity remain
largely unknown (I-3). Accumulating data suggest that biological
sex plays a fundamental role in the neuropathological and clinical
manifestations of AD. Relative to men, women show greater bur-
dens of tau at equivalent levels of p amyloid (4, 5) and experience
faster cognitive decline at comparable levels of AD pathology (i.e.,
amyloid and tau), particularly after symptom onset (6, 7).
Menopause may contribute to women’s increased risk of AD. This
natural biological process involves a substantial decline in ovarian
hormones, including estradiol, which has neuroprotective effects. It
also involves rises in gonadotropin hormones [e.g., follicle stimulat-
ing hormone (FSH)], which may have neurotoxic effects (8-10).
Animal models of the menopause transition show that declines in
estradiol trigger deleterious changes in synaptic functioning that
could increase susceptibility to AD (11, 12). Further, both loss of
estradiol and increased FSH have been shown to promote AD pa-
thology (9, 13, 14). Notably, earlier age at menopause, which results
in shorter lifetime exposure to estradiol, has been linked to greater
tau burden and an increased risk for AD dementia (15-18). Expo-
sure to exogenous estrogens via menopausal hormone therapy may
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attenuate the impacts of earlier menopause on AD cognitive and
brain outcomes, but findings have been inconsistent (19).

Synaptic loss is an early and prominent neuropathological feature
of AD that occurs before fulminant plaques and tangles and strongly
correlates with cognitive decline (20-23). Thus, preservation of syn-
aptic integrity may protect against AD dementia. Consistent with
this hypothesis, studies show that among individuals with AD pa-
thology, those with intact cognitive function have better synaptic
health compared to those with cognitive impairment (24, 25). Fur-
thermore, in vivo and autopsy studies suggest that synaptic integrity
influences relationships within the amyloid-tau-neurodegeneration
cascade. Specifically, mixed-sex research reports that older adults
with greater synaptic dysfunction show disproportionate tau accu-
mulation relative to their level of f amyloid and disproportionate
brain atrophy relative to their tau burdens (26). Together, these data
suggest that synaptic integrity may provide resistance against AD
propagation and resilience to cognitive decline once pathology is
present (26, 27).

Despite the known role of estrogens in synaptogenesis (28), there
remains a notable lack of research investigating how women'’s endocrine
health factors influence the interplay between p amyloid, tau, and syn-
aptic functioning. This study aimed to address this gap by examining
how menopause-related endocrine factors—such as age at menopause
and hormone therapy—associate and interact with biomarkers of syn-
aptic integrity to influence cognitive decline and post-mortem AD neu-
ropathology. To do so, we leveraged clinical and autopsy data from
female decedents in the Rush Memory and Aging Project (MAP). This
included brain tissue levels of synaptic proteins abundant on inhibitory
(complexin-I) and excitatory (complexin-II) presynaptic terminals, as
well as a composite measure reflecting levels of protein-protein interac-
tions at the soluble N-ethylmaleimide-sensitive factor attachment pro-
tein receptor (SNARE) complex [i.e., synaptosomal-associated protein
25 (SNAP-25), vesicle-associated membrane protein (VAMP), and
syntaxin-1], which has critical roles in neurotransmitter release. We
tested the hypotheses that earlier age at menopause would strengthen
the associations of reduced synaptic integrity with post-mortem mea-
sures of AD pathology (i.e., p amyloid and tau tangles) and longitudinal
antemortem cognitive decline. In addtion, as an exploratory objective,
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we investigated whether these effects were attenuated in women with a
history of menopausal hormone therapy.

RESULTS

Participant characteristics

The main analyses included 268 women who reported experiencing
spontaneous menopause. Exploratory analyses examining the influ-
ence of menopausal hormone therapy on outcomes of interest in-
cluded 264 participants with available data for lifetime hormone
therapy use (history of menopausal hormone therapy use versus

non-use). Demographic and clinical characteristics are summarized
in Table 1. The mean (SD) age at menopause in the main analytic
sample was 49.2 (4.89) years. Figures S1 and S2 depict frequency
histograms and density plots of age at menopause in the main ana-
Iytic sample and in the exploratory sample for hormone therapy
analyses, respectively.

Independent associations between age at menopause,
synaptic biomarkers, and AD pathology

Before addressing our primary research questions, we performed a
series of analyses to examine independent associations between our

Table 1. Participant characteristics. HT, hormone therapy; MCI, mild cognitive impairment; AD, Alzheimer’s disease. P values reflect the results of Welch
two-sample t tests (for age at baseline, complexin-I, and complexin-Il), Wilcoxon rank sum tests (for remaining continuous variables), and XZ tests (for categorical
variables) comparing women with versus without history of HT. *P < 0.05, **P < 0.01, and *#*P < 0.001.

Main analytic sample

Exploratory HT sample

All participants, N = 268

Women with history of HT, N = 75 Women with no HT, N = 189

Age at baseline, mean (SD) years 83.7 (5.88) 82.0 (5.68)** 84.4 (5.83)**
Age at death, mean (SD) years - e09(o%9 89.2 (5.65)** O aleEoEe
Years of education, mean (SD) o S T ey
APOE ¢4 carriage, N (%) o 58(216) o 13073) co 43(228) R
Sty NSt e et
White, N (%) T 64 ogs) 74087 B Ty
Black or African American, N (%) 1) »»»»»»»» S
American Indian or Alaska Native, N (%) .3.7.) 1(1.33) '
Age at menopause, mean (SD) years 402 (489) - 48.9 (5,2zj """"" 494(477) ' o
Number of annual clinical visits, median (SD) Y 709 e ey
Final clinical diagnosis 000G
No cognitive impairment, N (%) T 88(338) S 34(453)% o 53(280)* crmmmmm—
MCI, N (%) T T e
AD dementia, N (%) e T e e
Other (non-AD) dementia, N (%) 2(2.67) '
Post-mortem neuropathological markers
Complexin-I', mean (SD) T 08 (0.83) 013086 s ey
Complexin-lIf, mean (SD) T 009(078) e 014 (0.77)' """"" e 008(078) R
SNARE protein-protein interactionst, mean (SD) S 003(083) S 0.09 (0_79j """"" R —0003(083) R
SNARE density’, mean (SD) D e e A

B amyloid*, mean (SD)

4.13 (4.15)

Tau tangles®, mean (SD) S 7.43 (808) o 6.11 (6.90):
Age started HT, mean (SD) years _ """" 517 (12.5)' """"" -
Age stopped HT, mean (SD) years I T . e
e — . S s (10.95 """"" -
HT initation relaive to menopause e T o e -

Within 5 years post-menopause, N (%)

After 5 years post-menopause, N (%)

41 (54.7)
9(12.0)

e A -
Pill, N (%) T A e
Patch, N (%) S i e
Cream or suppository, N (%) B Haan S
Injectlon'N(%) _ """" 6(8‘00) '''''''''' _

tSynaptic biomarkers are expressed in logio units, standardized, and averaged across six brain regions. $p amyloid is expressed in percent area of the cortex
occupied, averaged across eight brain regions. §Tau tangles are expressed in cortical density (per square millimeter), averaged across eight brain regions.
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key variables. Age at menopause was not significantly associated
with brain tissue biomarkers of synaptic integrity or AD neuropa-
thology [complexin-I: B = —0.007, 95% confidence interval
(CI) = —0.028 to 0.013, P = 0.47; complexin-II: p = —0.003, 95%
CI = —0.023 to 0.016, P = 0.72; SNARE protein-protein interac-
tions: f = —0.001, 95% CI = —0.021 to 0.019, P = 0.90; p amyloid:
p=—-0.012, 95% CI = —0.039 to 0.014, P = 0.36; and tau tangles:
B =0.006,95% CI =—0.022 to 0.034, P = 0.68]. These findings sug-
gest that age at menopause does not relate to postmortem markers
of synaptic integrity or AD neuropathology decades following
menopause.

Levels of complexin-II (f = —0.202, 95% CI = —0.366 to —0.039,
P = 0.02) and SNARE protein-protein interactions (p = —0.160,
95% CI = —0.319 to —0.0004, P = 0.049) were inversely associated
with  amyloid. The association of complexin-I with § amyloid was
not significant (p = —0.123, 95% CI = —0.280 to 0.033, P = 0.12).
Levels of complexin-I (f = —0.102, 95% CI = —0.271 to 0.067,
P = 0.24), complexin-II (f = 0.075, 95% CI = —0.104 to 0.255,
P = 0.41), and SNARE protein-protein interactions (f = —0.132,
95% CI = —0.304 to 0.041, P = 0.13) were not significantly associ-
ated with tau tangles.

Synergistic associations between age at menopause and
synaptic biomarkers on AD neuropathology
Age at menopause did not moderate the association between any of
the synaptic biomarkers levels and p amyloid (complexin-I:
p=0.023,95% CI =—0.012,0.057; P=0.21; complexin-II: f = 0.018,
95% CI = —0.022, 0.058; P = 0.37; and SNARE protein-protein
interactions: p = 0.025, 95% CI = —0.009, 0.059; P = 0.16).
However, age at menopause significantly moderated the asso-
ciation between synaptic biomarker levels and tau tangles, adjust-
ing for B amyloid levels. Specifically, earlier age at menopause
exacerbated the negative associations of synaptic dysfunction on
tau. As depicted in Fig. 1, this moderation effect was observed for
complexin-I (B = 0.070, 95% CI = 0.033, 0.106; P = 0.0002) and
SNARE protein-protein interactions (f = 0.045, 95% CI = 0.008,
0.081; P = 0.02). By contrast, no significant moderation effect was
found for complexin-II (B = 0.034, 95% CI = —0.010, 0.077;
P=0.13).

A Age at B
menopause
61 B 45 51
H 50
44 4 4

Associations between age at menopause, synaptic
biomarkers, and global cognitive decline
We first estimated the main effects of each synaptic biomarker on
global cognitive decline. There were no significant associations of any
synaptic biomarker on change in cognition over time (complexin-I:
p = —0.003, 95% CI = —0.026, 0.019; P = 0.77; complexin-II:
p=-0.002,95% CI =—0.027,0.023; P = 0.87; and SNARE protein-
protein interactions: f = 0.006, 95% CI = —0.016, 0.027, P = 0.61).
There was also no significant association of age at menopause with
cognitive decline (f = —0.002, 95% CI = —0.006, 0.002; P = 0.28).
After adjusting for relevant covariates, linear mixed models re-
vealed significant three-way interactions between age at menopause,
synaptic biomarkers, and time on cognitive decline. Specifically, at
earlier ages of menopause, greater levels of synaptic dysfunction
were associated with disproportionately steeper cognitive decline
(Fig. 2). This pattern was observed for all the synaptic biomarkers
examined (complexin-I: f = —0.008, 95% CI = —0.013, —0.003;
P = 0.002; complexin-1I: B = —0.006, 95% CI = —0.011, —0.0001;
P = 0.047; and SNARE protein-protein interactions: p = —0.006,
95% CI = —0.010, —0.001; P = .01).

Mediating effects of tau tangles: Post hoc analyses
In the above analyses, we demonstrated that women who experi-
enced earlier menopause showed stronger associations between
lower levels of synaptic biomarkers (i.e., complexin-I and SNARE
protein-protein interactions) and both greater tau and faster cogni-
tive decline. Building on these findings, we next investigated whether
tau tangles may be a pathway by which synaptic integrity influences
cognition in women with earlier menopause. To do so, we performed
moderated mediation analyses to test the mediating effect of tau on
the associations between each synaptic biomarker (i.e., complexin-I
and SNARE protein-protein interactions) and cognitive decline at
two ages of menopause: age 45 (i.e., earlier) and age 50 (i.e., average).
For complexin-I (Fig. 3A), tau tangles significantly mediated the
association between complexin-I levels and cognitive decline at earlier
age at menopause [average causal mediation effect (ACME) = 0.014,
P < 0.0001] but not average age at menopause (ACME = 0.002,
P=0.51). Approximately 47% of the relationship between complexin-
I and cognitive decline was explained by the level of tau tangles in
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Fig. 1. Synergistic associations of age at menopause and synaptic biomarkers with tau tangles. The plots depict separate models of the two-way interactions be-
tween age at menopause and levels of (A) complexin-1, (B) complexin-Il, and (C) SNARE protein-protein interactions on tau tangles. The models are adjusted for age at
death, years of education, p amyloid, APOE €4 carriage, and mean SNARE density [for (C) only]. Age at menopause was modelled continuously, and the model estimates
for earlier (i.e., age 45) and average (i.e., age 50) ages at menopause are shown for visualization purposes. Shaded regions represent 95% Cls.
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Fig. 2. Synergistic associations of age at menopause and synaptic biomarkers on global cognitive decline. The plots depict separate models of the three-way inter-
actions between age at menopause, levels of (A) complexin-1, (B) complexin-Il, and (C) SNARE protein-protein interactions, and time on global cognitive scores. The
models are adjusted for the interaction between age at death and time, along with years of education, APOE ¢4 carriage, and mean SNARE density [for (C) only], and their
interactions with time. Age at menopause and synaptic marker levels were both modelled continuously. For visualization purposes, model estimates are shown for earlier
(i.e., age 45) and average (i.e., age 50) ages at menopause and for the 25th, mean, and 75th percentiles of each synaptic marker. Shaded regions represent 95% Cls.

A Complexin-|

Earlier age at menopause (45 years) Average age at menopause (50 years)
ACME =0.014™
Proportion mediated = 47%" ACME = 0.002
Tau tangles Tau tangles
Complexin-I ADE =0.015 Cognitive Complexin-I ADE = 0.005 Cognitive
level Total effect = 0.029™ decline level Total effect = 0.007 decline

B SNARE protein-protein interactions
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Fig. 3. Tau tangles mediate the associations between synaptic biomarkers and global cognitive decline at earlier ages at menopause. Mediation analyses tested
whether tau tangles mediate the associations of synaptic biomarkers with global cognitive decline at earlier and average ages at menopause. At earlier age at menopause
(left), we observed significant tau-mediated effects of (A) complexin-l and (B) SNARE protein-protein interactions on cognitive decline. At average age at menopause
(right), there were no significant tau-mediated effects of (A) complexin-I or (B) SNARE protein-protein interactions on cognitive decline. The models testing the interac-
tions between synaptic markers and age at menopause on tau tangles are adjusted for age at death, years of education, p amyloid, APOE €4 carriage, and mean SNARE
density [for (B) onlyl. The models testing the effects of (i) the interactions between synaptic markers and age at menopause and (ii) tau tangles on cognitive slope are
adjusted for the interaction between age at baseline and number of visits, years of education, p amyloid, APOE €4 carriage, and mean SNARE density [for (B) only]. ACME,
average causal mediation effect; ADE: average direct effect. *P < 0.05, **P < 0.01, and ***P < 0.001.
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women who experienced earlier age at menopause (P = 0.006). The
direct association between complexin-I and cognitive decline was not
significant in either earlier [average direct effect (ADE) = 0.015,
P =0.24] or average menopause (ADE = 0.005, P = 0.61).

A similar pattern was observed for SNARE protein-protein inter-
actions (Fig. 3B). Specifically, tau tangles significantly mediated the
association between SNARE protein-protein interaction levels and
cognitive decline at earlier (ACME = 0.011, P = 0.02) but not aver-
age age at menopause (ACME = 0.004, P = 0.16). A total of 38% of
the association between SNARE protein-protein interactions and
cognitive decline was mediated by the level of tau tangles in women
with earlier menopause (P = 0.03). The direct association between
SNARE protein-protein interaction levels and cognitive decline was
not significant in either earlier (ADE = 0.018, P = 0.08) or average
menopause (ADE = 0.006, P = 0.46).

Effects of hormone therapy: Exploratory analyses

Given the potential biological importance of menopausal hormone
therapy, we performed exploratory analyses to investigate (i) if the
independent effects of age at menopause on synaptic, tau, and cog-
nitive outcomes differed by history of hormone therapy and (ii) if
the observed synergistic interactions between age at menopause and
synaptic biomarkers on tau and cognitive outcomes differed by his-
tory of hormone therapy.

With respect to independent associations, age at menopause was
not significantly associated with synaptic biomarkers, AD neuropa-
thology, or cognitive decline, either in women without history of hor-
mone therapy or in women with history of hormone therapy (table
S1). These findings align with those of the main analytic sample.

We next evaluated interactions between age at menopause and syn-
aptic biomarkers on tau tangles and global cognitive decline in models
stratified by lifetime history of hormone therapy (yes versus no). Simi-
lar to the primary analyses, women with no history of hormone thera-
py exhibited significant interactions between age at menopause and
synaptic markers on tau tangles (table S2), as well as between age at
menopause, synaptic markers, and time on cognitive decline (table
S3). These models show that the relationships between synaptic dys-
function and greater tau or cognitive decline were stronger at earlier
ages at menopause, among women with no history of hormone thera-
py (Figs. 4 and 5). These relationships were observed across all three
synaptic biomarkers. By contrast, women who reported a history of
hormone therapy use did not show significant interactions between
age of menopause and synaptic biomarkers on tau (table S2) or cogni-
tive outcomes (table S3) (Figs. 4 and 5). These findings suggest that
hormone therapy may mitigate the observed negative effects of earlier
age at menopause on synapse-related tau tangles and cognitive decline.

Sensitivity analyses

In sensitivity analyses, we re-ran the main models adjusting for
common non-AD pathologies, such as cerebral amyloid angiopathy,
Lewy body pathology, TDP-43, hippocampal sclerosis, and vascular
pathology. These models yielded similar results as those reported
above (table S4).

DISCUSSION

This longitudinal study of a deeply phenotyped cohort of women
examined the interplay between age at menopause and biomarkers
of synaptic integrity on post-mortem measures of AD pathology

Wood Alexander et al., Sci. Adv. 11, eadt0757 (2025) 5 March 2025

and longitudinal cognitive decline. We found that earlier age at
menopause strengthened the effects of reduced synaptic integrity on
cognitive decline, with greater levels of tau tangles mediating this
association. The effects were specific to tau tangles, as no consistent
or statistically significant associations were observed for } amyloid.
These findings align with and extend the growing body of evidence
that female-specific vulnerability to tau (rather than f amyloid) may
underlie elevated AD risk in women (4, 15, 29, 30). Exploratory
analyses further suggested that associations of reduced synaptic in-
tegrity with greater tau tangles and faster cognitive decline were at-
tenuated in women with a history of menopausal hormone therapy
use. Together, these findings suggest that factors related to the
menopause transition may play a key role in modulating synaptic
contributions to AD risk in women.

Although interactive associations between age at menopause and
synaptic integrity were observed across all three synaptic biomark-
ers when cognitive decline was the outcome (ie., complexin-I,
complexin-II, and SNARE protein-protein interactions), the pat-
tern differed when tau was the outcome. In analyses examining tau
tangles, only complexin-I and SNARE protein-protein interactions
(but not complexin-II) showed interactive effects with age at meno-
pause. This pattern aligns with previous findings in MAP specifi-
cally linking lower levels of complexin-I and SNARE protein-protein
interactions (but not complexin-II) to greater tau in the setting of
elevated p amyloid (26). Of note, while complexin-I is most promi-
nently expressed on inhibitory neurons, complexin-II is more high-
ly expressed on excitatory neurons. Extant literature implicates
selective loss of inhibitory neurons in both aging and AD (31-34).
Our results reinforce and build on these findings by providing evidence
that dysfunction in inhibitory synaptic processes (i.e., complexin-I) is
more strongly linked to tau than is dysfunction in excitatory synap-
tic processes (i.e., complexin-II). Further, our analyses implicate a
menopause-related role for SNARE proteins, which facilitate vesicle
trafficking and fusion at the presynaptic membrane to play a critical
role in neurotransmitter release. The observed synergistic asso-
ciation between age at menopause and complexin-II on cognitive
outcomes suggests that complexin-II may contribute to cognitive
decline independently from tau. While the mechanisms remain un-
clear, lower levels of complexin-II (but not complexin-I) have been
shown to associate with autopsy-assessed cortical atrophy, a link
that may be mediated by other non-AD processes (27). Further-
more, the preserved integrity of excitatory neurons associated with
complexin-II may contribute to cognitive reserve, independently
from AD pathology (27). Together, our data suggest that the links
between AD outcomes and presynaptic processes involving inhibi-
tory neurons and neurotransmitter machinery may be sensitive to
midlife endocrine processes or their downstream effects.

The potential mechanisms underlying the connections between
age at menopause, synaptic biomarkers, and AD risk remain un-
clear. Estradiol, the most potent form of estrogen, exerts widespread
beneficial effects on brain structure and function (35). A substantial
body of research in humans suggests that the increased risk of AD
associated with earlier menopause may be at least in part due to the
loss of estradiol’s neuroprotective properties (9-11, 36). Earlier
menopause extends the period of estradiol deprivation, potentially
increasing the brain’s susceptibility to AD pathology (37, 38); estro-
gen depletion promotes increased tau hyperphosphorylation and
reduced autophagy (39, 40). Reduced synaptic integrity may exacer-
bate this vulnerability in women with earlier menopause. This
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Fig. 4. Synergistic associations of age at menopause and synaptic biomarkers on tau tangles stratified by history of menopausal hormone therapy. The plots
depict separate models of the two-way interactions between age at menopause and levels of (A and B) complexin-1, (C and D) complexin-Il, and (E and F) SNARE protein-
protein interactions on tau tangles, in women with no history of hormone therapy (HT; left panels) and women with history of HT (right panels). The models are adjusted
for age at death, years of education,  amyloid, APOE ¢4 carriage, and mean SNARE density [for (C) onlyl. Age at menopause is modeled continuously, and model estimates
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for earlier (i.e., age 45) and average (i.e., age 50) ages at menopause are shown for visualization purposes. Shaded regions represent 95% Cls.
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Fig. 5. Synergistic associations of age at menopause and synaptic biomarkers on cognitive decline stratified by history of menopausal hormone therapy. The
plots depict separate models of the three-way interactions between age at menopause; levels of (A and B) complexin-1, (C and D) complexin-Il, and (E and F) SNARE
protein-protein interactions; and time on global cognitive scores in women with no history of menopausal hormone therapy (HT; left panels) and women with history of
HT (right panels). The models are adjusted for the interaction between age at death and time, along with years of education, APOE €4 carriage, mean SNARE density [for
(C) only], and their interactions with time. Age at menopause and synaptic marker levels are both modelled continuously. For visualization purposes, model estimates are

shown for earlier (i.e,, age 45) and average (i.e., age 50) ages at menopause and for the 25th, mean, and 75th percentiles of each synaptic marker. Shaded regions represent
95% Cls.

Wood Alexander et al., Sci. Adv. 11, eadt0757 (2025) 5 March 2025 70f13



SCIENCE ADVANCES | RESEARCH ARTICLE

hypothesis is further supported by the known interactions between
estradiol and synaptic function (28), the loss of which may drive
metabolic changes that lay the foundation for later AD pathogenesis
(11, 12). Another possibility is that earlier menopause represents a
broader underlying vulnerability to aging processes. Earlier meno-
pause accelerates biological aging as measured through epigenetic
changes (41) and is associated with an increased risk of not only
dementia but also a range of age-related and multi-organ conditions
including cardiovascular diseases, osteoporosis, depression, and
overall mortality (42-45). Thus, both earlier menopause and AD
risk could result from shared upstream factors driving both out-
comes. One possibility is genetic factors that influence inflamma-
tion, oxidative stress, and genome stability (46, 47). Synergistic
effects of age at menopause and synaptic integrity on AD risk may
therefore reflect interactions between synaptic health and these up-
stream factors. Further, the specificity of these interactive effects—
such that earlier menopause and reduced synaptic integrity relate to
greater tau but not § amyloid—raise the possibility that tau is selec-
tively influenced by sex-specific endocrine and/or other menopause-
related processes. This idea is supported by in vivo evidence that
menopause status moderates sex differences in tau (but not f amy-
loid) (29) and that women with younger age at menopause show
greater tau burdens in the setting of elevated p amyloid (15). Future
research should seek to clarify the role of estrogens and other key
menopause-related biological changes in AD progression in women
and shed light on how they relate to female tau vulnerability.

Contrary to previous findings in the MAP cohort (23, 26, 27, 31),
we did not observe statistically significant independent associations
between synaptic biomarkers and either tau or cognitive decline.
However, for tau analyses, effect sizes and directions were generally
consistent with previous research showing greater tau burden at
lower levels of synaptic biomarkers (26). By contrast, for analyses
testing main associations of synaptic biomarkers with global cogni-
tive decline, effect sizes were quite small, and directionality was in-
consistent. These discrepancies might be due to the smaller sample
size in our study, which focused on female participants with sponta-
neous menopause, and the generally small effects associated with
these single analyte biomarkers. Another contributing factor may be
that the relationships between synaptic biomarkers, tau, and cogni-
tive decline in women differ by age at menopause, as suggested by
our findings. Because the associations of synaptic dysfunction with
greater tau and steeper cognitive decline were specific to women
with earlier age at menopause, it is perhaps expected that these ef-
fects were nonsignificant when modeled in women across all ages at
menopause and do not align with previous estimates from mixed-
sex analyses.

We also observed no evidence of independent relationships be-
tween age at menopause and either synaptic biomarkers or AD out-
comes (i.e., p amyloid, tau, and cognitive decline). Previous research
has reported links between earlier age at menopause and elevated
AD risk in other datasets (15, 17, 18). However, a prior study that
used MAP data also found no associations of age at menopause with
AD neuropathology or cognitive decline among women with spon-
taneous menopause (16). Notably, the average age at spontaneous
menopause among white women in developed countries is typically
reported to be within the range of 50 to 52 years (46), which is slight-
ly older than mean ages at menopause reported in this study. While
this discrepancy may relate to differing definitions of age at meno-
pause among studies and/or secular trends in age at menopause (i.e.,
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increasing age at menopause over time) (46, 48), it may also reflect
recruitment bias leading to biological idiosyncrasies among women
participating in MAP. Hence, unmeasured demographic differences
between study samples may contribute to inconsistent findings re-
garding the effects of age at menopause on AD outcomes.

Post hoc moderated mediation analyses suggested that the syner-
gistic effects of age at menopause and synaptic dysfunction on cogni-
tive decline were partially explained by higher levels of tau in women
with both earlier menopause and reduced synaptic integrity. We
frame these findings within the synaptic hypothesis of AD, which
posits that synaptic dysregulation is an early phenomenon before ful-
minant tau tangles occur and causally contributes to AD pathogene-
sis (49). Preclinical research has found that disruptions in synaptic
function may precede the development of AD pathology and further
the formation and spread of p amyloid plaques and tau neurofibril-
lary tangles (20, 50-53). However, we acknowledge that there is also
evidence for reverse causality and bidirectionality in the associations
between synaptic dysfunction and AD pathology (54, 55). Moreover,
preserved synaptic integrity may confer cognitive reserve and resil-
ience independently from the effects of AD pathology (24, 25, 27). It
is important to emphasize that our observational design cannot es-
tablish temporality or causality in the interplay between synaptic bio-
markers, tau, and cognitive decline, and future experimental and in
vivo research is needed to clarify these pathways.

Exploratory analyses showed that the interactive associations of
age at menopause and synaptic markers on cognitive decline and tau
tangles were largely attenuated in women with a history of meno-
pausal hormone therapy. These findings align with previous research
reporting that hormone therapy use may weaken the negative effects
of earlier menopause on cognitive and AD outcomes (17, 19, 56).
However, it is crucial to acknowledge that the data on hormone ther-
apy were observational and retrospective in nature, which may in-
troduce selection bias and residual confounding. Relevant to this
possibility, we did observe several key demographic and clinical dif-
ferences between women with versus without history of hormone
therapy. Specifically, women with no hormone therapy were older at
both baseline and death, had more tau tangles, and were more likely
to be diagnosed with AD dementia. While the magnitudes of these
differences were generally small, it is possible that the greater disease
burden in the no hormone therapy group and/or other related but
unmeasured demographic differences (e.g., access to health care)
could have contributed to the differential synergistic effects of age at
menopause and synaptic biomarkers between groups. Further, there
is evidence that both the type (i.e., formulations and combinations of
estrogens and progesterone) and timing of hormone therapy use
may influence brain health outcomes (15, 19, 57-59). Unfortunately,
no data were available on medication formulations, and a substantial
proportion of participants had missing information on ages at HT
initiation/cessation. As a result, we were unable to perform analyses
based on hormone therapy type or timing/duration. Given these
limitations, the exploratory findings on hormone therapy should be
interpreted with caution.

There are several other important limitations. First, because all
synaptic and neuropathological measures were assessed postmor-
tem, we could not investigate temporal or causal dynamics of the
associations between midlife endocrine factors, synaptic integrity,
AD neuropathology, and cognitive decline. Future studies should
use longitudinal in vivo measures of synaptic health (e.g., cerebro-
spinal fluid markers, positron emission tomography neuroimaging)
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and objective measures of hormonal transitions to clarify the con-
nections between these factors. Second, as noted above, we relied
on retrospectively self-reported data on menopause and hormone
therapy history. Because no data were collected on oophorectomy
among women with self-reported surgical menopause, we restricted
our analyses to women with spontaneous menopause. Therefore,
our findings may not generalize to women with hysterectomy and/
or oophorectomy. Last, participants were well-educated, and the
vast majority self-reported their race/ethnicity as white. This poten-
tially limits the generalizability of our findings and underscores the
critical need for greater diversity in dementia research.

To conclude, this study showed that women with earlier age at
menopause exhibited stronger synaptic-related vulnerability to tau
tangles and cognitive decline. These associations were less pro-
nounced in women with a history of hormone therapy. Together,
these results suggest that midlife endocrine processes and synaptic
health may contribute to the well-established female-specific vul-
nerability to tau and the higher rates of AD dementia in women
compared to men. Interventions targeting synaptic health could
buffer menopause-related dementia risk to promote cognitive and
neuropathological resilience to AD in women.

MATERIALS AND METHODS

Study design and participants

The objective of this study was to investigate the synergism between
synaptic integrity and age at menopause on AD neuropathology and
cognitive decline in women. Specifically, we examined whether age
at spontaneous menopause modifies the associations of synaptic
biomarkers with cognitive decline and post-mortem measures of
AD pathology (i.e., tau tangles and p amyloid). An exploratory ob-
jective was to examine whether these effects differed between wom-
en with versus without a history of menopausal hormone therapy.

To address these aims, we used neuropathological and clinical
data from the Rush MAP (60). MAP started in 1997 and enrolls
community-dwelling participants across Northeastern Illinois. All
participants have annual comprehensive clinical and cognitive eval-
uations and consent to brain donation. Participants undergo post-
mortem neuropathological evaluation, which includes quantification
of presynaptic proteins in a subset of participants (N = 633) (27).
MAP is approved by a Rush University Medical Center Institutional
Review Board and conducted according to the latest Declaration of
Helsinki. All participants provide written informed and repository
consents and an Anatomic Gift Act.

In MAP, sex is self-reported as either female or male. No data
were collected on sex at birth versus gender identity. Given that sex
and gender are conflated and acknowledging that we cannot disen-
tangle biological sex effects from those of sociocultural gender (61),
we herein refer to female participants as “women” and male partici-
pants as “men””

Analyses included women who self-reported spontaneous meno-
pause and had complete synaptic biomarker, AD pathology, age at
menopause, and covariate data (N = 268). Analyses of longitudinal
cognitive decline additionally restricted the sample to participants
with nonmissing cognitive data for at least two study visits (N = 253).
The sample selection process is detailed in fig. S3. We followed the
Strengthening the Reporting of Observational Studies in Epidemiol-
ogy guidelines for cohort studies.
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Synaptic biomarkers

For neuropathological evaluation, brains from decedents were re-
moved and prepared following previously described protocols (62).
Presynaptic proteins were assessed using frozen gray matter samples
from six brain regions (i.e., hippocampus, middle frontal gyrus, infe-
rior temporal gyrus, calcarine cortex, ventromedial caudate, and pos-
terior putamen). As previously described (27), monoclonal antibodies
were used to measure immunoreactivity for each protein using
enzyme-linked immunosorbent assay (ELISA). Assayed proteins in-
cluded complexin-I (inhibitory), complexin-II (excitatory), and three
SNARE proteins (SNAP-25, VAMP, and syntaxin-1). For each pro-
tein, regional immunodensity values were log-transformed, stan-
dardized, and averaged across brain regions to produce a composite
score of overall presynaptic protein integrity for each participant.
Standardized scores were multiplied by negative 1, such that higher
values correspond to greater protein densities (i.e., greater synaptic
integrity). Protein-protein interactions between SNARE proteins (i.e.,
SNAP-25, VAMP, and syntaxin-1) were also quantified via a high-
throughput immunoprecipitation strategy using a heterologous cap-
ture ELISA (27, 63). As for the protein density measures, values for
each pair of interacting proteins were log-transformed, standardized,
averaged across brain regions, and multiplied by negative 1. Then, a
mean score for SNARE protein-protein interactions was computed by
averaging the composite scores for each of the four measured protein-
protein interactions. Higher values reflect greater functional capacity
of the presynaptic terminals to release neurotransmitters.

In the present study, we examined presynaptic terminal integrity
via average levels of complexin-I and complexin-II and presynaptic
terminal functionality via average SNARE protein-protein interac-
tions. These markers were selected as they have previously been
shown to be associated with AD neuropathology and cognitive de-
cline in MAP (22, 23, 26, 27). To reduce multiple comparisons, we
chose to focus on regionally global composite scores for each synap-
tic biomarker examined.

Alzheimer’s disease neuropathology

As previously described (64), p amyloid and tau tangles were quanti-
fied using molecularly specific immunohistochemistry in eight brain
regions: the hippocampus, entorhinal cortex, midfrontal cortex, in-
ferior temporal cortex, angular gyrus, calcarine cortex, anterior cin-
gulate cortex, and superior frontal cortex. For each region, levels of
amyloid (percentage area occupied) and tau (cortical density per
square millimeter) were calculated using image analysis. Composite
scores for each f amyloid and tau tangles were produced by averag-
ing the values for each region. As previously done, summary mea-
sures of B amyloid and tau tangles were square root-transformed
before model entry due to their skewed distributions (65). Findings
of other common neuropathologies including cerebral amyloid angi-
opathy (CAA), vascular pathology (i.e., macroinfarcts, microin-
farcts, arteriosclerosis, and atherosclerosis), Lewy body disease, TAR
DNA binding protein 43 (TDP-43), and hippocampal sclerosis were
also quantified, as previously described (62).

Women's reproductive health history

At study baseline, women self-reported their age at menopause (“At
what age did you stop menstruating?”) and whether menopause was
“natural” (i.e., spontaneous) or “caused by surgery.” No data were col-
lected on whether surgical menopause included oophorectomy, so

90f13



SCIENCE ADVANCES | RESEARCH ARTICLE

reported age at menstrual cessation may not accurately reflect age at
ovarian failure in women with surgical menopause (66). Hence, anal-
yses only included women with spontaneous menopause (N = 143
with surgical or unknown cause of menopause excluded). As previ-
ously done (15, 16), we excluded women who reported improbable
ages at spontaneous menopause (i.e., <20 or >60 years; N = 5).

History of menopausal hormone therapy was also self-reported
at study baseline. Women were asked whether they have ever taken
medication for hormone replacement, and if they responded affir-
matively, and were asked to identify route of administration (i.e.,
pill, injection, vaginal cream or suppository, or skin patch). Partici-
pants were further asked to report the ages at which they started and
stopped taking hormone therapy. The total duration of hormone
therapy use was calculated by subtracting age at initiation from age
at cessation.

Exploratory hormone therapy analyses compared women who
reported ever taking hormone therapy to those who reported never
taking hormone therapy. These analyses excluded N = 1 participant
with missing data on lifetime hormone therapy use and N = 3 par-
ticipants with “suspect” hormone therapy use (i.e., reflecting an in-
conclusive or uncertain response to the question of lifetime hormone
therapy use). These exclusions resulted in an analytic sample of
N = 264 for exploratory hormone therapy analyses (N = 75 users
and N = 189 non-users). Analyses of longitudinal cognitive decline
additionally restricted the hormone therapy sample to participants
with nonmissing cognitive data for at least two study visits (N = 250;
including N = 71 users and N = 179 non-users). A substantial pro-
portion of participants who reported taking hormone therapy were
missing data on age at initiation/cessation and duration (N = 25,
33.3%), so we did not make further exclusions or perform analyses
based on hormone therapy timing or duration.

Cognition

Cognition was assessed approximately annually with a battery of
neuropsychological tests (60). The battery assesses a broad spectrum
of cognitive functions, including episodic memory, semantic memo-
ry, working memory, perceptual speed, and visuospatial ability. We
focused on a composite score of global cognition, which has previ-
ously demonstrated associations with synaptic biomarkers (23). The
global cognitive composite was computed by averaging standardized
test scores for 19 tests in the battery (67).

Cognitive and clinical status is assessed annually. Diagnoses of
mild cognitive impairment (MCI), AD, and other dementias are
made based on a three-stage process that includes scoring of neuro-
psychological tests, clinical assessment by a neuropsychologist, and
diagnostic classification by a clinician (68).

APOE genotype

The single-nucleotide polymorphisms rs429358 and rs7412 were
used to determine apolipoprotein E (APOE) genotype from DNA
extracted from peripheral blood or frozen post-mortem brain tissue
(69). We categorized participants with one or two copies of APOE €4
as €4 carriers and remaining participants as noncarriers.

Statistical analysis

Analyses were conducted in R (v.4.4.1). We calculated descriptive
statistics for demographic and clinical variables for both the main
analytic sample and exploratory hormone therapy subsample. We
evaluated data distributions for normality using visual inspection of
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histograms and Q-Q plots as well as Shapiro-Wilk tests. We used
Welch’s unequal variance ¢ tests (where the assumption of normality
was met), Wilcoxon rank sum tests (where data distributions devi-
ated from normality), and y* tests to assess differences between
women with versus without history of hormone therapy.

Results with P < 0.05 were considered statistically significant.
Despite the number of models evaluated, we did not adjust for mul-
tiple comparisons and instead focused on the biological coherence
of the findings, which emphasizes the effect size, directionality, and
consistency of relationships, with less emphasis on statistical signifi-
cance, per recommendations of the American Statistical Association
(70). For all models, synaptic biomarkers and age at menopause
were entered as continuous variables. For visualization purposes, we
show model estimates for ages at menopause of 45 years [represent-
ing the clinical cutoft for early menopause (71)] and 50 years [repre-
senting the approximate average age at spontaneous menopause in
the United States (48)]. Where appropriate, we also show model es-
timates for low (i.e., 25th percentile), average (i.e., mean), and high
(i.e., 75th percentile) levels of synaptic biomarkers.
Neuropathology analyses
We first used linear models to test direct associations between age at
menopause, each synaptic biomarker (i.e., complexin-I, complexin-
II, and SNARE protein-protein interactions), and AD neuropathol-
ogy (i.e., tau tangles and f amyloid). To evaluate whether age at
menopause modifies the associations of synaptic biomarkers with
AD neuropathology, a series of separate linear models tested the in-
teractions between each synaptic and age at menopause on tau tan-
gles and B amyloid. Models were adjusted for age at death, years of
education, and APOE €4 carriage. Models where SNARE protein-
protein interactions were a predictor additionally adjusted for mean
SNARE protein density. Models where tau was an outcome also ad-
justed for B amyloid.

Cognitive analyses

Cognitive analyses consisted of a series of linear mixed effects mod-
els evaluating change in global cognition scores over time. All mod-
els included random slopes and intercepts and adjusted for years of
education, APOE &4 carriage, and their interactions with time. To
control for both baseline age and age at death, which are inherently
collinear, we adjusted for the interaction between baseline age and
number of visits, as previously done (72). Models where SNARE
protein-protein interactions were a predictor additionally adjusted
for mean SNARE protein density and its interaction with time.

To test main associations between key variables of interest, we
first evaluated separate models testing the interaction of each synap-
tic biomarker (i.e., complexin-I, complexin-II, and SNARE protein-
protein interactions) and time on cognitive scores, as well as the
interaction of age at menopause and time on cognitive scores. Next,
to investigate whether age at menopause modifies the associations
of synaptic biomarkers with cognitive decline, we modeled the
three-way interactions between each synaptic biomarker, age at
menopause, and time on cognitive scores.

Post hoc mediation analyses

Because we observed that earlier menopause exacerbated the associa-
tions of synaptic biomarkers (i.e., complexin-I and SNARE protein-
protein interactions) with tau tangles and global cognitive decline and
given the evidence that synaptic dysregulation may causally contribute
to AD pathogenesis (20, 37, 49-52), we tested whether the interactions
between synaptic biomarkers and age at menopause on cognitive de-
cline were mediated by tau levels in post hoc analyses. We first
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extracted slopes of cognitive change from an unadjusted linear mixed
effects model. Then, we performed moderated mediation analyses us-
ing the “mediation” package in R. For each mediation analysis, we es-
timated two regression models. First, we modeled the interaction
between the synaptic biomarker and age at menopause on tau tangles,
adjusting for age at death, years of education,  amyloid, APOE €4, and
mean SNARE density (for SNARE protein-protein interactions model
only). We then evaluated a separate model with two predictors: (i) the
interaction between the synaptic biomarker and age at menopause and
(ii) tau, with cognitive slope as the outcome. This second model ad-
justed for the interaction between age at baseline and number of visits,
years of education, f amyloid, APOE €4, and mean SNARE density
(for SNARE protein-protein interactions model only). We performed
mediation analyses at two levels of age at menopause (i.e., the modera-
tor): age 45 (representing earlier menopause) and age 50 (representing
average menopause). We estimated the ACMEs and the ADEs using
nonparametric bootstrapping with 1000 simulations.

Exploratory menopausal hormone therapy analyses

We lastly explored whether the synergistic effects of synaptic bio-
markers and age at menopause on AD neuropathology and cogni-
tive decline differed by history of hormone therapy. Given the
relatively small sample sizes and to avoid modeling four-way inter-
actions (i.e., in cognitive analyses), to address this exploratory aim,
we repeated the above models stratified by hormone therapy history
(i.e., lifetime use versus non-use). Models adjusted for the same co-
variates detailed above. Effect sizes and significance levels were
compared to infer differences by history of hormone therapy.
Sensitivity analyses

In sensitivity analyses, we re-evaluated main models additionally ad-
justing for common non-AD neuropathologies, including CAA (rated
as none, mild, moderate, or severe), Lewy body disease (dichotomized
as absent/nigral-predominant versus limbic/neocortical-type), TDP-
43 (dichotomized as absent/amygdala-only versus limbic/neocorti-
cal), hippocampal sclerosis (absent versus present), and vascular
pathology [quantified with a summary score of the presence/absence
and severity of macroinfarcts, microinfarcts, arteriosclerosis, and ath-
erosclerosis, as previously done (73)].

Supplementary Materials
This PDF file includes:

Figs.S1to S3

Tables S1 to S4
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