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Abstract

While the loss of NMDA receptors (NMDARSs) is associated with Alzheimer’s disease
(AD) severity, the effect of sex or the relationship between regional NMDAR density and
antemortem cognitive status across the AD spectrum has not been examined. We per-
formed quantitative in vitro autoradiography of the hippocampus, entorhinal cortex
(EC), and parietal cortex using NMDAR and tau radioligands. Relationships between re-
gional NMDAR density and cognitive status assessed by the Mini Mental State
Examination (MMSE), and between NMDAR and tau density, were examined by bivari-
ate correlations. In both sexes, the largest AD-related decreases in NMDAR density were
observed in the cornu ammonis 1 (CA1) field. However, there was a significant diagnosis
by sex interaction driven by sex-specific differences in the mild cognitive impairment
(MCI) stage, with lower NMDAR density in MCI women, but not MCI men relative to
same-sex controls. Within diagnosis analyses revealed positive correlations between
NMDAR density and MMSE scores and significant negative correlations between EC
NMDAR and tau density, which was significant only in AD men. Our data show that
differences in hippocampal NMDAR density across the AD continuum are modulated
by sex and may contribute to the known sex differences in the clinical trajectory of the
disease.

Keywords: sex; NMDA receptors; hippocampus; parietal cortex; entorhinal cortex; tau;
MMSE

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized
by the deposition of amyloid plaques and tau-containing neurofibrillary tangles.
Clinically, the hallmark of AD is cognitive decline, and the glutamatergic system, specifi-
cally the NMDA receptor (N-methyl-D-aspartate receptor, NMDAR), plays a major role
in cognitive processes [1,2]. NMDARs, which are essential for synaptic plasticity and
memory formation, are highly concentrated in the human hippocampus [3,4]. As such,
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the loss of functional NMDAR and the resulting impairment in NMDA-evoked Long-
Term Potentiation (LTP) is a central mechanism in AD that links the initial memory loss
with the characteristic neurodegeneration of the hippocampus [5-7].

Studies in humans and in animal models have described multiple interactions be-
tween amyloid beta, phosphorylated tau and various glutamatergic transmission mark-
ers, underscoring the importance and complexity of the role played by NMDAR in AD
[8-19]. Early work indicated the loss of NMDAR, as measured by autoradiography, in
the postmortem cortex and hippocampus of AD patients [20-22]. This was confirmed by
our own autoradiographic study [23] demonstrating AD-related decreases in NMDAR
density in the hippocampus and entorhinal cortex (EC), which tracks with disease sever-
ity as assessed by Braak staging. Conversely, several studies using different techniques
found evidence for increased NMDAR protein and activation in early AD [16,24,25]. The
reasons behind the inconsistent results are unknown, however, the above-mentioned
studies did not examine the effects of sex or the relationship between regional NMDAR
density and antemortem cognitive status across the AD spectrum. This is an important
gap in the field since sex differences in hippocampal expression of NMDARs may con-
tribute to the known sex differences in the cognitive trajectory of the disease, character-
ized by a female cognitive advantage in early disease stages followed by accelerated de-
cline once pathology surpasses a critical threshold [26,27].

Utilizing in vitro autoradiography with the specific NMDAR antagonist [°H]-
MK801, we performed the first fully quantitative analysis of NMDAR density in the hip-
pocampal formation, EC, and parietal cortex (PC) of women and men who died with a
clinical diagnosis of AD dementia, Mild Cognitive Impairment (MCI, the prodromal
stage of AD), or cognitively normal (CN) controls. Given the well-documented selective
vulnerability of the CA1 subfield to neurodegeneration in AD, driven in part by its direct
monosynaptic input from the EC and consequent EC-tau-related deafferentation [28-33],
we hypothesize that AD-related reductions in NMDAR density would be most pro-
nounced in the CAl. Furthermore, we examined the relationship between regional
NMDAR density and antemortem cognitive function assessed by the Mini-Mental State
Examination test (MMSE), and between NMDAR and tau density in women and men
across the AD continuum.

2. Results

2.1. Sample Characteristics

The characteristics of men and women in each diagnostic group are summarized in
Table 1. There were no significant main effects of diagnosis, sex, or their interaction on
postmortem delay or years of education (two-way ANOVAs, all p > 0.05). For age, a two-
way ANOVA revealed a significant main effect of diagnosis (p = 0.0005), with no signifi-
cant effect of sex (p = 0.91) or diagnosis x sex interaction (p = 0.995). Thus, the MCI group
showed the highest mean age in both sexes (Table 1), although pairwise post-hoc com-
parisons did not reach significance. Within the AD group specifically, ApoE4 allele carri-
ership was more frequent in men with AD compared to men in the CN and MCI groups
(p <0.01, Fisher’s exact test); while in women, ApoE4 carriership frequency did not differ
significantly across the CN, MCI, and AD diagnostic groups.

Table 1. Characteristics of tissue donors by sex.
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Women (n = 76) Men (n="79)

Characteristics CN MCI AD CN MCI AD

(n=25) (n=24) (n=26) (n=26) (n=26) (n=27)
Age years (SD) 83.1 (12.0) 89.0 (6.6) 83.3 (11.1) 82.8 (7.2) 89.0 (6.4) 83.0 (7.1)
Education (SD) 14.6 (2.6) 14.9 (3.1) 14.1 (2.7) 15.3 (3.3) 14.5 (2.6) 14.7 (3.2)
Non-Hispanic white, n (%) 25 (100) 23 (100) 2 24 (92) 24(100) b 26 (100) 25 (100)
APOE e4 carriers,

5 (20) 5(21) 6(24)° 4 (15) 8 (31) 16 (59)

n (%)
PMI hours (SD) 3.6 (1.3) 4.3 (2.4) 3.3 (1.0) 4.6 (2.3) 4.0 (1.3) 3.6 (1.5)
Global Cognition (MMSE) 28.2 (1.8) 254 (3.1) ** 14.6 (7.6) ** 27.9 (2.0) 249 (2.7) ** 14.6 (8.7) **

There were no sex differences in age, years of education, PMI, MMSE scores (ANOVA, p > 0.05) or
in APOE €4 carrier frequency (Fisher’s exact test, p = 0.074). @ Information unavailable from one
subject. ™ Information unavailable from two subjects. MMSE scores differed significantly by diag-
nosis (two-way ANOVA, p < 0.001). ** Significantly different from the other diagnostic groups
(Bonferroni-adjusted post hoc comparisons, all p < 0.001). CN = cognitively normal; MCI = mild
cognitive impairment; AD = Alzheimer’s disease; PMI = postmortem interval;, MMSE = Mini-
Mental State Examination. Values are 1 (%) or mean (SD) unless otherwise indicated.

As expected, MMSE scores differed significantly by diagnosis (two-way ANOVA, p
< 0.001). Bonferroni-adjusted post hoc comparisons showed significant differences be-
tween CN, MCI, and AD groups (all p <0.001). However, no significant main effect of sex
or a sex by diagnosis interaction was observed (p > 0.05).

2.2. The Effect of Diagnosis on NMDA Receptor Density Is Modulated by Sex

The anatomical distribution of NMDARs in the hippocampus and cortex of CN in-
dividuals was similar to the known distribution of NMDARs in the human brain
(Figure 1, [23]), with the highest densities in the CA1 (women: 10.8 + 0.6; men: 9.8 + 0.6)
and dentate gyrus (DG; women: 10.8 + 0.5; men: 9.6 + 0.4) and the lowest densities in cor-
tical white matter (women: 1.0 + 0.51; men: 0.15 + 0.08).

s,,,,,wum

Entorhinal Cortex

High
Figure 1. NMDA receptor density in the hippocampus and adjacent entorhinal cortex of women

and men with antemortem clinical diagnosis of cognitively normal (CN), mild cognitive impair-
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ment (MCI), and Alzheimer’s disease (AD) dementia measured with [?H]-MK801 autoradiogra-
phy. Verification of anatomy is illustrated in the leftmost panel, showing histological (cresyl violet)
staining of consecutive sections from adjacent CN subjects, followed by representative pseudo-col-
ored autoradiograms of NMDA receptor binding labeled with [?H]-MK801 from the hippocampus
and EC of CN, MCI, and AD women (top) and men (bottom). Autoradiograms were pseudo-col-
ored using the Rainbow RGB lookup table (bottom bar); asterisks point to the DG, hash point to
the CA1. Note highest NMDA receptor density observed in the CA1 and DG of CN subjects.
Abbreviations: W, Woman; M, Man; CA1 = cornu ammonis field 1 of the hippocampus; DG, den-
tate gyrus; CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s disease.

A three-way ANCOVA (factors: region, diagnosis, and sex) of NMDAR density, with
age and years of education as covariates, showed a significant effect of region (p < 0.001;
DG > CA1 > subiculum (5) > EC > PC), a significant main effect of diagnosis (p = 0.045),
and a highly significant sex x diagnosis interaction (p = 0.007). There was no significant
main effect of sex (p = 0.447), no significant sex x region interaction (p = 0.838), no signifi-
cant region x diagnosis interaction (p = 0.240), and no significant sex x region x diagnosis
interaction (p = 0.968). Moreover, the covariates age (p = 0.950) and years of education (p
= 0.838) did not have a statistically significant effect on NMDAR density; the three-way
ANCOVA was therefore re-run as a three-way ANOVA without covariates and yielded
the same pattern of significant effects.

To probe the significant sex x diagnosis interaction, we performed sex-stratified 2-
way ANOVAs with region and diagnosis as fixed factors. A significant main effect of re-
gion and diagnosis on NMDAR density was observed in both sexes (region, p < 0.01; di-
agnosis, women, p = 0.01; men, p = 0.03); however, a sex-specific pattern in the diagnosis
effect emerged, whereby women showed a lower NMDAR density in both MCI and AD
groups relative to CN (Figure 2A), whereas men showed a lower NMDAR density only
in the AD group relative to the MCI and CN groups (Figure 2B). As hypothesized, this
pattern reached statistical significance most prominently in the CA1 field of both men
and women, a region of known vulnerability [28-33] (Figure 2A,B; women: AD <CN, p <
0.05; MCI < CN, p = 0.06, MCI = AD; men: MCI > AD, p < 0.05; CN > AD, p = 0.06, CN =
MCI).

A. . Women B. Men
129 % O eN 124 # O oN
T T O3 mci * E l/\:l;‘l
XRE 22 . AD 5104 L = T |25
EN T g ECNIER, F
€ 8 € 8
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«© «© 2
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CcA1 DG s EC PC cA1 DG s EC pPC

Figure 2. Diagnosis effects on NMDA receptor densities across hippocampal subregions and corti-
cal regions are modulated by sex. Results of quantitative autoradiographic measurements of re-
gional NMDA receptor density (expressed as specific binding of [*H]-MKS801 in nCi/mg tissue)
across diagnosis in women (A), and men (B). * p < 0.05, AD relative to CN in women or relative to
MCI in men; #, approaching significance, p = 0.06. Results are from 2-way ANOVAs following a
significant sex by diagnosis interaction (p < 0.01) in a 3-way ANCOVA with age and years of edu-
cation as covariates. Bonferroni adjustment was used for correction. Note a similar pattern of a re-
duction in NMDA receptor density in both MCI and AD women relative to CN controls across re-
gions, whereas in men NMDAR densities in MCI are maintained at levels that are not significantly

different from CN controls. Data are presented as mean + SEM. Numbers inside bars denote the
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number of subjects with useful data per region and diagnosis. Abbreviations: CA1, cornu ammo-
nis field 1 of the hippocampus; DG, dentate gyrus; S, subiculum; EC = entorhinal cortex; PC, pari-
etal cortex; SB, specific binding; CN, cognitively normal; MCI, mild cognitive impairment; AD,

Alzheimer’s disease.

To account for within-donor dependence among regional measurements, we addi-
tionally performed a linear mixed-model sensitivity analysis in which region was mod-
eled as a repeated factor within donor using a compound-symmetry covariance struc-
ture and Satterthwaite degrees of freedom. The main effect of region remained signifi-
cant (p < 0.001), whereas the sex x diagnosis (p = 0.104), diagnosis x region (p = 0.074),
and sex x diagnosis x region (p = 0.955) interactions were not significant. Follow-up sim-
ple-effects analyses showed a significant effect of diagnosis in CA1 in both women (p =
0.008) and men (p = 0.032), whereas diagnosis effects were not significant in the other re-
gions. Bonferroni-adjusted comparisons showed that, in women, CA1 NMDAR density
was lower in both MCI (p = 0.050) and AD (p = 0.010) relative to CN controls, whereas in
men, CA1 NMDAR density was significantly higher in MCI than in AD (p = 0.043).

2.3. The Relationship Between NMDA Receptor Density and Cognitive Scores Is Positive and
Significant in Men but Not Women with Alzheimer’s Disease

Next, we examined the relationship between NMDAR density in the CA1 and cog-
nitive status as measured by the MMSE. Across sexes and diagnostic groups, we found a
significant positive correlation between NMDAR density in the CA1 and MMSE scores
(n=124, r=0.24, p < 0.01; Table 2). These correlations appeared to be driven primarily by
AD men, in whom both NMDAR density and MMSE scores were reduced, confirmed
when correlations were examined within sex and diagnostic groups: NMDAR levels in
the CA1 were significantly and positively correlated with MMSE in AD men (CAl: n =
20, r = 0.67; Figure 3). Exploratory analyses in other regions revealed that NMDAR levels
in the DG and the EC were also significantly and positively correlated with MMSE in
AD men (DG: n =21, r =0.64, p <0.01; EC: n =19, r = 0.50, p < 0.05; Table 2). In contrast,
there were no significant correlations between NMDAR density and MMSE in AD
women or in men or women within the MCI and CN groups (Table 2). When we per-
formed Fisher r-to-z comparisons of the independent Spearman coefficients [cocor, [34]],
we found that the NMDAR-MMSE coupling in AD men differed significantly from that
in AD women in the CA1 (z=2.72, p = 0.0066) and DG (z =2.91, p = 0.0036).

Table 2. Results from Spearman’s correlations between NMDAR density and antemortem cogni-
tive scores on the MMSE.

All WOMEN MEN
Region .
s Subjects All CN MCI AD All CN MCI AD

r (n) r (n) r (n) r (1) r (n) r (n) 1 (n) 1 (n) r (n)
CA1l 024 % (124)  0.11(59) -0.04(19) -032(21) -0.15(18) 036*(65) 0.17(23) 0.19(22) 0.67 **3 (20)
DG 0.02(130) -0.10(62) 0.6 (20) —-0.17(21) -0.21(21) 0.12(68)  0.31(23) 0(24)  0.64 **%(21)
S 0.06(124) -0.17(60) 024(19) -0.10(21) -028(19) 0.19(64)  036(23) 0.13(22)  0.20 (19)
EC 0.10(117)  0.04(55) -0.05(18) -0.01(18) 0.04(18)  0.16(63)  0.13(20) 0.08(24)  0.50 * (19)
PC 0.11(135)  0.15(68) -0.38(20) —0.03(24)  0.35(24)  0.09 (67)  0.07(22) 024(23)  -0.05(22)

The correlation between NMDAR density in the CA1 and MMSE scores was hypothesis-driven
and thus prespecified. All other regional correlations were considered exploratory. 7 = Spearman’s
correlation coefficient. * p < 0.05; ** p < 0.01. $ Correlation coefficient differs significantly between
AD men and AD women (Fisher’s r-to-z comparison of Spearman’s correlation coefficients). CN,
cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s disease; MMSE, Mini-
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Mental State Examination; CA1, cornu ammonis field 1 of the hippocampus; DG, dentate gyrus; S,
subiculum; EC, entorhinal cortex; PC, parietal cortex. n reflects the number of subjects with usable
paired NMDAR-MMSE measurements for the indicated region.

AD Women AD Men
301 cA1 4 307 cA1
a o %o P
W 207 AAAA AA 20- ¢ o~
A w
7.} O [72]
2 K = o o'® °
s = °
104 a4 100 ¢
A [
Aa A ® o
0 T T T T T T T 1 c T . T T T T T 1
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
[3H]-MK801-SB (nCi/mg) [3H]-MK801-SB (nCi/mg)

Figure 3. A significant positive correlation between MMSE scores and NMDA Receptor density in
the CA1 of men but not women with Alzheimer’s disease (AD). AD men, n = 20, r = 0.67, p < 0.01;
AD women, r = -0.15, n = 18, p > 0.05. The NMDAR-MMSE coupling in AD men differed signifi-

cantly from that in AD women (Fisher’s r-to-z comparison of Spearman’s correlation coefficients).

2.4. Tau Density Is Elevated in Alzheimer’s Disease and Shows a Sex-Specific Regional
Distribution

We sought to examine the relationship between NMDAR regional density and the
core pathology of AD, namely the density of tau deposits. To this end, we performed
quantitative in vitro autoradiography with [®F]-T807 on consecutive sections from the
same brain samples in which we measured NMDAR density. As expected, tau deposi-
tion was low to non-existent in the CN group, with low-to-moderate densities in the
MCI group, and a high density in the entorhinal cortex in the AD group (Figure 4).
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A. Hippocampus / Entorhinal Cortex

High

Low

B. Parietal Cortex
MCI-W

Figure 4. Densities of tau in the hippocampus, adjacent entorhinal cortex and the parietal cortex of
CN, MCI, and AD women and men measured with [18F]-T807 autoradiography. Panels depict rep-
resentative pseudo-colored autoradiograms of tau labeled with ['8F]-T807 from the hippocampus
and adjacent EC (panel (A)) and from the PC (panel (B)) of CN, MCI and AD subjects.
Autoradiograms were pseudo-colored using the Gem lookup table (bar on the left). White arrows
point to the EC and white asterisks point to the subiculum in MCI and AD subjects. Note the high
tau density in the EC of both male and female AD subjects and in the PC of AD women. CN, cog-
nitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s disease; EC, entorhinal cortex;

PC, parietal cortex.

A three-way ANCOVA was conducted to analyze the effects of diagnosis, sex, and
region on cube-root transformed tau density, while controlling for age and years of edu-
cation (covariates). There was a significant effect of age (p = 0.020) and of years of educa-
tion (p = 0.005) on tau density; both covariates were therefore retained in the final model.
After covariate adjustment, there was a significant main effect of sex (p < 0.001), diagno-
sis (p <0.001), and regions (p < 0.001) on tau density. There were also significant two- and
three-way interactions of sex x diagnosis (p < 0.001), diagnosis x region (p < 0.001), and
sex x diagnosis x region (p = 0.034). The sex x region interaction did not reach signifi-
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cance (p = 0.110). Pairwise comparisons (Bonferroni-corrected) indicated that within the
AD group, women showed a higher tau density than men (p < 0.001; Figures 4 4 and 5 5).
Moreover, in women, tau density was significantly higher in the AD group relative to the
CN and MCI groups (p < 0.001; Figure 5A), which did not differ from each other, while
in men, tau density was significantly higher in the AD and the MCI groups relative to
the CN group (men: AD > CN, p < 0.001; MCI > CN, p = 0.03; AD > MCL p < 0.001).
Subsequent analyses stratified by sex revealed significant main effects of diagnosis and
region in both sexes, but only women showed a significant diagnosis x region interaction
(p < 0.001). The diagnosis x region interaction in women was driven by higher cortical
tau density relative to hippocampal subregions within the AD group (tau density in AD
women: EC > CAl, p=0.008; EC > DG, p <0.001; PC > CAl, p <0.001; PC > DG, p < 0.001;
PC > S, p = 0.03; EC = PC). Figure 5 shows results stratified by sex with Bonferroni-cor-
rected pairwise comparisons for each region.

A Women B Men
" *k%k "
1.0 — .0
OcN . 109 Ocn
g 1 mcl b O mci
Bogl ™ & 2 0p] ™
£7 oL 28 L 5 -
g Fkk E *’l | ik
o064 T —= o 1 Qo6 _*** s
(7] 18 % _ E’ = *k =
S » s 2=
'°_° 0.4+ 1 b 0.4+
_— ® 24 23
& : 2 2 22 2
- i ii 2] i ﬁ ﬁ ’-}I
®
0.0

Figure 5. Tau densities are significantly elevated in hippocampal subregions and cortical regions
of men and women with AD. Graphs depict quantitative autoradiographic measurements of tau
density (expressed as specific binding of [18F]-T807 in nCi/mg tissue) across diagnosis in women
(A) and men (B). ** p < 0.001, ** p < 0.01, * p < 0.05, AD relative to controls or MCI, #, approaching
significance, p = 0.06-0.07. Two-way ANCOVA with age and years of education as covariates fol-
lowed by Bonferroni correction. Data are presented as mean + SEM. Numbers inside bars denote
the number of subjects with useful data per region and diagnosis. Abbreviations: CA1, cornu am-
monis field 1 of the hippocampus; DG, dentate gyrus; S, subiculum; EC = entorhinal cortex; PC,
parietal cortex; SB, specific binding; CN, cognitively normal; MCI, mild cognitive impairment; AD,

Alzheimer’s disease.

2.5. NMDA Receptor Density Is Negatively Correlated with Tau Density in Alzheimer's
Disease Men

The vulnerability of the CA1 subfield to neurodegeneration in AD is thought to be
mediated in part by its direct monosynaptic input from the EC and consequent EC-tau-
related deafferentation [31-33,35-37]. Hence, pre-specified correlation analyses segre-
gated by sex and by diagnostic group revealed a significant negative correlation in the
EC of men with AD (n =19, r = -0.60, p < 0.01), whereas in the CA1 negative correlations
approached significance (n = 20, r = —0.44, p = 0.05; Table 3). In AD women, by contrast,
the EC correlation between NMDAR and tau density was positive (n = 16, r = 0.46), and
negative correlations in other regions approached significance only in the PC (n =23, r =
-0.38, p = 0.08). Fisher r-to-z transformation comparison confirmed that the EC correla-
tion in AD men differed significantly from that in AD women, with the two coefficients
running in opposite directions (z =-3.19, p = 0.0014).

Table 3. Spearman correlations between regional NMDAR and tau density, stratified by sex and

diagnosis.
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. All WOMEN MEN

Region .
s Subjects All CN MCI AD All CN MCI AD

1 (n) r (n) r (n) 1 (n) r(n) r (n) r (n) 1 (n) r(n)
CA1 —012(122) -010(69) 015(21)  0(22) 013(17) -014(62) 017(20) 0.19(22) -0.447 (20)
DG 0(127) 0(62) 017(21) 010(22) -0.21(19) 065  -007(21) 015(4) -0.347(20)
) 0 (124) 0.1 (61) 0@21)  010(22) -0.18(18) -0.18(63) -0.05(23) -031(22) 0 (18)

_ *%$

EC -0.10 (115) 0(54) 0.1 (20) -0.21 (18) 0.46* (16) -0.11 (62) 0.1 (19) 0.26 (24) 0(61(;)
PC 0(137)  -0.14(69)  0(22) 024)  -038%23)  0(68) 016(21)  0.1(23) 0(23)

Correlations between NMDAR and tau density in the CA1 and EC were hypothesis-driven and
thus prespecified. All other regional correlations were considered exploratory. r = Spearman’s cor-
relation coefficient. ** p < 0.01; # 0.05 < p < 0.10. $ Correlation coefficient differs significantly be-
tween AD men and AD women (Fisher’s r-to-z comparison of Spearman’s correlation coefficients).
CN, cognitively normal; MCI, mild cognitive impairment; AD, Alzheimer’s disease; CA1l, cornu
ammonis field 1 of the hippocampus; DG, dentate gyrus; S, subiculum; EC, entorhinal cortex; PC,
parietal cortex. n reflects the number of subjects with usable paired NMDAR-tau measurements
for the indicated region.

Interestingly, side-by-side comparisons of tau and NMDAR autoradiograms from
consecutive sections of the same individuals revealed qualitatively distinct spatial pat-
terns, with tau deposition appearing as puncta and clusters whereas NMDAR binding
was comparatively continuous within regions. Representative images in Figure 6 suggest
that areas with dense tau signals may correspond to areas of relatively lower NMDAR
density, whereas areas with low or punctate tau signal may show relatively preserved
NMDAR density. These distinct spatial patterns may have contributed to the limited
number of statistically significant region-level correlations observed in our study.

Figure 6. Representative spatial patterns of tau and NMDA receptor density in consecutive sec-
tions. Clusters of very high tau density coincide with locally lower NMDA receptor density within
hippocampal and cortical regions. Top panels depict representative pseudo-colored autoradio-
grams of tau labeled with ['®F]-T807 from the hippocampus and adjacent entorhinal cortex of fe-
male and male MCI subjects and female and male AD subjects. Bottom panels show pseudo-col-
ored autoradiograms of NMDA receptor labeled with [?H]-MK801 from consecutive sections of the
hippocampus and entorhinal cortex from the same subjects. Arrows indicate representative areas
in which high (H) tau density appears to correspond to relatively lower (L) NMDAR density,
whereas areas with low/punctate tau signal appear to show relatively higher NMDAR density.
These comparisons are qualitative and were not assessed by pixel-level co-registration.

3. Discussion

In this quantitative autoradiographic study of NMDAR in hippocampal and cortical
regions across the AD continuum, we show that a clinical diagnosis of AD is associated
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with lower NMDA receptor density in the hippocampus of both women and men, with
the most pronounced loss in the CAl field. Among subjects with a diagnosis of MCI,
women, but not men, exhibit lower NMDAR density relative to age-matched controls.
Lower NMDAR densities are associated with poor antemortem cognitive performance as
measured by the MMSE. Moreover, higher tau density is associated with lower NMDAR
density, with significant associations localized to the EC of AD men.

The fate of NMDAR in the brain of subjects with AD has been the subject of a num-
ber of previous studies. Using L-[°H]-glutamate binding to sections from the hippocam-
pal formation of six patients who died from dementia of the Alzheimer’s type (DAT) and
six patients without DAT, Greenamyre et al. [20] found marked reductions in total [*H]-
glutamate binding in all regions of hippocampus and adjacent parahippocampal cortex
in DAT brains as compared to controls. When subtypes of excitatory amino acid recep-
tors were assayed, it was found that binding to the N-methyl-D-aspartate (NMDA)-sen-
sitive receptor was most markedly reduced, with the greatest loss found in the stratum
moleculare and stratum pyramidale of CAl. We replicated and extended these findings
in a subsequent autoradiographic study showing reduced NMDAR binding in the CA1
of subjects who died with AD which tracked disease severity by Braak stage and was
negatively correlated with neuroinflammation [23]. In a recent study, lower levels of
synaptic NMDAR subtypes GluN2B and GIuN2A were found in AD synaptic membrane
fractions, whereas extrasynaptic GluN2B and GluN1 levels were significantly higher in
AD [25]. This apparent contradiction may suggest that both decreases and increases in
NMDAR density may occur, either sequentially or in parallel, in different subcellular lo-
cations and stages of disease progression and may also be modulated by sex [38].

To elaborate, there is a near-consensus that synaptic loss is an early event in AD [39-
42]. Synaptic degeneration and the ensuing loss of contacts results in sustained decreases
in NMDAR stimulation, impairing synaptic plasticity in the form of LTP and long-term
depression (LTD), both necessary for learning and memory [2,6,14]. Conversely, sus-
tained reductions in synaptic transmission—through persistent decreases in NMDAR
stimulation—can also drive compensatory upregulation of NMDARs. This has been
demonstrated by in vitro and in vivo radioligand-binding studies in which a reduction
in NMDAR stimulation in the form of chronic antagonist treatment leads to an upregula-
tion of NMDAR densities [33-36]. In fact, postmortem studies have shown upregulation
of NMDAR subunits (i.e,, GluN1, GluN2B) in the early stages (Braak II) of AD [16].
Other studies suggest that increased NMDAR density early in AD may reflect upregula-
tion of extrasynaptic receptors, whose low but continuous stimulation contributes to
synaptic impairment [43]. Hence, the changes in NMDAR densities reported in our
study likely reflect both a compensatory mechanism observed in the early stages of AD,
as well as an altered function of synaptic/extrasynaptic NMDARs that initiate hyperacti-
vation and eventual excitotoxicity, with the end result being the loss of NMDAR positive
neurons tipping the balance towards lower receptor density in advanced AD.

With regard to sex differences in NMDAR density, we uncovered a sex-divergent
pattern in the loss of NMDAR among women and men with MCI: in the CA1, MCI
women showed an NMDAR density comparable to AD levels and lower than age-
matched CN, whereas MCI men showed NMDAR levels slightly higher than age-
matched CN and significantly higher than AD men. Mild cognitive impairment is con-
sidered a transitional stage from healthy aging to dementia, in which individuals—while
still capable of performing activities of daily living—experience subtle but measurable
cognitive deficits [44]. The fact that MCI women and not MCI men are already showing
a loss of NMDARs is consistent with studies demonstrating that compared to men,
women experienced a greater pathological burden at earlier stages of the disease [45-49].
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In fact, women decline faster from MCI to AD [50,51] and demonstrate heightened sensi-
tivity to tau deposition [52,53] and neuroinflammation [54,55]. In a recent longitudinal
study by our group, we show that in the MCI stage, women exhibit a significantly
steeper memory decline associated with increasing cerebrospinal fluid (CSF) phosphory-
lated tau 181 (pTaul81/amyloid b42 (Ab42) ratios compared to men [27]. Therefore, the
decrease in NMDAR density observed in MCI women might be another biological mech-
anism contributing to their steeper cognitive decline relative to men.

Surprisingly, while initial analyses that included all subjects revealed significant
positive correlations between antemortem MMSE scores and CA1 NMDAR density, sub-
sequent analyses stratified by sex and diagnosis showed that AD men—particularly the
lower cognitive performers—drove this positive relationship. Although this pattern ini-
tially appears counter-intuitive given that women bear a disproportionately greater AD
burden, it is consistent with the growing literature documenting sex-specific coupling
between pathology and cognition. Women appear to tolerate more tau pathology before
verbal-memory decline emerges [56], and in a multicenter memory clinic cohort span-
ning the full clinical spectrum, the association between tau load and cognitive perfor-
mance was significantly stronger in men than in women, despite women showing a
greater tau burden overall [57]. By analogy, our NMDAR-MMSE finding suggests that in
men—who may lack the compensatory or reserve mechanisms invoked by women—mo-
lecular measures of synaptic integrity map more directly onto cognitive performance.
Whether this reflects diminished reserve or differential downstream sensitivity to recep-
tor loss remains an important question for future study. Notably, the persistence of this
male-specific coupling into the AD-dementia stage—rather than being confined to ear-
lier, preclinical stages—suggests that sex differences in pathology—cognition coupling
may not be strictly stage-limited, and longitudinal designs tracking both sexes across the
full AD continuum will be needed to disentangle stage-specific from sex-specific contri-
butions to this pattern.

Consistent with our a priori hypothesis, in both sexes, the AD-related decrease in
NMDAR density was most pronounced in CA1. The CA1 vulnerability is in line with a
substantial body of evidence from in vivo imaging and postmortem histological studies
of AD, which consistently show selective vulnerability of the CA1 to volume loss and
neuronal death relative to other hippocampal subfields [28-30,58,59]. In addition, ample
literature demonstrates selective vulnerability of the CAl in response to insults includ-
ing excitotoxicity and ischemia [30,60], and offers multiple explanations for this phe-
nomenon [61,62]. Moreover, in women and men with AD, we observed high tau deposi-
tion in the EC, which is the first cortical region to show significant tau deposition (Braak
stages I-1I; [35]). The CA1 region has direct, monosynaptic excitatory input from the EC
[32,33,36,37]. This direct input is thought to create a neuronal pathway for the propaga-
tion of tau pathology from EC to CA1l, with tau toxicity driving early neuronal death
and neurodegeneration [31]. Because the EC serves as the major gateway for cortical in-
put into the hippocampus, tau-induced damage to EC projection neurons deprives CAl
of its principal excitatory drive, contributing to CA1 functional isolation, neurodegenera-
tion, and cell death.

In agreement with previous findings, we showed AD-related increases in tau den-
sity in all regions examined, with AD women demonstrating higher tau density relative
to AD men [52-54]. Moreover, in women, there was a significant region-by-diagnosis in-
teraction caused by prominent increases in the EC, the site of initial cortical tau deposi-
tion in AD, and in the PC, a region that shows tau deposition only at more advanced
stages of the disease. In vitro and in vivo studies have shown complex interactions be-
tween tau and NMDARs, with studies suggesting that under pathological states, tau ac-
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cumulation impairs synaptic plasticity through JAK2/STAT1-induced suppression of
NMDAR expression [14]. However, despite the highly significant tau deposition in our
AD subjects, tau density was significantly associated with decreased NMDAR density
only in the EC of AD men, whereas in AD women, a negative association between tau
and NMDAR density approached significance only in the PC. Taken together with the
male-specific correlation between CA1 NMDAR density and MMSE scores in AD, this
pattern suggests that in men, NMDAR loss may be more directly linked to tau-related
neurodegeneration and consequent cognitive impairment, whereas in women these rela-
tionships may be more multifactorial or partly uncoupled from NMDAR density, poten-
tially reflecting a broader set of pathological processes contributing to cognitive decline.
One candidate contributor is neuroinflammation, which we have previously shown
tracks NMDAR loss in the hippocampus [23] and shows sex- and region-dependent pat-
terns in AD [54]; given the established bidirectional relationship between tau pathology
and neuroinflammation, this may help explain the less direct tau-NMDAR coupling ob-
served in women. We speculate that the lack of significant negative associations between
tau and NMDAR density in additional regions is due to qualitative differences in the
density patterns of these two markers within regions, whereby punctate tau deposition
is often associated with preserved NMDAR density, while dense and confluent tau accu-
mulation coincides with locally reduced NMDAR density. Nevertheless, the fact that
negative correlations were found in regions with the highest tau density in women (PC)
and in men (EC) is consistent with previous reports in which hippocampal protein levels
and mRNA expression for specific NMDAR subunits, such as GluN1/GluN2B, are re-
duced with increasing AD-related neuropathology (Braak stage; [3]).

Several limitations should be considered when interpreting these findings. First, the
cross-sectional postmortem design permits comparisons among CN, MCI, and AD
groups but cannot establish within-subject trajectories of receptor change during disease
progression. In addition, the MCI groups were older on average than the CN and AD
groups in both sexes, an atypical age distribution that may reflect characteristics of post-
mortem cohort recruitment and survival. Although age was not a significant covariate of
NMDAR density, this sampling characteristic should be considered when interpreting
diagnostic-group comparisons. Finally, although the AD-related reduction in NMDAR
density was most pronounced in the CAl, the absence of a significant diagnosis x region
interaction precludes definitive conclusions regarding regional specificity. Longitudinal
studies will be required to determine whether the sex-specific patterns observed here re-
flect differential trajectories of NMDAR during AD progression.

4. Materials and Methods
4.1. Sample Characteristics and Handling

The current study used 10-micron-thick sections of fresh-frozen samples of the
hippocampus/entorhinal cortex and the parietal cortex from 154 donors equally divided
among men and women and the three diagnostic groups (Control, MCI and AD). One
hundred and seventeen samples (18-20 per sex/diagnosis) were obtained from the
Arizona Study of Aging and Neurodegenerative Disorders and Brain and Body
Donation Program (BBDP) [63] and 37 samples (6-7 per sex/diagnosis) from the
University of Washington BioRepository and Integrated Neuropathology (BRalN) repos-
itory. Cases that were given a neuropathological diagnosis of a neurodegenerative dis-
ease other than AD were excluded. Inclusion criteria were complete neuropathological
examination (e.g., Braak staging, Thal amyloid staging) and a comprehensive ante-
mortem neurocognitive evaluation that indicated a clinical diagnosis of either cogni-
tively normal, MCI or AD dementia as recently described [54]. For BRalN subjects, cog-
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nitive evaluations were required to be within 18 months of death; for BBDP subjects, di-
agnoses were based on the closest available evaluation from the National Alzheimer's
Coordinating Center (NACC) Uniform Data Set battery. Pathological data confirmed the
presence of AD dementia or its absence for control and MCI groups, although control or
MCI subjects could have some degree of incidental pathology. For most subjects, ApoE
genotype was also provided (Table 1). Post mortem interval (PMI) was less than 12 h for
all samples (Table 1). Upon reception, samples were stored in a =80 °C freezer until use.
All frozen samples were cryo-sectioned (Leica cm 1950) at —20 °C (10 pum) in 10 consecu-
tive series and thaw-mounted onto positively charged glass slides (Fisher Scientific, MA,
USA).

Tissue was received in separate shipments comprising 36 subjects balanced by sex
and diagnosis (6 subjects/sex/diagnostic group). For each radioligand, one
hippocampus/entorhinal cortex section per subject was included in a 36-slide labeling
experiment, and a separate 36-slide experiment was performed using parietal cortex sec-
tions from the same subjects; additional slides were included for determination of non-
specific binding. Within each experiment, slides were randomly allocated across autora-
diographic films (typically three films per experiment), such that film allocation was in-
dependent of sex and diagnosis.

4.2. In Vitro Quantitative Autoradiography

The labeling of NMDAR on tissue sections was done as described previously [23].
Briefly, on the day of the assay, consecutive slides from each subject were removed from
the -80 °C freezer and allowed to reach room temperature. After a 30 min prewash in 50
mM Tris-acetate buffer (pH 7.4), the sections were incubated for 3 h at room temperature
in 50 mM Tris-acetate buffer at pH 7.4 containing 5 nM [PH]MKS801 (a selective non-com-
petitive NMDAR antagonist; specific activity 27.5 Ci/mmol, PerkinElmer Life Sciences,
Waltham, MA, USA), 30 uM glutamate, and 10 uM glycine. The inclusion of saturating
concentrations of glutamate (30 uM) and glycine (10 uM) in the assay ensures that all
NMDARSs are in the activated, channel-open conformation required for MK801 binding;
under these conditions, the density of MK801-labeled sites is equivalent to the total re-
ceptor density, rather than reflecting the proportion of receptors in an activated state
[64]. Nonspecific binding was determined in the presence of 10 uM unlabeled MK801. At
the end of the incubation, the sections were dipped for 5 s in ice-cold buffer and then
washed for 90 min in cold, fresh buffer, followed by a dip in ice-cold double-distilled
water. Sections were then dried on a slide warmer at 60 °C and apposed to low-energy
radiation sensitive film (BluBlotTM HS, Chemglass, NJ, USA), for 8 weeks, alongside cali-
brated tritium microscales (Amersham Pharmacia Biotech, Inc., Piscataway, NJ, USA).
Films were developed in Kodak D-19, fixed, and dried. To assess tau deposits autoradio-
graphy was performed with ['®F]-T807 obtained from the Stony Brook University PET
radiochemistry laboratory. Sections were transferred to a bath containing ~2 nM [*8F]-
T807 in 10 mM phosphate-buffered saline (PBS). After incubation for 60 min, slides were
washed in 10 mM PBS for 1 min, 70% ethanol/30% PBS for 2 min, 30% ethanol/70% PBS
for 1 min, and lastly in PBS for 1 min [54]. Slides were then air dried, apposed to film for
1 h and developed as described above. The regions examined in this study (hippocam-
pus, entorhinal cortex, and parietal cortex) do not include the principal sites of off-target
['8F]-T807 binding—namely the basal ganglia (MAO-B-rich) and substantia nigra (neu-
romelanin-rich). The regional and subcellular specificity of [!8F]-T807 for paired helical
filament tau has been extensively validated against AT8 immunohistochemistry in post-
mortem hippocampus, cortex, and amygdala using both macroscopic (phosphor-screen)
and microscopic (nuclear emulsion) autoradiography, with excellent concordance be-
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tween tracer signal and neurofibrillary tangle distribution [65]. All sections were cresyl
violet-stained for histology after film development.

4.3. Quantitative Image Analysis

Developed films were scanned using a flatbed scanner (2400 dpi, 256 gray levels, in
neutral conditions—no highlights, shadows, midtones, gamma or sharpen manipula-
tions), digitized and saved in 8-bit Tiff format. Quantitative image analyses were per-
formed using the FIJI (NIH Image) software. Regions of interest (ROIs) in hippocampus
samples were identified in reference to the histological staining and an atlas of the hu-
man hippocampus [66] and included the cornu ammonis field 1 (CA1l), dentate gyrus
(DG), subiculum (S), entorhinal cortex (EC) and parietal cortex (PC). ROIs were manu-
ally drawn on the autoradiograms around the whole extent of each region on all sections
where the region could be clearly distinguished on the histologically stained section.
Nonspecific binding was subtracted from total binding to generate specific binding val-
ues for statistical analysis.

Image analysis of autoradiograms and statistical analysis of the results from each
experiment were performed by an investigator blinded to sex and diagnosis and then
decoded by the senior investigators (MAM and AB).

4.4. Statistical Analysis

Prior to modeling, distributional assumptions were examined using skewness and
kurtosis values as well as the Shapiro-Wilk test. Tau density values were cube-root
transformed to meet assumptions of normality. Homogeneity of variance was tested for
all continuous variables using Levene’s test. Demographic data were analyzed using a
two-way ANOVA with sex and diagnosis as factors. ApoE genotype was dichotomized
into Apoe4 carriers and non-carriers, and Fisher’s exact tests were used to examine diag-
nosis effects.

For each autoradiographic marker (NMDAR density, tau density), the effects of di-
agnosis, sex and region were evaluated by a three-way ANCOVA with age and years of
education as candidate covariates. Covariates were initially evaluated in a full model
and retained in the final model only when they exerted a significant effect (p < 0.05) on
the dependent variable; when neither covariate reached significance, a three-way
ANOVA without covariates was used. Under this rule, age and years of education were
retained for tau density but not for NMDAR density. When a significant sex x diagnosis
or sex x diagnosis x region interaction was detected, sex-stratified two-way ANOVA (or
ANCOVA as appropriate) was performed with diagnosis and region as fixed factors.
Pairwise post-hoc comparisons were corrected with the Bonferroni method.

Because tissue samples were obtained from two repositories, repository (BBPD vs.
BRAIN) was additionally evaluated as a potential source effect. Repository did not sig-
nificantly affect NMDAR density and did not alter the principal effects of diagnosis or
sex x diagnosis interaction (ANOVA, p > 0.05, as covariate or as main fixed factor).

As a sensitivity analysis to account for within-donor dependence among regional
NMDAR measurements, we additionally fitted a linear mixed model with region mod-
eled as a repeated factor within donor using a compound-symmetry covariance struc-
ture and Satterthwaite degrees of freedom. Sex, diagnosis, region, and their interactions
were included as fixed effects. Follow-up simple-effects analyses examined diagnosis ef-
fects within each sex and region, with Bonferroni adjustment for pairwise comparison.

Given the modest within-group sample sizes (n = 18-23 per sex x diagnosis cell) and
the restricted, ceiling-affected distribution of MMSE scores, associations between re-
gional NMDAR density and MMSE, and between regional NMDAR and tau density,
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were assessed with Spearman’s rank correlation. Correlation sample sizes were lower
than full diagnostic-group sizes (Table 1) because cryosectioning, labeling, and technical
exclusion occasionally resulted in the loss of specific regional measurements in individ-
ual subjects. Because correlation analyses required usable paired measurements, the loss
of a regional measurement for either variable reduced the sample size available for the
corresponding correlation.

Image analyses of autoradiograms and preliminary statistical analyses were per-
formed by an investigator blinded to sex and diagnosis; group codes were revealed only
for final interpretation by the senior investigators (MAM and AB).

All statistical analyses were performed using SPSS Statistics version 28 (IBM Corp.,
Armonk, NY, USA); graphs were prepared with GraphPad Prism 9 (GraphPad Software,
San Diego, CA, USA). Statistical significance was set at a = 0.05. Data are presented as
mean = SEM unless otherwise noted.

5. Conclusions

NMDA receptor density is strongly modulated by sex, region and AD disease stage.
Antemortem cognitive scores in men were more sensitive to the loss of NMDAR. These
findings may contribute to the understanding of the known sex differences in AD preva-
lence, presentation and progression.
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