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NEUROSCIENCE

Increased palmitoylation improves estrogen receptor
alpha-dependent hippocampal synaptic deficits in a

mouse model of synucleinopathy

Tim E. Moors’, Shaomin Li', Thomas D. McCaffery', Gary P. H. Ho', Pascal A. Bechade’,

Luu N. Pham?, Maria Ericsson3, Silke Nuber'*

Parkinson’s disease (PD) is characterized by conversion of soluble a-synuclein (aS) into intraneuronal aggre-
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gates and degeneration of neurons and neuronal processes. Indications that women with early-stage PD
display milder neurodegenerative features suggest that female sex partially protects against aS pathology.
We previously reported that female sex and estradiol improved aS homeostasis and PD-like phenotypes in
E46K-amplified (3K) aS mice. Here, we aimed to further dissect mechanisms that drive this sex dimorphism
early in disease. We observed that synaptic abnormalities were delayed in females and improved by estradiol,
mediated by local estrogen receptor alpha (ERa). Aberrant ERa distribution in 3K compared to wild-type mice
was paired with its decreased palmitoylation. Treatment with ML348, a de-palmitoylation inhibitor, increased
ERa availability and soluble aS homeostasis, ameliorating synaptic plasticity and cognitive and motor pheno-
types. Our finding that sex differences in early-disease aS-induced synaptic impairment in 3KL mice are in part
mediated by palmitoylated ERa may have functional and pathogenic implications for clinical PD.

INTRODUCTION
Parkinson's disease (PD) incidence is higher in men than in women
(~1.5- to 2-fold), while emerging evidence suggested that women
present with a milder manifestation of certain clinical symptoms
early in PD, including cognitive and motor dysfunction (I, 2). In
support of a partial protection in PD by female sex, women with
de novo PD display increased neuronal connectivity (3) and lesser
atrophy of hippocampal and cortical regions (I, 4) compared to
men. In addition, preserved striatal dopamine transporter (DAT)
binding (5, 6) may partially underlie enhanced responses to levodo-
pa in women with PD (7, 8). Although male sex is a well-known risk
factor for PD, the mechanisms that contribute to protected neuro-
nal function in female PD brains remain challenging because of the
complexity of studying highly multifaceted sexual dimorphisms in
the aging human brain. Previous studies suggested that factors re-
ducing estrogen exposure during life were associated with higher
risk of developing PD (5, 9-11). In support of a protective role of
estrogen in PD, case-control studies have shown that estrogen re-
placement therapy mitigates PD symptoms (12, 13) and decreases
PD risk (14) in women. Although efficacy of estrogen therapy in
PD has been debated in light of detrimental side effects such as
stroke and breast cancer (15), a better understanding of cellular
pathways underlying estrogen-based female resilience to specific
pathological events could provide important insights into protective
pathways that may be stimulated in therapies for PD.

A central player in the pathophysiology of PD [and related syn-
ucleinopathies such as dementia with Lewy bodies (DLB)] is a-syn-
uclein (aS), an abundant soluble protein in the brain, which, in
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disease, turns insoluble for currently unknown reasons and accu-
mulates into neuronal inclusions termed Lewy bodies (LBs) and
Lewy neurites (16). Under physiological conditions, aS is mainly
enriched in presynaptic terminals, where it transiently interacts
with synaptic vesicles (SVs), regulating their clustering, trafficking,
and exocytosis (17-19). Increasing evidence suggests that the
dynamic conversion of aS monomers (14 kDa) into soluble and
helical multimers (e.g., 60-/80-/100-kDa species) plays a role in
aS homeostasis and its physiological functions (18-21). In accor-
dance with the synaptic localization and functions of aS, it is
widely believed that early aS accumulation in PD starts at presyn-
aptic sites, followed by its pathological redistribution to and engage-
ment of other subcellular locations (22-24). LBs were shown to be
enriched in lipids and vesicular structures in nigral and hippocam-
pal neurons (25) and abundant in SV-related proteins (26), suggest-
ing coaggregation of aS with SV membranes. Patients with PD
dementia and DLB exhibit substantial cortical and hippocampal
LB pathology (27, 28) and high levels of insoluble aS in the hippo-
campus (29), suggesting that aS pathology in these regions is an im-
portant pathological correlate for cognitive symptoms such as
dementia.

To promote the pathological interaction between aS monomers
and membrane lipids, we amplified the familial PD-causing E46K
aS mutation (30) in the canonical repeat motifs, creating “3K" aS.
We previously showed that 3K aS displays excessive membrane as-
sociation, leading to lipid-rich inclusions in culture (31, 32) and
mice (33). In mice, expression of 3K aS caused an levodopa-respon-
sive motor syndrome reminiscent of PD, manifesting as early as at 3
months of age (33). While 3K mice collectively showed aggravated
phenotypes compared to human (hu-) E46K or wild-type (WT)—
overexpressing mice (33), intriguingly, 3K females showed milder
motor phenotypes compared to males (34). In the brain, this was
associated with less extensive synucleinopathy and higher neurite
fiber densities in females compared to males despite similar 3K
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a$ expression profiles (34). This suggests that female sex partially
protects against modeled pathologies resulting in excessive aS
monomers and lipid interactions in 3K mice. In support of a pro-
tective role of estrogen, increased brain estradiol (E2) after treating
3K mice with the prodrug 10pB,173-dihydroxyestra-1,4-dien-3-one
(DHED) (35) increased aS solubility and multimerization,
reduced aggregates, and improved motor function. These results
supported previous observations of E2 neuroprotection in (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine/6-hydroxydopamine)
neurotoxin-based rodent PD models (36—38). Furthermore, DHED
treatment resulted in preserved dopaminergic fibers (34), in line
with protective effects of E2 on synaptic integrity (39).

Since early aS pathology is thought to occur at synaptic termini,
which are relatively spared in female patients with de novo PD (5, 6),
we hypothesized that increased estrogen levels in women may offer
protection against synaptic aS—induced pathologies at early-stage
disease. We here investigate the impact of sex and estrogen on syn-
aptic function in lower-expressing 3KL mice, which have a moder-
ate overexpression (~1-fold) of hu-3K aS (33, 40). Our findings
show delayed onset of motor phenotypes in 3KL female mice at 6
months, reproducing our results in higher-expressing 3K mice (34).
We also found sparing of cognitive function in 6-month-old 3KL
females, which was paired with increased aS solubility and multi-
merization in the hippocampus and cortex, and preserved hippo-
campal synaptic strength at this time point. Elevating estrogen
exposure by acute E2 administration on hippocampal tissue sections
and after DHED treatment improved sex-specific synaptic deficits
in 3KL males at 6 months, supporting the idea that local E2-depen-
dent pathways can compensate against the pathological insult by 3K
aS. We observed that effects of DHED were blocked by selective an-
tagonists of estrogen receptor alpha (ERa), for which immunoreac-
tivity colocalized with aS aggregates in 3KL mice (and also in LBs in
human PD/DLB brains). Since we found indications that the de-
creased extrasomatic ERa distribution was accompanied by its
reduced palmitoylation, we investigated whether increasing palmi-
toylation by oral application of ML348, a small-molecule inhibitor
of acylpalmitoyl-thioesterase 1 (APT1), benefits motor and cogni-
tive phenotypes of symptomatic male and female 3KL mice. A 90-
day treatment ameliorated soluble aS homeostasis, synaptic plastic-
ity, and motor and cognitive deficits in 3KL mice. No treatment
effects were observed in WT mice without overt phenotypes. Col-
lectively, these findings support a role for extranuclear ERa in estro-
gen-dependent preservation of aS-induced hippocampal synaptic
deficits, while our results add to recent findings suggesting thera-
peutic potential of targeting protein palmitoylation in PD and
other neurodegenerative diseases (41, 42).

RESULTS

Female sex partially preserves aS solubility and
multimerization in 3KL mice

To enable the study of sexual dimorphisms in early-stage synaptic
pathologies by 3K aS, we used 3KL aS mice, expressing mutant aS
close to the level of mouse endogenous aS [fig. S1, A and B; see also
(33)] because this model shows a slower and more gradual develop-
ment of symptoms. Since 3KL mice showed onset of motor symp-
toms only at 6 to 8 months (33), which were not detected in juvenile
mice at 2 months (fig. S2A), we decided to focus on the 6-month
time point for studying early aS-induced pathologies.
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We previously described the cell-penetrant cross-linker disucci-
nimidyl glutarate (DSG) to trap cell lysis—sensitive aS multimers in
culture (31, 32) and in mice (33, 34). Similar to our previous in vivo
studies (33, 34), expression of 3K aS decreased soluble aS (60 + 80 +
100 kDa) multimers relative to (14 kDa) monomers at 6 months
compared to WT aS in cortical tissue pieces [two-way analysis of
variance (ANOVA), effect genotype P < 0.0001]. This decreased
multimer:monomer ratio was more prominent in 3KL males com-
pared to females (P = 0.009; Fig. 1A, more detailed statistics provid-
ed in table S1), but not accompanied by between-group differences
in DJ-1, which was included as control for equal cross-linking, or
actin (loading control; Fig. 1A and table S1).

We hence studied the solubility of aS monomers in sequential
extractions of the hippocampus and cortex in non—cross-linked
tissue after lysis by its biochemical distribution in subsequent tris-
buffered saline (TBS)—soluble and —insoluble [radioimmunopreci-
pitation assay (RIPA)/urea-soluble] fractions (Fig. 1B). We focused
on hippocampus and cortex as we observed the strongest immuno-
reactivity of hu-aS in these regions (Fig. 1C), consistent with the
neuronal distribution of the Thyl.2 promoter. Results revealed
that solubility of hu-aS was markedly decreased in 3KL versus
WT mice in the hippocampus (~5-fold; two-way ANOVA, effect ge-
notype P < 0.0001; Fig. 1B and table S1) and frontal cortex (fig.
S1C). Results based on Western blotting (WB) quantifications
were corroborated by quantitative enzyme-linked immunosorbent
assays (ELISAs), with 3KL females showing a trend toward in-
creased solubility compared to males (Fig. 1C and table S1).
Results by both techniques showed increased solubility (~2-fold)
in females compared to males, suggesting that female sex reduces
the excessive membrane binding of 3K aS.

Furthermore, buffer-insoluble urea extracts of the hippocampus
of 3KL mice revealed a higher-molecular weight (HMW) aS smear,
which was more prominent in males than in females (fig. S1E), con-
sistent with lesser accumulation of insoluble aS in females at 6
months old. In correspondence, relative protein levels (fig. S1D; P
= 0.01) and immunohistochemical (IHC) staining (Fig. 1D and
table S1; 3KL males versus females, P = 0.007) for pSer129 asS, a
commonly used marker for LB pathology, were lower in both the
hippocampus and cortex of female compared to male 3KL mice (al-
though still increased compared to WT mice). We did not detect sex
differences and only very limited pSer129 aS immunoreactivity in
WT control mice (Fig. 1D).

Morphologically, pSer129 oS ITHC in 3KL mice manifested as in-
clusions in neuronal somata and neuritic processes, while promi-
nent synaptic-like punctate staining was additionally observed,
most notably in the hippocampus (Fig. 1D). Super-resolution stim-
ulated emission depletion (STED) microscopy further suggested
that these profiles colocalized with the SV marker synapsin but to
a lesser extent to the plasma membrane (PM)-associated SNAP-25,
suggesting accumulation of pSer129 aS at SV in 3KL mice (Fig. 1E).
To further study the synaptic association of 3K aS with SVs, we
applied an antibody against hu-a$S (15G7) in immuno-electron mi-
croscopy and found extensive accumulation of aS-immunogold as-
sociated with SV clusters in 6-month-old 3KL males (Fig. 1F) while
significantly less aS-immunogold decorated SVs in 3KL females
and WT mice at this time point (P < 0.0001; Fig. 1F and table
S1). Overall, our findings suggest that female sex partially preserved
soluble aS homeostasis in the hippocampus and cortex of 3KL mice

20f 17



SCIENCE ADVANCES | RESEARCH ARTICLE

A WT F WTM 3KLF 3KLM
*aS-100 kDa
*aS-80 kDa
*aS-60 kDa
Syn-1
—-——— e —— - - . 514 kDa
- 49 kDa
> - —— W —— —— 28.40a
Actin S —— 38 kDa
() 1695 (") 180+
g Ak o
= 160+ . 160 . =
2 140 ¥ E +a0d . »
£ 120 o "Qm 2 -
g . Yl oo d g o
3 1004 L2 £ o] = .
kR g oo
g 60 o & o] o
s ]
T 20 ) 8 L
>
@ Y 4 i3 T T T T T
& $ < IR
& & &
B WTF WTM 3KLF 3KL M
ey [ p— b et LEEE
DJ-1 —————— D WD = e — w— o |28 kDa
15G7| e o ——— ——————— |14 102
ASPECt| v — - - - - 198 kDa
(i)
8
) <
< Q
@ a
S T—— 0 4
é 1.0 a é"
2 o 4
| = g 2
g

05

X

+

— 7
L&

3KL male 6 months old

WT female

WT male e

3KL female

3KL male

pSyn 10D (fold WT)

?‘Q".

15G7 immunoparticles/SV

Fig. 1. Female sex partially protects against aS dyshomeostasis and pathology in hippocampus and cortex of 6-month-old 3KL mice. (A) Representative WB of aS
(Syn-1) and DJ-1 (cross-linking control) in DSG—cross-linked 3KL/WT frontal cortex samples. Graphs: (i) Quantifications of aS multimer/monomer ratios and (i) DJ-1 dimer/
monomer ratios. (B) Representative WBs of hu-a$S in TBS- and RIPA-soluble sequential extracts. Quantification of TBS:RIPA ratios in the hippocampus by WB (i) and ELISA
(i), and in the frontal cortex by ELISA (iii). (C) Expression of hu-aS over different brain regions of a Thy1.2-3KL male. (D) Representative images of pSer129 aS IHC in
hippocampus and cortex, and quantification of integrated optical densities (I0Ds; N = 4 to 6 mice per group). Insets (left) somatic/neuritic pSer129 aS inclusions in the
cortex; (right) hippocampal punctate pSer129 aS* synaptic-like profiles. (E) Colocalization of pSer129 aS with SV-marker synapsin but not SNAP-25 in the hippocampus of
a 3KL male. Deconvoluted STED images. (F) SV-associated hu-aS (15G7) immunogold in the hippocampus of male/female 3KL/WT (quantification of individual synapses
captured in n =4 sections in two mice per group). Scale bars, T mm [(C) and (D)]; 20 um [(D), insets]; 300 nm (E); and 100 nm (F). (A), (C), and (D) Dot plots show data from
individual mice (and median); (F) dot plots show data from individual analyzed EM micrographs in two mice per group (and median). Statistics by two-way ANOVAs [(A),
(C), and (D)] or nonparametric Kruskal-Wallis test (F) and post hoc with Bonferroni/Dunn correction, respectively (see table S1); *P < 0.05; **P < 0.01; ***P < 0.001; ****P <

0.0001.
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at 6 months, resulting in decreased aS accumulation at SVs and in
pSer129 aS* inclusions.

Female sex delays the onset of motor and cognitive
phenotypes and hippocampal synaptic impairment in

3KL mice

To study whether milder biochemical/histological alterations in
3KL females at 6 months associated with a beneficial phenotypic
outcome, WT and 3KL male/female mice were examined in
various behavioral tests paradigms—rotarod, novel-object recogni-
tion (NOR) test, and Morris water maze (MWM)—at this time
point. To allow further insight into the progression of phenotypes
over time, selected tests were also performed at 12 months of age.

Rotarod tests were done to assess fine motor and balancing skills
of 3KL mice, which were previously shown to become impaired, re-
sultant of progressive 3K aS pathology, with symptoms starting
around 6 to 8 months in 3KL males (33). In line with these previous
results, three-way ANOVA showed an overall significantly impaired
rotarod performance (P = 0.003, details in table S2) in 3KL versus
WT mice, based on measurements at 6 and 12 months (Fig. 2A).
First symptoms in 3KL males were apparent at 6 months by
reduced endurance on the rotarod compared to other groups
(Fig. 2A). At this time point, 3KL males performed significantly
worse than 3KL females (P = 0.0001). However, the performance
of 3KL females dropped significantly between 6 and 12 months
(P = 0.02) toward levels more similar to 3KL males (Fig. 2A), in
line with later onset of symptoms. No significant behavioral impair-
ments or sex-related changes were observed in the rotarod perfor-
mance of age-matched WT controls at the analyzed time points
(table S2), in line with our previous studies (34).

Given the prominent expression of 3K aS in hippocampus and
cortex, and cognitive impairment being a cardinal feature of clinical
PD, we additionally tested 3KL and WT male/female mice in NOR
(Fig. 2B) and MWM (Fig. 2C) paradigms to test their cognitive
functions. On the basis of longitudinal measurements at 6 and 12
months, we found an overall significantly decreased NOR perfor-
mance of 3KL versus WT (three-way ANOVA, genotype effect: P
< 0.0001; details in table S2). At 6 months, NOR test revealed sig-
nificantly worse discrimination ratios in 3KL males compared to
WT (P = 0.006), while 3KL females performed similar to WT and
significantly better than 3KL males (P = 0.006; Fig. 2B). However,
similar to the rotarod performance, NOR discrimination ratios of
3KL females dropped significantly between 6 and 12 months (P =
0.001). To rule out that these deficits were due to a lack of ambula-
tory activity, we measured the distance traveled in the NOR test (fig.
S2B), which was not different between groups. No significant
changes were observed in/between WT males/females at the differ-
ent analyzed time points (table S2).

To validate the NOR results with a stringent test for long-term
memory (LTM), 6-month-old 3KL and WT mice were additionally
trained in an MWM and assessed after a 7-day retention period. The
spatial memory was worse in 3KL males compared to females (P =
0.004), which performed more similar to WT (Fig. 2C and table S2).
This effect was not associated with impaired learning ability (fig.
S2C) or reduced velocity (fig. S2D) in the MWM test. Since we
already found indications for impaired motor performance
(Fig. 2A) and impaired spatial memory in the NOR (Fig. 2B) for
both 3KL males and females, we did not perform an additional
MWM at 12 months given attrition of repetitive testing (43).

Moors et al., Sci. Adv. 9, eadj1454 (2023) 17 November 2023

Together, the results in NOR and MWM are in line with delayed
onset of cognitive phenotypes in 3KL females compared to males.
No phenotypic changes were detected between WT females and
males (table S2).

Because of indications for synaptic aS" accumulations in the hip-
pocampus of 3KL mice (Fig. 1, D to F) and the associated impair-
ment of hippocampus-dependent cognitive functions (Fig. 2, B and
C), we hence conducted long-term potentiation (LTP) measure-
ments in the hippocampal CA1 of WT and 3KL mice at 6 and 12
months. At 6 months, 3KL females showed field excitatory postsyn-
aptic potential (fEPSP) slopes similar to WT mice (Fig. 2D). In con-
trast, the male 3KL Schaffer-collateral projections elicited normal
initial potentiation, but this failed to stabilize, with responses decay-
ing below WT level. Quantitative analysis of mean fEPSP slope
between 55 and 60 min of LTP recording showed a significant
~24% decrease in 3KL males versus females (Fig. 2E and table S2:
analysis by two-way ANOVA; post hoc 3KL males versus females: P
=0.005). In line with results of behavioral tests, LTP levels from 12-
month 3KL female mice decreased significantly compared to 6
months (Fig. 2, D and E, and table S2; P = 0.0004) toward similar
LTP levels as 3KL males. Together, these results suggest that hippo-
campal synaptic function by aS dyshomeostasis is delayed by female
sex but that males and females show similar phenotypes at
12 months.

Estradiol-dependent protection of 3K aS-associated
hippocampal synaptic deficits is mediated by ERa

We previously reported that elevating brain E2 by the selective
prodrug DHED enhanced aS solubility and physiological multime-
rization and benefited motor phenotypes in 3K mice (34, 35). As we
found preserved synaptic function in 3KL female compared to male
mice at 6 months, we hypothesized that this neuroprotection could
be in part related to differences in hippocampal E2 levels between
males and females. To further establish the link between sex differ-
ences in 3KL mice and E2, we investigated whether increasing E2
levels could alleviate early aS-induced synaptic impairment in 6-
month-old 3KL male mice by acute E2 treatment of hippocampal
tissue slices. Our results showed that acute E2 treatment increased
hippocampal %fEPSP in male 3KL to physiological levels (Fig. 2, F
and G). To corroborate this result, we chronically administered
DHED for 21 days to WT and 3KL males and assessed synaptic
function by LTP measurements. We found that after DHED treat-
ment, fEPSP slopes in 3KL males were at similar levels as WT
(Fig. 2, H and I), while WT LTP levels did not significantly
change after DHED treatment. This is in line with results of previ-
ous studies that have collectively revealed a complex relationship
between estrogen and synaptic function and behavior, in which in-
termediate doses are showing optimal effects (44). Our interpreta-
tion of better cognitive function and hippocampal LTP in 3KL male
mice, but not WT (Fig. 2), after DHED treatment is that increased
E2 exposure can compensate for specific pathological insults by
3K aS.

Since E2 is known to exert its cellular actions via binding to ERs
(45), we studied the effects of ICI 182,780—an established ER an-
tagonist—on increased LTP after DHED treatment in 3KL mice. We
observed that ICI application of acute hippocampal slides from
DHED-treated 3KL mice abolished the %fEPSP increase by
DHED (P = 0.02; Fig. 2, H and I). To establish individual contribu-
tions of ERa and ERP, we hence applied selective antagonists
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Fig. 2. Sex differences of cognitive and motor deficits associated with ERa-mediated hippocampal synaptic dysfunction in 6-month-old 3KL mice. (A) Assess-
ment of fine motor and balancing skills in a rotarod test. (B) Discrimination ratio in the NOR test and (C) time to find the hidden platform in the MWM long-term spatial
memory test. (D) Electrophysiological measurement of hippocampal LTP in acute sections of male/female 3KL versus WT mice. Mean + SD %fEPSP slope per group are
displayed over time. (E) Quantitation of average %fEPSP slopes during the last 5 min of measurement. (F) Effect of E2 application on LTP in hippocampal sections of male
3KL and WT and quantification over the last 5 min of measurement (G). (H) Selective antagonist against ERa (MPP, 1 uM) but not ERB (PHTPP, 1 uM) reduces hippocampal
LTP potentiated by DHED treatment in male 3KL. Quantification over the last 5 min of measurement in (I). Dot plots show data from individual mice (and median).
Statistics by one-way [(G) and (I)], two-way (C), or three-way [(A), (B), and (E)] ANOVAs. (G) and (I) Statistics by targeted Student’s t tests. *P < 0.05; **P < 0.01; ***P <
0.001. Results of planned post hoc comparisons with Bonferroni correction are presented (see table S3). HFS, high frequency stimulation.

against ERa [methyl-piperidino-pyrazole (MPP)] and ERPB the protective effect of E2 on hippocampal synaptic function in

(PHTPP) in acute sections of DHED-treated mice. Our measure-
ments showed that MPP blocked the effect of DHED treatment
on LTP in 3KL males (Fig. 2, H and I: —28%; one-way ANOVA;
F;,; = 4.556; P = 0.01; post hoc DHED versus DHED + MPP: P
= 0.02). In contrast, PHTPP did not abolish this LTP restoration
by DHED (Fig. 2, H and I; P > 0.99). Together, this suggests that

Moors et al., Sci. Adv. 9, eadj1454 (2023) 17 November 2023

3KL mice is predominantly mediated by ERa.

Aberrant ERa distribution patterns in 3KL are associated
with its decreased palmitoylation

Given our finding that improvement in hippocampal synaptic
strength by E2 in 3KL males is likely driven by locally available
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(synaptic) ERa, we studied whether synaptic ERa distribution
differs between 3KL males and females at 6 months. IHC using dif-
ferent selected antibodies against ERa (TE111.5D11/D8H8/SP1) in
the hippocampus of WT mice displayed the expected nuclear im-
munoreactivity (fig. S3A). In addition, we observed punctate extra-
somatic profiles for ERa in the neuropil of the hippocampal stratum
oriens (SO; fig. $3, A and B), suggesting localization of ERa to neu-
ronal processes and synapses, similar to previous descriptions of
ERa immunoreactivity patterns (46). These findings were corrobo-
rated using immuno—transmission electron microscopy (TEM), by
which we observed ERa immunogold in nucleus/nuclear envelop,
dendrites and presynaptic termini (including ERa associated with
SVs), and postsynaptic spines (fig. S3E).

We quantified the density of these extrasomatic ERa" profiles in
different fields of the hippocampal SO in sections of 6-month-old
WT/3KL males and females, scanned using high-resolution confo-
cal microscopy. Our analyses revealed moderately reduced ERa*
densities in 3KL males versus females (P = 0.02), while levels in
3KL females were similar to WT (Fig. 3A). We found similar
results using different antibodies against ERa (e.g., D8HS8 and
TE111.5D11; fig. S3, B to D). Albeit reduced, 3KL still showed re-
sidual extrasomatic ERa, suggesting that local ERo—mediated pro-
tective E2 pathways are—at least in part—functional, in line with
increased LTP by DHED treatment (Fig. 2, H and I). The decrease
of ERa punctae was not paralleled by differences in density for the
SV membrane-protein synaptophysin (Fig. 3A and table S3). While
we found lower overall ERa densities in 3KL males, occasional
larger ERa foci colocalizing with 15G7 in 3KL (both male and
female) mice versus WT were further observed (Fig. 3B, P <
0.0001; table S3, more detailed images by STED in fig. S3F).
These observations suggested that part of ERa may be sequestrated
into synaptic 3K aS" deposits. Using an antibody against ERp, spor-
adically observed extrasomatic profiles showed only limited coloc-
alization to aS™ or ERa" (fig. S3G).

The extrasomatic distribution of ERa depends on its association
with the PM, which is directed by ERa palmitoylation and associa-
tion with caveolin-1 (Cavl) (47, 48). Therefore, we next studied the
association of ERa with Cavl using immunostainings and proxim-
ity ligation assays (PLAs). Double labeling depicted ERa puncta co-
localizing with Cavl at the cytoplasmic periphery in WT mice (fig.
S3H). Upon this, we next developed an ERa:Cavl PLA using the
same antibodies. As expected, PLA signal was localized at the cyto-
plasmic periphery (indicated by MAP2"), while barely any nuclear
signal was observed, in line with the ERa:Cav1 interaction at the PM
(fig. S3, I and J). Quantification of ERa:Cavl PLA" in the hippo-
campal SO showed decreased signal in 3KL versus WT but being
relatively spared in 3KL females (Fig. 3C, two-way ANOVA effect
genotype: P < 0.0001; post hoc 3KL versus WT males: P = 0.001;
post hoc 3KL versus WT females: P = 0.007; more details in
table S3).

In addition, when studying distribution patterns of ERa, we
found indications for perinuclear enrichment of ERa in 3KL
mice, colocalizing with hu-aS" inclusions (Fig. 3D). Immuno-
TEM corroborated this finding by perinuclear ERa immunogold
in the vicinity of lipid-rich aggregates typical of 3K aS pathology
(fig. S3K) (33, 34). ERp antibodies showed limited localization to
perinuclear aS* inclusions and mainly revealed immunoreactivity
in the nucleus regardless of the presence of aS" inclusions in
3KL/WT (fig. S3L). To determine whether ERa also localized to

Moors et al., Sci. Adv. 9, eadj1454 (2023) 17 November 2023

LBs in the PD or DLB brain, double IF experiments were conducted
in postmortem tissue of patients with PD and DLB. Different anti-
bodies against ERa, but not negative primary antibody controls (fig.
S3M), demonstrated immunoreactivity in pSer129 aS™ LBs of the
substantia nigra (SN) and hippocampus/transentorhinal cortex
(Fig. 3E). In contrast, no immunoreactivity was detected in LBs
when using an antibody against ERp (fig. S3N). To validate the
impact of aS inclusion pathology on ERa nuclear versus cytoplas-
mic distribution, we quantified ERa" foci in nucleus and cytoplasm
between cortical neurons with/without aS™ inclusions and found
that neurons with aS* inclusions showed fewer nuclear and more
cytoplasmic ERa” than those without pathological inclusions
(fig. S30).

Together, these data suggest (early) aS dyshomeostasis by 3K de-
creased synaptic ERa availability, possibly affecting its transport by
sequestration into perinuclear aggregates in 3KL (and also in PD/
DLB tissue; summarized in Fig. 3F). At 6 months, reduced extraso-
matic ERa distribution was more pronounced in 3KL males than in
females, supporting a possible role for extranuclear ERa in partially
protecting hippocampal synaptic function under conditions of syn-
ucleinopathy in 3KL females. As ERa palmitoylation is essential for
its extranuclear distribution (48), we conducted acyl-biotin ex-
change (ABE) assays on whole-brain lysates of WT/3KL males
and females in combination of downstream detection of ERa by
WB. In these WBs (antibody: D8HS), the ~65-kDa form of ERa,
corresponding to full-length monomeric ERa, was the major ob-
served proteoform. While additional weaker smaller-sized (45
kDa) signals were observed in input samples, these were below de-
tection level in ABE-processed (palmitoylated) extracts (fig. S3P).
While our assays showed unambiguous signals for ~65-kDa ERa
in WT mice, levels for palm-ERa were diminished in 3KL mice
(Fig. 3G). Quantifications confirmed a marked reduction of ERa
palmitoylation both in male and in female 3KL compared to WT
(Fig. 3G; effect genotype in two-way ANOVA: P = 0.0008; table S3).

Inhibiting de-palmitoylation by a brain-penetrant APT1
inhibitor improves cognitive test performance and synaptic
deficits in 3KL mice

Since we found that ERa palmitoylation was decreased in male and
female 3KL (Fig. 3G), developing estrogen-dependent synaptic def-
icits between ages 6 and 12 months (Fig. 2), we hypothesized that
increasing local ERa palmitoylation could potentiate protective re-
sponses and alleviate the observed phenotypes. Previous studies re-
ported that APT inhibitors (such as palmostatin B) reduced de-
palmitoylation of ERa, thereby prolonging its membrane availabil-
ity (49) and making it less vulnerable for degradation (50). In addi-
tion, the in vivo potency of small molecules such as ML348 to
inhibit APT1 was established in tissue proteomes from mice (51).
ML348 dose-dependently reduced inclusions and pSer129 of a$S
in E46K and 3K aS neuronal cultures (41) and restored synaptic in-
tegrity in cellular and mouse models of Huntington's disease [HD,
(42)]. Thus, we aimed to test effects of ML348 (structure shown fig.
$4B) in mitigating aS-induced synaptic dysfunction.

First, we evaluated pharmacokinetics (PK) of ML348 in 12-
month-old C57Bl6 mice after daily intraperitoneally injected
doses of 15 or 50 mg/kg for 10 days (fig. S4, A and C). We detected
an average of 122 ng/mg in the brain at 15 mg/kg with a dose-de-
pendent raise to 499 ng/ml at 50 mg/kg. The average brain:plasma
ratio was ~1:1, demonstrating good brain penetration, in line with
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Fig. 3. aS inclusion pathologies affect ERa distribution and palmitoylation. (A) Representative images (left) and quantification (right) of synaptophysin* (top) and
ERa + (bottom) puncta in the hippocampal SO of 3KL versus WT males/females and quantification of average %ERa area per mouse (five fields). (B) Higher-resolution
images of ERa/aS" in the hippocampal SO of 3KL versus WT males/females and size analysis of colocalizing particles. Arrowheads point to larger-sized ERa/aS foci in 3KL.
(C) Representative images of ERa:Cav1 PLA in 3KL and WT and quantitation of PLA % area in the hippocampal SO (data points represent average % area per mouse over
five subfields). (D) Confocal microscopy of cortical neurons labeled for ERa/hu-aS*/4’,6-diamidino-2-phenylindole (DAPI) highlight ERa localization to hu-aS* inclusions in
3KL (yellow arrowhead) versus nuclear ERa + in WT. (E) ERa localization to DLB (top) and PD (bottom) LBs in the transentorhinal cortex (top) and SN (surrounding neuro-
melanin indicated), respectively. (F) Hypothesis: ERa is sequestered into abnormal perinuclear aS* inclusions and depleted around synapses in 3KL mice (and human PD/
DLB). (G) WB image of palm-ERa (by ABE assay) in total brain lysates of 3KL versus WT and quantification (n = 5 to 6 per group). (A), (C), and (G) Dot plots show data from
individual mice (and median); (B) boxplot based on analyzed fields (16 images per mouse; three mice per group). Statistics by two-way ANOVAs [(A), (C), and (G)] and
nonparametric Kruskal-Wallis (B) with Bonferroni/Dunn corrections, respectively (see further table S3); *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

previous observations in HD mice (42). To test for oral availability,
ML348 was dosed in the drinking water or feeding pellets at 35 and
70 mg/kg (0.35/0.7 g/kg food, respectively) daily for 21 days, and
tissue concentrations were compared to the intraperitoneal PK
study. Albeit at substantially lower levels, ML348 was detected in
the brain after treatment with feeding pellets at 70 mg/kg
(average: 23 ng/mg; brain:plasma ratio: ~1:1; fig. S4, A and C).
However, ML348 administration in water was associated with sub-
stantially lower levels in the brain, likely due to poor water solubility.
To confirm that ML348 increased palm-ERa, we performed ABE
assays and downstream detection of ERa by WB (similar to
Fig. 3G). Because of very low levels of palm-ERa in 3KL mice by
WB, we also applied more sensitive mouse ERa ELISA (fig. S4E).
Oral treatment resulted in dose-dependent increase of ML348

Moors et al., Sci. Adv. 9, eadj1454 (2023) 17 November 2023

brain levels [and above those previously reported benefiting HD-
like symptoms in mice (42)].

To test for potential therapeutic effects of ML348 on behavioral
and synaptic impairments in 3K aS mice (Fig. 2, A to C), these mice
were treated with ML348 dosed at 0.7 g/kg in feeding pellets for 90
days. The schematic treatment plan and readouts, including cogni-
tive and motor performances during and after treatment, is present-
ed in Fig. 4A. WT mice without these impairments were separately
analyzed since we did not expect that enhancing protein palmitoy-
lation would have any effect. Adding ML348 to the feeding pellets
did not change overall chow intake of ~2.5 to 3 g/day of WT/3KL
mice, indicating a daily dose of approximately 60 to 70 mg/kg, or
differences in weight between placebo- and ML348-treated mice
(fig. S4F).
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non-significant; *P < 0.05;**P < 0.01; ***P < 0.001; ****P < 0.0001.
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Fine motor and balancing skills were measured by rotarod after
30 and 80 days of ML348 treatment. At both time points, ML348-
treated 3KL males and females both showed improved motor per-
formances compared to placebo (Fig. 4B). Taking measurements at
both time points into account, three-way ANOVA revealed a signif-
icant effect of treatment (P < 0.0001; table S4). While 3KL females
performed better than males (reflected by a significant effect of sex;
P < 0.0001), no treatment X sex interaction effect was found (P =
0.39). 3KL females showed significantly improved performance
both at 30 days (P = 0.004) and 80 days (P = 0.0008) of treatment,
while the ML348 effect was only significant in 3KL males after 80
days (P = 0.01). No significant improvement or deterioration of
rotarod performance was observed in WT mice following treatment
(Fig. 4C and table S4).

In NOR tests, ML348-treated 3KL mice showed higher discrim-
ination ratios compared to placebo after 80 days of treatment
(Fig. 4D), suggesting ameliorated spatial reference memory. A

significant overall treatment effect was observed by two-way
ANOVA (P = 0.004, table S4). Individual post hoc results for com-
parisons in males/females showed strong trends for better perfor-
mance in both sexes although nonsignificant after Bonferroni
correction (males, P = 0.06; females, P = 0.06). To validate improved
spatial memory by ML348 in 3KL, animals were also tested in a Y
maze. Analysis by two-way ANOVA revealed a beneficial ML348
treatment effect in 3KL mice (F, s, = 7.508; P = 0.008; Fig. 4F).
To exclude changes in exploring the mazes, we evaluated ambula-
tory activity in the NOR/Y maze and found no differences between
groups (fig. S4, G and H). No significant treatment effects were
found in WT mice for NOR or Y maze performance (Fig. 4, E
and G, and table S4).

To evaluate LTM in placebo- and ML348-treated mice, an
MWM test was finally conducted during days 80 to 90. No
between-group differences were seen during the 4-day training
phase (acquisition), in which all (placebo- or ML348-treated 3KL/
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Fig. 5. ML348 ameliorates aS dyshomeostasis and cytopathology in the hippocampus and cortex of 3KL mice. (A) Representative WBs for aS (top, ab: Syn-1) and
DJ-1 in DSG—cross-linked frontal cortex samples. Graphs, quantification of (60 + 80 + 100 kDa) multimer:(14 kDa) monomer ratios for aS (top) and of dimer/monomer
ratios for DJ-1 (full blots for quantification in fig. S7). (B) WB detection of aS in sequentially extracted TBS and RIPA hippocampal extracts of placebo (Pb)-treated and
ML348-treated 3KL. WT mice are shown as reference. Graph shows quantification of ML348 effects on aS solubility (TBS:RIPA) in 3KL by WB. (C) Representative IHC images
of pSer129 aS* in ML348- and placebo-treated female and male 3KL mice. Quantification of pSer129 aS I0Ds in the cortex and hippocampus in sections of ML348- and

placebo-treated 3KL mice. Dot plots show data from individual mice (and median).

correction are presented (see table S5); *P < 0.05.
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Statistics by two-way ANOVAs. Results of planned post hoc tests with Bonferroni
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WT) mice learned to find the hidden platform (P < 0.05; fig. S4], P
values in fig. S4K). Two-way ANOVA showed a significant overall
treatment effect by ML348 (P = 0.005; Fig. 4H and table S4). In par-
ticular, after a 7-day retention period, placebo-treated 3KL males
took longer to find the hidden platform than ML348-treated 3KL
males (Pf = 0.02; table S4), which performed more similarly to
WT mice. This effect was not paired with changes in swim speed
between groups (fig. S4I). Although post hoc results for females
were not significant (P = 0.31), no significant treatment x sex inter-
action effect was found (P = 0.40). No significant treatment effects
were found in WT mice (Fig. 41 and table S4).

We next tested the effect of ML348 treatment on hippocampal
synaptic function by measurement of LTP in tissue slices. We ob-
served that LTP levels were significantly elevated in ML348- versus
placebo-treated 3KL mice (Fig. 4, ] and K; two-way ANOVA treat-
ment effect: P < 0.0003). Post hoc test revealed that ML348 effects on
LTP were only significant in 3KL females (P = 0.0002; P = 0.23 in
males, table S4), although no significant treatment x sex interaction
effect was found (P = 0.09; table S4). No significant effect above
physiological LTP levels was found in WT mice after ML348 treat-
ment (Fig. 4L). Together, our results suggest that inhibiting de-pal-
mitoylation by ML348 improves cognitive performance and
hippocampal synaptic function in 3KL mice.

Oral ML348 treatment alleviates aS dyshomeostasis in

3KL mice

To study whether ML348 synaptic benefits are paralleled by changes
in aS homeostasis, we next analyzed aS biochemistry in the hippo-
campus of placebo- and ML348-treated 3KL male/female mice
using WB, and pSer129 aS histopathology in the cortex and hippo-
campus by IHC (Fig. 5). Given that the behavioral deficits in both
3KL males and females were ameliorated by ML348, without detect-
ing significant treatment X sex interaction effects, we decided to also
combine groups in our data analysis and graphing for further eval-
uation and appreciation of overall treatment effects in our cohort.
Results for pooled male/female datasets were compared using a sep-
arate t test (male and female placebo-treated 3KL mice versus male
and female ML348-treated mice).

Corroborating results at 6 months (Fig. 1A), we observed de-
creased multimeric relative to monomeric a$ species in placebo-
treated 3KL compared to WT mice (Fig. 5A and fig. S5A).
However, multimer:monomer ratios were higher after ML348 treat-
ment. Two-way ANOVA analysis showed a significant overall treat-
ment effect (treatment effect: P = 0.04; details in table S5).
Individual post hoc results in placebo- versus ML348-treated 3KL
males and females did not reach significance, although a strong
trend was observed in 3KL females (P = 0.07). No significant treat-
ment x sex interaction effect was found (table S5). Comparison of
pooled results from placebo- versus ML348-treated males and
females together in a t test supported an overall increase in aS multi-
merization after ML348 treatment (f,, = 2.22; P = 0.04; Fig. 5A).
This effect was not paralleled by changed DJ-1 levels between
groups (Fig. 5A) or actin (fig. S5A).

In further support of an improved soluble aS homeostasis, we
observed elevated levels of TBS-soluble aS in hippocampal extracts
of ML348- versus placebo-treated 3KL mice (Fig. 5B), reflected by
higher TBS:RIPA aS ratios (two-way ANOVA ML348 treatment
effect: P = 0.03; table S5). Although similar trends in 3KL males
and females were not significant in these analyses after multiple

Moors et al., Sci. Adv. 9, eadj1454 (2023) 17 November 2023

testing correction (table S5), analysis of pooled male/female data
by Student'’s ¢ test did reach significance (t;, = 2.818; P = 0.02).
ML348-treated 3KL mice further exhibited reduced HMW insolu-
ble aS species in hippocampal urea extracts compared to placebo
(fig. S5B). We detected an overall significant treatment effect
(F111 = 12.50, P < 0.01), with similar trends in female (P = 0.04)
and in male (P = 0.14) 3KL mice. We next analyzed pSer129 aS*
histopathology (Fig. 5C) in cortex and hippocampus of fixed sec-
tions. Analysis of pSer129" aS integrated optical densities showed
a significant reduction by ML348 (treatment effect two-way
ANOVA; P = 0.04; table S5). No significant effects were observed
for sex or (treatment x sex) interaction effect (table S5). Overall,
we conclude that inhibiting de-palmitoylation by ML348 resulted
in subtle but significant amelioration of the soluble aS homeostasis
in 3KL male and female mice, reflected by increased aS multimeri-
zation, detergent solubility, and a reduction of pSer129* aS inclu-
sion pathology.

Increased palmitoylation, synaptic availability, and
expression levels of ERa by ML348 associate with
phenotypic and synaptic benefits in 3KL mice

Since we hypothesized that treatment effects of ML348 would be—
at least in part—mediated by increased synaptic availability of
palm-ERa, we next conducted electrophysiology in acute hippo-
campal sections in the presence/absence of the selective ERa antag-
onist MPP (similar to Fig. 2, H and I). In addition, we applied the
PLA for synaptic, palmitoylated ERa:Cavl association (similar to
Fig. 3C) (47, 52), and ABE assays to confirm increase in palm-
ERa (similar to Fig. 3G). Last, we assessed ESRI transcription
levels in the hippocampus of placebo- or ML348-treated mice, as
sustained increased brain estradiol in sustained treatment studies
was shown to positively correlate with ERa expression level (50, 53).

In line with our expectations, electrophysiology revealed that the
increased LTP by ML348 was partially blocked by MPP in 3KL hip-
pocampal sections (Fig. 6A). While only nonsignificant trends for
increased LTP levels were detected when the analysis was split in
males and females, this became significant when both sexes were
pooled together (Fig. 6B; t test, t;5; = 3.829; P = 0.02). This result
supports a contribution of ERa to LTP improvement by ML348.

To test whether ML348 treatment increased ERa PM availability,
we applied the ERa:Cavl PLA on sections of placebo- versus
ML348-treated WT/3KL mice. We observed increased PLA
signals in ML348-treated compared to placebo-treated mice (treat-
ment effect two-way ANOVA: P = 0.001; post hoc comparisons in
males: P = 0.03; females P = 0.02; Fig. 6B and table S6). In further
support of increased association of ERa with the PM, immuno-EM
using an antibody against ERa demonstrated numerous PM-associ-
ated immunogold particles in ML348-treated mice (fig. S6A);
however, this was not further quantified in the present study.

The increased PM distribution of ERa and MPP-dependent LTP
increase suggested that ML348 treatment resulted in increased pal-
mitoylation of ERa. To confirm this, we measured palm-ERa by
ABE assays in placebo- and ML348-treated 3KL mice. Palm-ERa
was detected by ELISAs in ABE fractions, which we validated by
WB. ELISA measurements showed an increase in palm-ERa level
by ML348 in 3KL mice (Fig. 6C; +45%; two-way ANOVA treatment
effect, P = 0.03; table S6), albeit stronger in females (+57%, P = 0.03)
than in males (+24%, not significant). No significant treatment x
sex interaction was found (P = 0.28). Pooling males/females
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Fig. 6. ERa expression level and palmitoylation contribute to increased hippocampal synaptic function in 15-month-old 3KL mice after ML348. (A) Average (M +
F) traces of LTP (%fEPSP) in hippocampal sections of placebo- and ML348-treated 3KL males/females and after acute administration of the selective ERa antagonist MPP
on sections of ML348-treated mice; (right) quantification of average %fEPSP slopes during the last 5 min of the measurement shown for male/female 3KL and combined
(M + F). (B) Representative images and quantification of ERa:Cav1 PLA area in hippocampal SO subfields, shown for in 3KL male and female and combined (M + F). Scale
bar, 20 um. (C) Representative WB and ELISA-based quantification of palm-ERa in ABE-processed samples of male and female 3KL mice and combined (M + F; quantifi-
cation in six samples from three mice per group). (D) Relative ESRT mRNA level in placebo- and ML348-treated WT/3KL mice. (E) Heatmap summarizing hippocampal
mRNA profiles for ERs and palmitoyl-acyl-transferases (also see fig. S6 for individual scatter blots). Dot plots show data from individual mice (and median). Statistics by
two-way ANOVAs. Results of planned post hoc tests with Bonferroni correction are presented (see table S6); *P < 0.05 and ***P < 0.001.

together in a ¢ test showed a significant increase in palm-ERa after
ML348 treatment (t3y = 2.09; P = 0.05). Of note, we did not discern
obvious differences in total palmitoylated proteins in ABE fractions,
suggesting more subtle or selective effects (fig. S6B).

As previous reports had indicated ERa transcriptional activity
and physiological level depend on palmitoylation (50), and ERa
can up-regulate its expression levels in a feedforward mechanism
(53), we next tested mRNA expression of ERs and selected other
genes on hippocampal tissues of WT/3KL mice after ML348 treat-
ment at 15 months: We conducted quantitative polymerase chain
reaction experiments for ESRI (ERa), ESR2 (Erf), and the ER-pal-
mitoylating enzymes DHHC?7 and DHHC21, as well as DHHC5. We
found that ESRI expression was increased (two-way ANOVA treat-
ment effect: P = 0.04, Fig. 6D and table S6) and more similar to WT
levels after ML348 treatment. No significant differences were found
for other selected genes (Fig. 6E; given similar trends in males/
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females, pooled results are presented here for visualization purpos-
es, and results per individual group are provided in fig. S6, C to F).
Although we did not observe differences in DHHCs transcription
levels, this does not rule out that ML348 treatment resulted in
changes in its posttranslational modification, which have recently
been shown to regulate DHHC activity, for instance, by their phos-
phorylation, S-acetylation, or ubiquitination (54). Of note, we
found that overall hippocampal ESR2 levels were substantially
lower when compared to ESRI (fig. S6G), which might be in line
with previous reports that ERa is transcriptionally more active
than ERP (45).

DISCUSSION
Despite increased appreciation of lower prevalence, slower progres-
sion, and milder cognitive and neurodegenerative (e.g., atrophy and
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preserved DAT availability) features in women with early-stage PD
(55), the mechanisms that drive this contrast remain insufficiently
characterized. Part of these differences could be caused by sexual
dimorphism in the homeostasis and processing of aS, a central
player in PD pathogenesis. A better understanding of cellular path-
ways underlying increased resilience against aS-related pathologies
in females may provide a basis for the development of protective
therapeutic strategies in PD.

Here, we investigated the relationship between estradiol, ER dis-
tribution, and the delay of synucleinopathy by female sex we previ-
ously reported in PD-like mice (33, 34). In line with clinical PD, we
found a delayed onset of phenotypes in female compared to male
3KL mice with moderate overexpression of 3K mutant aS, repro-
ducing our previous findings in a higher-expressing model (34). Se-
quential extractions and intact-cell cross-linking revealed increased
as solubility and multimerization in females compared to males at 6
months, associated with less Ser129p aS" inclusion pathology
(Fig. 1). These differences were not driven by variations in SNCA
transcript levels. Further phenotyping by behavioral tests and elec-
trophysiology revealed that cognitive phenotypes and synaptic
function manifested at a later time point in female 3KL (Fig. 2).
In line with stimulating effects of estrogen on synaptic transmission
(39), elevating brain E2 in 3KL males by DHED treatment or acute
E2 administration on sections increased synaptic strength. Previous
studies have collectively shown a complex relationship between es-
trogen and synaptic function and behavior, in which intermediate
doses show optimal effects (44). Our interpretation of better cogni-
tive function and hippocampal LTP in 3KL male mice, but not WT
(Fig. 2), after DHED treatment is that supraphysiological E2 levels
are able to compensate for specific pathological insults by 3K aS.
Thereby, increased (periodic) estrogen exposure in females may
preserve synaptic integrity at early disease stages in female 3KL
mice and women with de novo PD (5, 6).

The E2 effect could be blocked using ERa-specific but not ERB-
specific antagonists, suggesting that the prevention of synaptic aS
pathologies was mediated by locally available ERa. We found indi-
cations that differences in synaptic ERa availability may drive this
increased responsiveness due to altered cellular distribution
between male and female 3KL (Fig. 3). In particular, more extraso-
matic ERa" immunoreactivity was observed in female versus male
3KL, in line with a previous study (30). Furthermore, ERa distribu-
tion was affected by progressing 3K aS pathologies, indicating se-
questration of ERa into perinuclear aS" aggregates. The potential
relevance for perinuclear ERa arrestation in PD was underlined
by the observation of ERa, but not ER, localizing to LBs in the
PD/DLB brain. The implication of ERa in protective estrogen re-
sponses against aS-induced pathologies may have prominent func-
tional and pathogenic implications in conditions of aging and
neurodegeneration. Previous studies have suggested benefits for
sex hormone treatment in PD (56), which may be further improved
by brain-selective compounds (34, 57). Moreover, different studies
reported that the ERa agonist PTT offers protection against DA
neurodegeneration in toxin-based rodent PD models (58, 59).
Our findings further substantiate the role of E2 in preserving syn-
aptic plasticity in aS mutant mice, which, our results suggest, relies
on the local availability of palm-ERa.

Previous reports indicated that E2 rescues synaptic strength in
hippocampal sections of conditional aromatase knockout mice
through rapid-acting extranuclear signaling mechanisms (60),
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suggesting that local signaling pathways leading to enhanced synap-
tic plasticity are operational at the site of synaptic termini. The dis-
tribution of ERs is more heterogeneous than previously appreciated,
including localization at the PM and around synapses (46). The
recent identification of ERa's palmitoylation site (47, 48, 61, 62)
and synaptosomal membrane binding (49, 63, 64) has helped in
clarifying the role of extranuclear ERs in synaptic plasticity, collec-
tively demonstrating stimulating effects of ERs on LTP formation
(30). Hippocampal CA1/CA3 neurons are major producers of ERs
following E2 exposure (65), but ER expression levels decline with
age (66, 67), potentially altering the risk on PD. Increased LTP re-
sponsiveness to estrogen stimuli in female brain neurons may
further be implicated in their enhanced ability for synaptogenesis
(68) and/or generation of neurites after injury (69) or presynaptic
vesicle release (70). Of note, sex differences in hippocampal LTP
have previously been attributed to the X chromosome (7I) and
sex hormones (44). In our study, we found no differences in
SNCA mRNA expression between 3KL males and females, and
similar behavioral phenotypes in prepubescent (2-month-old)
3KL mice, supporting a contribution of sex hormones or, alterna-
tively, sex differences in the epigenetic status, which should be ad-
dressed in future studies.

Palmitoylation of ERs is pivotal for their transport to and main-
tenance at the synaptic PM to increase synaptic plasticity (47, 72).
We observed that protective E2 effects on aS-induced synaptic def-
icits in 3KL males were mediated by local ERa, and both ERa pal-
mitoylation and extrasomatic distribution were decreased in 3KL.
Previous studies showed that APT inhibition by palmostatin B
slowed ERa degradation and prolonged its availability at PMs (49,
50). Moreover, ML348 was shown to reduce aS inclusions and
pSer129 in E46K and 3K aS culture models (41) and to restore syn-
aptic deficits and mutant nuclear huntingtin accumulation in HD in
vitro and in mouse brains (42). Inhibiting de-palmitoylation in 3KL
mice by ML348 in this study ameliorated motor and cognitive phe-
notypes, reinstated synaptic plasticity, and increased aS solubility
(Figs. 4 and 5). These effects were associated with increased palm-
ERa levels and increased PM association. Moreover, we observed a
partial blocking of ML348-improved LTP by an ERa antagonist
(Fig. 6), all suggesting a contribution of ERa to the ML348 treat-
ment effects.

In accord with previous findings from our laboratory [e.g., (34,
73, 74)], increased soluble aS homeostasis associated with improved
phenotypes in 3K aS-expressing mice. Our observations support
that preservation of aS solubility may protect physiological aS func-
tion at the synapse. Increasing aS solubility has been explored by
various therapeutic approaches, e.g., by preventing formation of in-
soluble aS species (e.g., using compounds with chaperoning/disag-
gregating functions) (75), or reducing abnormal binding of aS to
membranes [e.g., by SCD1 inhibition (73, 76)].

In our current study, we aimed to stimulate synaptic E2 recep-
tiveness by increasing local ERa distribution. A potential mecha-
nism to explain the effects of elevated E2 and extrasomatic ERa
on aS-induced synaptic dysfunction could be that E2:ERa signaling
counteracts the effects of membrane-associated aS at the synapse;
ERa was previously suggested to increase synaptic transmission
by mobilizing SVs (63), while the opposite—decreased SV mobility
and neurotransmitter release—has been shown for aS (77, 78). By
stimulating SV flux, synaptic binding of E2 to ERa may release SV
from excessive clustering by 3K aS, thereby rendering aS more
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soluble. Moreover, previous findings that gamma-synuclein chaper-
ones ERa (79) raise the possibility of a direct interaction between
ERa and another member of the synuclein family. Other mecha-
nisms underlying protective estrogen signaling could relate to ag-
gregate-resolving features of estrogen/ERa: For instance, ERa has
been implicated in autophagy (34), by which it could possibly
enhance aS aggregate turnover, while E2 was reported to exert dis-
aggregating effects on aS fibrils in vitro (80).

Limitations

The results leading to the conclusions of this study were obtained in
a humanized mouse model expressing 3K aS, a phenotypic ampli-
fication of the E46K mutation (33), which models excessive binding
of aS monomers to (SV) membranes and downstream pathologies.
Despite emerging evidence for a role of aS's interactions with phos-
pholipid membranes in PD pathogenesis (76), our results will have
to be corroborated in the context of single aS mutations or sporadic
PD. Although synaptic deficits have been demonstrated in various
aS-overexpressing mice (23), to the best of our knowledge, these
studies have so far not reported sex differences in synaptic function.
Characterization of sexual dimorphisms and hormonal influences
in the onset, severity, and progression of aS-related pathologies
(e.g., synaptic dysfunction) in other PD models will aid better trans-
lation of our findings to human PD.

In addition, our study is focused on the protective effects of E2,
while the effects of other hormones such as follicle-stimulating
hormone or testosterone on aS-related pathology have not been ad-
dressed. However, previous studies on E2 benefits in PD models by
us and others (34, 56-59) argue for a role of E2:ER signaling in PD.
Furthermore, while our electrophysiology and imaging data sug-
gested that amelioration of aS-induced synaptic impairment by
E2 was more prominently mediated by ERa than ERP (in line
with substantially lower hippocampal ESR2 expression levels), our
results do not rule out a (smaller) contribution of ERB to the
DHED/ML348 treatment effects.

A limitation in studying ERa is the unclear specificity of available
antibodies. We have addressed this by systematic comparison and
selection of antibodies based on their immunoreactivity profiles
and by reproducing our main findings using different antibodies.
Moreover, using ERa:Cavl PLA, we developed a method to visual-
ize ERa associated with the PM, which was supported by the ob-
served extranuclear distribution of signal (fig. S3). We found that,
although extrasomatic ERa was preserved at 6-month-old female
3KL mice, at this time point, they showed already moderately de-
creased levels of ERa:Cavl PLA signals compared to WT and
lower ERa palmitoylation levels by WB at this time point. While
this could suggest a temporal order in pathological changes ulti-
mately affecting ERa availability and partially masked by higher
E2 exposure in females, a direct assessment of palm-ERa distribu-
tion was not possible as no antibodies against this specific modified
ERa proteoform are currently available.

Our study revealed discrepancies between LTP and memory-as-
sociated behaviors in 3K mice, as the significant increase in LTP in
3KL females was not paired by improvements in all cognitive tests.
Similar discrepancies have been reported in literature (81). A likely
explanation for differences in the current study is increased sensi-
tivity of electrophysiology to detect differences in defined hippo-
campal synaptic pathways, compared to less robust findings in
memory-associated behavior, that, however, were still significantly
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increased by ML348. Future studies would need to define details of
the underlying synaptic pathways and whether this disease-modify-
ing treatment could be more efficacious in younger mice with less
advanced phenotypes.

ML348 treatment is not specific for ERa but also affects other
APT]1 substrates. Although we observed an overall ~40% increase
of palm-ERa after ML348 treatment in ABE-processed samples
(Fig. 6), the increased palmitoylation of other APT-1 substrates (in-
cluding ERpB) may also have contributed to the ML348 treatment
effects, particularly as palmitoylation of various synaptic proteins
has been implicated in the formation of LTP [reviewed in (82)].
While gross measurements of total palmitoylated protein levels in
ABE fractions did not reveal differences between treatment/placebo
groups, detailed mapping of changes in the brain palmitome after
ML348 treatment could reveal more insights into additional factors
contributing to its observed beneficial effects.

Last, our study did not include genetic controls to confirm our
hypothesized mechanism of action for ML348. ERa knockout mice
and mice that either stimulate or abrogate ERa's membrane associ-
ation have been described in literature (83, 84) but show severe de-
velopmental effects preventing isolated detailed studies of aS-
related pathological phenotypes. Similarly, simultaneous action of
two palmitoyl transferases (DHCC7/DHCC21) (61) complicates
characterization of effects of ERa palmitoylation by genetic ap-
proaches in vivo, particularly as sex differences have been previously
described for DHHC7 expression in young adult (70-day-old) mice
(85, 86). Although we did not find significant differences in DHHC
expression in aged mice (fig. S6), this does not rule out a contribu-
tion of sex-specific differences in DHHC activity. Genetic crosses of
triple-transgenic DHHC7/DHHC21/SNCA mutant mice may there-
fore be required to further dissect the exact impact of (ERa) palmi-
toylation on synaptic function.

In summary, in addition to the previously described benefit of
ML348 on aS aggregation and toxicity in PD-derived neurons
(41), the results of this study provide additional insights into the
relationship of a$ solubility, synaptic ERa distribution, and synaptic
function. Our study in a moderately overexpressing mouse model of
synucleinopathy provides evidence for a role of synaptic ERa avail-
ability in female sex protection against aS-induced synaptic pheno-
types and suggests that ERa-dependent pathways are able to
compensate for specific pathological events by 3K aS (e.g., accumu-
lation of aS monomers with SV membranes), thereby improving
cognitive dysfunction in 3KL mice. A better understanding and
future modulation of these pathways may provide more individual-
ized, sex-specific therapeutic options in PD and associated
disorders.

MATERIALS AND METHODS

Study design

The objective of this study was to examine the impact of sex and
estrogen on aS-related synaptic impairment, which is considered
an early pathological event in PD. To accomplish this, we studied
unique mice with moderate overexpression of a phenotypic ampli-
fication of the familial PD-causing E46K aS mutation (3KL mice).
Sex differences were studied in 3KL mice at 6 months, a time point
associated with the onset of early symptoms and pathology.
Between three and five mice for biochemistry, histology, and elec-
trophysiology and six to eight mice for behavior were randomly
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selected for each of these experiments. The number of animal
numbers per experiment was determined by the investigators
based on previous experience or based on pilot studies. For study
of treatment effects of recently published APT1 inhibitor ML348,
3KL males and females were randomly assigned to placebo or
ML348 treatment groups (n = 7 to 8 per group) for behavioral
studies. Within each group, multiple hippocampal sections from
three brains per group were studied in electrophysiology experi-
ments and ABE assays, while brains for four of five mice per
group were dissected and processed for biochemical analyses and/
or histology. The number of mice per group is included in the
figure legends.

Experimental animals and ML348 oral treatment

For this study, we used homozygous 3KL aS mutant mice (line no.
3798; JAX, stock 032799) and human WT aS-overexpressing mice
(WT, line no. 3877; JAX, stock 414486) or nontransgenic control
littermates, as indicated in result text or figure legend. Generation
and initial characterization of the mouse lines was described previ-
ously (33, 34). In previous studies, WT mice were shown to reveal
only very subtle behavioral phenotypes until ~12 months of age (33,
34, 73, 74), while 3KL mice developed a progressive motor syn-
drome with initial symptoms manifesting around the age of 6
months (33). All mice were bred and maintained separately at the
Hale Building for Transformative Medicine facility in accordance
with National Institutes of Health guidelines on use of laboratory
animals and an approved protocol (BWH, N2016000314) by Mass
General Brigham. Mice were kept in normal 12-hour light/12-hour
dark cycles and had free access to food and water. For ML348 treat-
ment, 12-month-old male and female mice were administered the
compound (0.7 g of ML348/kg food) accessible ad libitum in stan-
dard diet (Research Diets Inc., New Brunswick, NY).

Behavioral tests

All data acquisition and analyses were carried out by an individual
blind to the genotype. Six- to fifteen-month-old mice were used for
experiments. NOR, Y maze, and MWM testing were tracked with an
automated activity detection system, and EthoVision XT software
(Noldus) was used to analyze spatial preferences and ambulatory
activities (for details on tests, see the Supplementary Materials).

PK parameter analysis for ML348

Analysis for PK parameters of plasma and brain was performed by
the Integrated Molecular Structure Education and Research Center
(IMSERC) at Northwestern University (Chicago, IL; supported by
funding 1-S10-OD021786-01). After administration of ML348 for
10 days (intraperitoneal) (daily at 15 or 50 mg/kg) or 3 weeks (oral
in standard diet at 35 or 70 mg/kg), whole blood samples were ob-
tained from cardiac veins for terminal sampling 2 hours after final
intraperitoneal dosing into heparinized tubes, and then the brain-
stems and livers were collected. Brainstems and liver were snap-
frozen, and the plasma fraction was immediately separated by cen-
trifugation (3000 rpm, 6 min, 4°C). All tissue was stored at —80°C
until liquid chromatography—mass spectrometry analysis.

IHC/IF experiments

Brain was dissected from the skull and postfixed in 4% paraformal-
dehyde for another 48 hours at 4°C. Brains were cut into 25-pm cry-
otome sections. After treatment with H,O, to block endogenous
peroxidase in the tissue [0.3% in phosphate-buffered saline (PBS),
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30 min] and blocking (10% normal goat serum, 1 hour in PBS +
0.05% Tween), sections were incubated overnight at 4°C with
anti-pSer129 aS (EP1536Y; Abcam; 1:50,000; RRID: AB_1193226)
or ERa (TE111.5D11, Invitrogen, 1:1000; RRID: AB_2101962)
diluted in PBS. For ERa staining, sections were additionally
blocked in 10% normal mouse serum in PBS for 1 hour. After
washing with PBS, the sections were incubated with the respective
biotinylated secondary antibodies (1:200 in PBS; Vector Laborato-
ries) and subsequently transferred to ABC solution (1:500 in PBS;
Vectastain Elite Kit, Vector Laboratories; RRID: AB_2336819) for 1
hour and visualized with 3,3’-diaminobenzidin (Vector Laborato-
ries; RRID:AB_2336382) as previously described (33).

For IF experiments, sections were blocked and permeabilized in
10% normal donkey serum in PBS containing 0.1 to 0.4% Triton X-
100 and incubated overnight at 4°C with primary antibodies. For
ERa staining, sections were additionally blocked in 10% normal
mouse serum in PBS for 1 hour. This was followed by three 5-
min washes and incubation with matching fluorophore-conjugated
secondary antibodies [1:200 in PBS; Alexa 488, 568, and 647; Abbe-
rior STAR 488 RRID (AB_2910107), 580 (RRID:AB_2833016), and
635p (RRID:AB_2893232)] for 2 hours at room temperature. The
sections were treated with TrueBlack autofluorescence quencher
before mounting using 4’,6-diamidino-2-phenylindole (DAPI)—
containing mounting medium (Vectashield) and Prolong Glass
antifade mountant (Thermo Fisher Scientific) for confocal and
STED experiments, respectively.

Proximity ligation assay

In situ PLA (Duolink) was performed in accordance with the man-
ufacturer’s protocol. Briefly, samples were permeabilized using
0.3%Triton X-100 in PBS, further containing 5% normal mouse
serum. After this, sections were blocked using Duolink blocking sol-
ution for 1 hour at 37°C. Sections were incubated overnight in
diluted primary antibodies against ERa (TE111.5D11, Invitrogen,
RRID: AB_2101962, 1:100 in Duolink Antibody Diluent) and
Cavl (no. D46G3; RRID:AB_2275453, Cell Signaling Technology;
1:100 in Duolink Antibody Diluent) at 4°C. After washing, the
sections were incubated with Duolink PLA probes (goat anti-
mouse PLUS; goat anti-rabbit MINUS) for 1 hour at 37°C, after
which, ligation and amplification steps were performed according
to the manufacturer’s protocols (incubation times: 30 and 90 min
at 37°C, respectively). Sections were washed and treated with True-
Black autofluorescence quencher (Biotium) before mounting using
DAPI-containing mounting medium (Vectashield).

Confocal and STED microscopy

Confocal microscopy was conducted with a Leica TCS SP8 STED 3x
microscope and LASX navigator software (Leica). Images were ac-
quired using an HC PL APO CS2 63x 1.4 numerical aperture oil
objective lens in combination with highly sensitive hybrid (HyD)
detectors in photocounting mode. Resolution was set to a pixel
size of 50 nm by 50 nm or 20 nm by 20 nm for confocal and
STED imaging, respectively. After scanning, deconvolution was
performed using CMLE (for confocal images) and GMLE algo-
rithms (for STED images) in Huygens Professional software (Scien-
tific Volume Imaging; Huygens, the Netherlands).
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Image processing and analysis

Processing and analyses for confocal images were done in Fiji
Image] by an experimenter blinded to the conditions. In short,
images belonging to one experiment were thresholded using the
same preset FIJI algorithm. The FIJI plugin “Colocalization High-
lighter” was used to analyze colocalization by creating a mask of
overlapped pixels. The number or sizes or percentage area of the
colocalized pixels on the resultant 8-bit images was quantified
using the FIJI “Analyze particle” function. Images for WB quantifi-
cation were only adjusted for contrast and brightness.

ABE assay

Tissue homogenates from mouse brain samples were analyzed by
ABE assays as previously described, with minor modifications
(41, 87, 88). Samples were homogenized in lysis buffer (50 mM
tris, 150 NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, and
0.1% sodium deoxycholate, supplemented with protease inhibitors)
using an IKA Microstar 7.5 stirrer at 700 rpm with 35 strokes in a 5-
ml Teflon-coated radially serrated tissue grinder (DWK/Wheaton
#357974). Following protein measurement by the Bradford
method, proteins at a concentration of 1 mg/ml of buffer were
treated with 10 mM NEM for 20 min at 37°C in buffer containing
50 mM tris and 2.5% SDS to ensure protein denaturation. Acetone
precipitation was performed to remove unreacted NEM. Following
this, protein was re-suspended in 240 pl of buffer containing 4%
SDS, 50 mM tris, 5 mM EDTA, and 0.8% Triton X-100. Then,
560 ul of 1 M hydroxylamine solution, pH 7.4 was added, along
with 200 pl of 2 mM biotin-HPDP (Pierce P121341) for a final con-
centration of 0.56 M hydroxylamine and 0.8 mM biotin-HPDP.
Samples were incubated with end-over-end rotation for 1 hour,
then desalted to remove unreacted biotin-HPDP using a Zeba 7K
MW cut-off desalting column (Pierce #89892). To enhance
removal of excess biotin-HPDP and to concentrate protein,
samples were then acetone precipitated as before. Biotinylated pro-
teins were purified using neutravidin agarose (Pierce # 29201),
eluted with 1% B-mercapto-ethanol, separated by SDS-PAGE, and
analyzed by WB or ERa ELISA.

ERa ELISA

The brain concentration of ERa was measured using a mouse-spe-
cific ELISA kit (LSBio, LS-F22233; range, 0.3 to 20 ng/ml) according
to the manufacturer’s instruction. The lysed samples were diluted in
TBS (1:100) or RIPA (1:75) buffer and normalized to the total
protein concentration (Pierce bicinchoninic acid protein assay;
Thermo Fisher Scientific).

Quantitative and statistical analysis

Details regarding each statistical test, biological sample size (1) and
P value can be found in the corresponding figure legends and in
Results. Dot plots with median were used to visualize the individual
data points, unless otherwise indicated. The large majority of data-
sets did not show deviations for normality. Comparisons between
3KL/WT males and females at 6 months were done using two-
way ANOVAs to test the effects of genotype and sex (and also inter-
actions between them), while in behavioral tests and LTP measure-
ments, the effect of time was also studied (three-way ANOVAs).
Post hoc analysis was done using planned pairwise comparisons
(specified in the Supplementary tables) and adjusted by Bonferroni
corrections. In the ML348 treatment studies, two-way ANOVA
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analyses were done on data from symptomatic 3KL mice to
analyze the ML348 effect on their deficits. In addition to the treat-
ment effect (placebo versus ML348), sex effects and interaction
between them were analyzed. Post hoc analysis was done using
planned pairwise comparisons (specified in the Supplementary
tables) and adjusted by Bonferroni corrections. In case of deviation
from normality, Kruskal-Wallis tests were used to test between-
group differences, followed by post hoc tests adjusted by Dunn's
correction. Data from statistical tests are presented in the Supple-
mentary tables to Figs. 1 to 6 (tables S1 to S6). Behavioral tests, his-
tological and ultrastructural imaging, and electrophysiology were
routinely performed blind to the conditions of the experiments.
For free (non-forced) exploration studies in the NOR and Y maze
test, a planned ROUT (Q = 1%) test was used to identify outliers
defined per absence of exploration that exceeded >30% of the
testing time period. Identified outlier in NOR (Fig. 4D): n =1
3KL-F, n =2 WT-F, and n = 2 WT-M. Identified outlier in the Y
maze (Fig. 4E: n = 2 3KL-M). All statistical analyses were performed
using GraphPad Prism 9. Behavioral tests, histological and ultra-
structural imaging, and electrophysiology were routinely performed
blind to the conditions of the experiments. For free (non-forced)
exploration studies in the NOR and Y maze test, a ROUT (Q =
1%) test was used to identify outliers defined per absence of explo-
ration that exceeded >30% of the testing time period. Identified
outlier in NOR (Fig. 4D): n = 1 3KL-F, n = 2 WT-F, and n = 2
WT-M. Identified outlier in the Y maze (Fig. 4E: n = 2 3KL-M).
All statistical analyses were performed using GraphPad Prism 9.

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Tables S1 to S6

Figs. S1 to S6
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