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As all lifeforms must display sensitivity to surrounding chemicals, the mammalian olfactory
bulb (OB) and its peripheral fibers have evolved to sample the air. However, this structural
blueprint may enable transmission of disease triggers into the rhinencephalon (nose-brain).
For example, the OB and olfactory peduncle may be affected with Lewy pathology in early
stages of dementia with Lewy bodies (DLB) and Parkinson’s disease (PD), particularly in
cases with amygdalar predominance [1, 2, 5, 6]. The olfactory peduncle (/.e., foot) connects
the OB with the forebrain and encompasses the anterior olfactory nuclei (AON) and tenia
tectae [7]. The OB and olfactory peduncle are rostral components of /e grand lobe limbigue,
defined by Broca as the /imbus (border) of the cortex (Figure 1 in [13]). However, the
modern view of the limbic system centers on the amygdala, a nuclear complex operating in
support of emotional regulation.

Alongside others working on OB-seeded a-synucleinopathy [15], we demonstrated that
parts of the mouse rhinencephalon develop pathologic inclusions after preformed fibrils

are infused into the bulbar extension of the AON (OB/AON) [3, 4, 9-11]. The inclusions
harbor phosphorylated a-synuclein (pSer129) with occasional ubiquitin, and stain with the
Proteostat aggregate dye [9, 10]. The affected brain regions extend substantial efferents
towards the OB/AON and encompass the piriform and hippocampal cortices, cortical nuclei
of the amygdala, deep layers of the entorhinal cortex, and occasionally, the ventral tegmental
area and accumbens of the mesolimbic pathway. This limbic-centered pattern remains
evident after tyramide-signal amplification (Fig. S1-S3 in [4]).

Many behaviors controlled by limbic structures display biological sex differences, including
smell, anxiety, and spatial/location memory [8, 17, 19]. Hence, we evaluated the impact of
sex on the expression, phosphorylation, and insolubility of a-synuclein within limbic tissues
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of humans with Lewy body disorders or unaffected controls (7= 26; Table S3) and outbred
mice and rats infused in the OB/AON with fibrils or vehicle (7 =77; Fig. 1a; Sla-bh). As
shown in young and aged mice [4, 10], the most heavily affected regions in rats form a
crescent along ventrolateral boundaries of the cerebral allocortex (Fig. 1b; S1c).

Lewy body disease and its experimental correlate induced no changes in net expression

of a-synuclein in bulbar tissues (Fig. S2b, e, h). However, women expressed more bulbar
a-synuclein than did men (Fig. S2b). Lewy body disease and fibril infusions increased the
fraction of a-synuclein phosphorylated at Ser129 in women and female rats (Fig. S2c, f).
Stated differently, the impact of disease was masked in whole-fraction tissues in men and
male rats. Only in mice did both sexes display experimental disease-induced a.-synuclein
phosphorylation in whole tissue extracts (Fig. S2i). Previously, we noted denser inclusions
in some limbic structures of female mice after OB/AON fibril infusions [10], but Al-driven
analyses reveal that female mice form larger limbic inclusions than do males [4].

Given the centrality of the amygdala in limbic function, we evaluated nonionic detergent-
insoluble a-synuclein in this structure. Lewy body disease and its experimental correlate
raised insoluble a-synuclein levels in amygdalae of all three species, as well as the fraction
of insoluble a-synuclein phosphorylated at Ser129 (Fig. 1c—k). The independent factor

of disease—not sex—had main statistical effects on insoluble, a-synuclein. Monomeric
a-synuclein typically migrates at ~17 kDa in denaturing gels [16], the band quantified in all
figures. Other molecular masses were also evident, particularly in amygdalae from diseased
women, and may reflect post-translational modifications (e.g., acetylation, truncation) and
polymerization of a-synuclein. Bands of greater mass displayed high intragroup variation,
perhaps due to distinct diagnoses methods across independent cohorts, and could be
explored as a function of disease stage/subtype in the future.

Subtle sex differences were apparent in the soluble fraction of rat amygdalar tissues (Fig.
S3f), and sex differences in whole-fraction rat tissues (. S2f; S6a-b) translated better

to humans (Fig. S2c; S4d; S5a—d) than did tissues of mice (Fig. S2i; S4f; S7a—d). An
intervariable interaction for disease x sex was only noted for whole-fraction human OBs
(Fig. S5b). Thus, the rat fibril model offers some advantages over mice, in that females may
display more a-synucleinopathy in these limbic regions, but biological sex does not explain
most of the statistical variance in 17 kDa, insoluble a.-synuclein.

Lack of consensus on sex-linked Lewy body disease outcomes has arisen, perhaps because
of the paucity of work on early-stage, drug-naive patients [14]. However, men with de novo
PD display more synaptic dysfunction in the amygdala and hippocampus [18], and men are
more likely to die with limbic Lewy pathology than women (Fig. 1B in [12]). Historically,
variability in female data was touted as a reason to ovariectomize female rodents or

avoid using females altogether. Nowadays, males and female data tend to be collapsed

for understandable reasons (time/money/space), and modern work is often underpowered to
distinguish sex-stratifications. However, we have observed that collapsed data hide effects
that run in opposing directions for the sexes [11]. Therefore, stratifying measurements by
sex is helpful in unmasking distinct properties of male vs. female brains, or in testing
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sex-skewed exposures to potential disease triggers, such as the inhalation and swallowing of
industrial toxicants or microbiota.

Methods

All methods are in Sl files.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Properties of limbic a-synucleinopathy in humans, rats, and mice.
Sprague-Dawley outbred rats were bilaterally infused with preformed fibrils (7= 20; 15 ug

in 3 uL) or an equivalent volume of phosphate-buffered saline (PBS; 7= 12) in the OB/AON
at 4 months of age (a-b). Four months later, hemibrains were immersion-fixed in formalin,
sectioned in the sagittal plane, and immunostained with clone EP1536Y against pSer129 a-
synuclein via TSA amplification as in [4]. Arrow in a points to tissue disturbance along the
needle track, stained with the pan-nuclear Hoechst reagent. Panel b was imaged at 5-micron
resolution on an Odyssey M (extended in Fig. S1). The other hemisphere was reserved

for biochemical assays (f-h). Infusion sites in additional animals are included in Fig. S1.
Insoluble fractions were extracted from postmortem limbic tissues of humans with (7= 13)
or without (n = 13) diagnoses of Lewy body disorders (c-€), or from limbic tissues of rats
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and mice infused in the OB/AON with PBS (control) or preformed fibrils (f-k). For panels
i-k, outbred mice were bilaterally infused in the OB/AON with preformed fibrils (5 ug in 1
uL; 7= 10) or an equivalent volume of PBS (n7=10) at 9-11 months of age. Six weeks post-
infusion, amygdala and piriform cortical tissues were collapsed for ultracentrifugation and
detergent-based fractionation. Recombinant a-synuclein monomers were loaded onto the
last lane in panel i as a negative control for the phospho-specific EP1536Y antibody. LBD

= Lewy body disorder; A.U. = arbitrary units. Triton X-100 = Tx. Each subject is illustrated
as a colored dot as the statistical unit. Two-tailed, multiplicity-adjusted p values per two-way
ANOVA/Bonferroni are shown, and factor effects are listed. For details on methods and
subject numbers, please consult the Supplemental Files. Gaussian/heteroscedastic raw data
that failed assumptions of parametric testing are also in the Supplemental Files.
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