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The center of olfactory bulb-seeded a-synucleinopathy is the
limbic system and the ensuing pathology is higher in male
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INTRODUCTION

Abstract

At early disease stages, Lewy body disorders are characterized by limbic vs. brain-
stem a-synucleinopathy, but most preclinical studies have focused solely on the
nigrostriatal pathway. Furthermore, male gender and advanced age are two major
risk factors for this family of conditions, but their influence on the topographical
extents of a-synucleinopathy and the degree of cell loss are uncertain. To fill these
gaps, we infused o-synuclein fibrils in the olfactory bulb/anterior olfactory nucleus
complex—one of the earliest and most frequently affected brain regions in Lewy
body disorders—in 3-month-old female and male mice and in 11-month-old male
mice. After 6 months, we observed that a-synucleinopathy did not expand signifi-
cantly beyond the limbic connectome in the 9-month-old male and female mice or
in the 17-month-old male mice. However, the 9-month-old male mice had developed
greater a-synucleinopathy, smell impairment and cell loss than age-matched females.
By 10.5 months post-infusion, fibril treatment hastened mortality in the 21.5-month-
old males, but the inclusions remained centered in the limbic system in the survivors.
Although fibril infusions reduced the number of cells expressing tyrosine hydroxylase
in the substantia nigra of young males at 6 months post-infusion, this was not
attributable to true cell death. Furthermore, mesencephalic a-synucleinopathy, if
present, was centered in mesolimbic circuits (ventral tegmental area/accumbens) rather
than within strict boundaries of the nigral pars compacta, which were defined here
by tyrosine hydroxylase immunolabel. Nonprimate models cannot be expected to
faithfully recapitulate human Lewy body disorders, but our murine model seems
reasonably suited to (i) capture some aspects of Stage IIb of Lewy body disorders,
which displays a heavier limbic than brainstem component compared to incipient
Parkinson’s disease; and (ii) leverage sex differences and the acceleration of mortality
following induction of olfactory a-synucleinopathy.

nonmotor deficits (35, 65, 71-73, 76, 82, 87, 120, 134, 173).
For example, PD patients may develop Parkinson’s disease

Lewy body disorders are a family of neurodegenerative con-
ditions linked by the deposition of insoluble a-synuclein and
other proteins in hallmark inclusions (12, 56). Parkinson’s
disease (PD) is the most extensively studied Lewy body dis-
order and is characterized by motor deficits due in large
measure to retrograde degeneration of the nigrostriatal path-
way (33, 42, 132). However, cells in many other brain regions
also exhibit degeneration, including those of the anterior
olfactory nucleus (AON), amygdala, nucleus basalis, locus
coeruleus, pedunculopontine nucleus, dorsal raphe nucleus
and ventral tegmental area, culminating in a series of
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dementia (PDD) years after the appearance of motor deficits,
perhaps because of telencephalic pathology (1, 21, 27, 29,
88). However, if cognitive deficits appear before or within
1 year of motor impairments, patients are diagnosed with
dementia with Lewy bodies (DLB), a condition distinct from
PDD (110, 111, 118). DLB is the second most common
dementia in the elderly and has been associated with Lewy
pathology in the cranial nerve nuclei IX and X of the medulla,
the pontine locus coeruleus, the ventral mesencephalon, neo-
cortical regions of the telencephalon, and, in particular, the

741


mailto:﻿
https://orcid.org/0000-0003-2817-7417
mailto:leakr@duq.edu
mailto:leakr@duq.edu

Limbic a-Synucleinopathy is higher in males

limbic system (eg, amygdala, transentorhinal cortex, cingulate
gyrus) (49, 50, 75, 108, 118). Alzheimer’s disease with Lewy
bodies (ADLB) is another subtype of this family of condi-
tions, in which Lewy pathology is also particularly dense in
the limbic system (16, 100, 164).

Most of the animal and cellular models of Lewy body
disorders are focused on dopaminergic neurodegeneration,
and limbic pathology is not typically addressed, although
Hubbard and colleagues highlighted the limbic system in
their study of olfactory Lewy pathology in dementia vic-
tims over a decade ago (84). Beach’s unified staging system
for Lewy body disorders identified two distinct limbic
stages in a cohort of 417 subjects: Stage IIb (limbic pre-
dominant) and Stage III (brainstem and limbic) (16).
According to Beach er al., Stage IIb does not encompass
PD patients, but is most closely associated with ADLB,
DLB and incidental Lewy body disease (iLBD) Type 2.
Toledo and colleagues employed a data-driven and unsu-
pervised clustering approach to classify Lewy pathology
in the brains of patients from two independent autopsy
cohorts and stated that demented subjects with AD and
coincident a-synucleinopathy display pathology that seems
to “start in the olfactory bulb (OB), progressing to the
amygdala and limbic system, with overall sparing of the
brainstem” (p. 403, see (164)). In this latter category, clas-
sified by the authors as “Dem-ADLB,” limbic-predominant
a-synucleinopathy was accompanied by preservation of the
nigrostriatal pathway and sparing of the brainstem and
extracranial sites (eg, enteric nervous system and gastro-
intestinal-associated salivary glands). These collective find-
ings support the separate categorization of subjects with
limbic-predominant Lewy pathology and highlight the
importance of developing animal models that capture at
least some of the key histological distinctions in this het-
erogeneous family of conditions.

Some of the earliest a-synuclein® inclusions in Lewy body
disorders arise in the olfactory bulb (OB) (10, 16, 18, 26,
28, 77, 78). Indeed, among subjects with loss of pigmenta-
tion of the substantia nigra, all reportedly display Lewy
bodies in the OB (156). Beach and colleagues stated that
a-synucleinopathy in the OB is a diagnostic predictor of
PD or DLB with >90% specificity and sensitivity, and that
Lewy inclusions are present in the OB of 95% of patients
who died with PD, 97% of cases diagnosed with DLB,
67% of iLBD cases and only 7% of healthy elderly controls
(16, 18). It is important to note that the AON displays
even denser Lewy pathology than the OB but is often
classified as part of the OB because it bulges rostrally into
the latter structure (134, 165). Thus, the OB/AON complex
is a major sentinel of impending Lewy body disorders and
was often highlighted in the original Braak staging system
for PD (25, 26, 28, 45, 46). For these reasons, we chose
to infuse the murine OB/AON with preformed a-synuclein
fibrils in our previous work (109). In that study, dense
a-synucleinopathy emerged in the limbic connectome and
overlapped with the pattern of retrograde label following
infusions of the tract-tracer FluoroGold at the same stere-
otaxic coordinates. Although we reported little to no Lewy-
like pathology in the brainstem, the survival period in
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that study was limited to 3 months to emphasize early
disease processes and potential “first-order” passage of
pathology (109). Therefore, a major goal of the present
study was to increase the survival period in the murine
OB/AON fibril infusion model and determine if longer
incubation or survival periods shift the center of gravity
of Lewy-related pathology from limbic-predominant to other
phenotypes that represent more advanced disease stages.
Parkkinen’s postmortem examination of 1720 brains revealed
that 55% of subjects with widespread a-synucleinopathy at
autopsy did not display overt signs of dementia or extrapy-
ramidal symptoms before death (130). Furthermore, Jellinger
argued that the “detection and staging of Lewy pathology
without assessment of neuronal loss in specific areas may
not have clinical impact and its predictive validity is ques-
tionable” (91). Therefore, aside from performing counts of
a-synucleinopathic inclusions, we measured both NeuN*
neuron numbers and Hoechst® cell numbers (neurons plus
glia) in 16 key brain regions following infusions of pre-
formed a-synuclein inclusions in the OB/AON.

In her dissertation, Parkkinen concluded that the preva-
lence of a-synuclein® inclusions and the “a-synuclein index”
are not influenced by gender (see Table 5, page 43) (129).
However, men are roughly twice as likely to develop Lewy
body disorders as women (14, 153). For example, men
comprised ~61%—-69% of all subjects with PD, DLB and
iLBD in the Beach ef al. study (16). Of the subjects begin-
ning to show cognitive impairments, the best predictor of
cognitive decline in PD is the male sex (39). After account-
ing for age, smoking history and education, Nelson and
colleagues reported that male subjects are threefold more
likely to develop the neocortical or diffuse subtype of
DLB than female subjects and twice as likely to develop
the intermediate/limbic subtype of DLB, whereas both
genders are equally likely to develop the brainstem-pre-
dominant subtype (121). Previous preclinical reports dem-
onstrate that female rodents are more resistant than males
to motor deficits and loss of nigrostriatal cells in response
to dopaminergic neurotoxicants (52, 117, 119). In addition,
estrogen, raloxifene and the estrogen receptor-a agonist
propyl-pyrazole-triol have been shown to protect dopa-
minergic neurons against MPTP toxicity in vivo (102).
However, dopaminergic neurotoxicant studies do not reca-
pitulate the early stages of Lewy body disorders and are
not typically characterized by a-synucleinopathic lesions
(67). Therefore, these studies cannot inform us about
potential gender dimorphisms in the transmission of
a-synucleinopathy as an explanation for the discrepancies
in disease risk between the sexes. a-synuclein transgenic
female mice are known to outperform males on sensori-
motor tests (7, 51, 66) and display changes in the expres-
sion of greater numbers of genes than male mice (171).
However, sex-dependent differences in a-synuclein histo-
pathology in the brain remain poorly understood, partly
because females express approximately half as much wild-
type human o-synuclein mRNA in the substantia nigra
as male mice when a-synuclein expression is driven by
the Thyl promoter (66). Thus, a second goal of the present
study was to test the impact of gender on the regional
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distribution and density of a-synuclein® inclusions and on
cell loss in 16 key brain regions, 6 months following infu-
sions of the same dose of preformed a-synuclein fibrils
into the OB/AON of 3-month-old male and female non-
transgenic mice. This survival period and age at infusion
was chosen because Rey and colleagues reported that
Lewy-like pathology is widespread as early as 6 months
following fibril infusions in the rostral OB of the 3-month-
old mice, perhaps mimicking prodromal PD (143).

Aside from gender, a prominent risk factor for Lewy
body disorders is age (20, 80, 166). Nigrostriatal a-synuclein
expression is known to be regulated by aging in mice,
monkeys and humans (40, 106). In our 2016 study, aged
male mice did not respond to fibril infusions in the OB/
AON with systematically higher levels of a-synucleinopathy
than the young males at 3 months post-surgery (109).
However, the aged males did display somewhat greater
pathology in the nucleus accumbens than the young cohort
(see Table S2 from that study). In order to determine
whether the expanse of the pathology widens beyond limbic
sites at longer survival periods in aged animals, we infused
11-month-old male mice with vehicle or fibrils and intended
to sacrifice them at both 6 and 12 months post-infusion.
The passage of additional time between 6 and 12 months
post-infusion is ineluctably linked with additional natural
aging as well as a longer incubation period for the “seed-
ing” of pathology. However, the majority of fibril-infused
animals died by 10.5 months post-infusion and the experi-
ment had to be terminated with ~30% of mice (n = 3)
in the fibril group surviving till 21.5 months of age.
Nevertheless, the center of gravity of a-synucleinopathy
remained firmly rooted in the limbic connectome even in
these aged survivors.

METHODS

Animals and surgeries

Experimental procedures were conducted after approval
by the Duquesne University IACUC (Protocols 1403-03
and 1604-05) and in accordance with the NIH Guide for
the Care and Use of Laboratory Animals. Forty-eight male
and 16 female CD-1 mice (Charles River, Wilmington,
MA, USA) were housed under a 12:12 photoperiod at
room temperature with ad libitum access to food and water.

At the time of surgery, all the females and 16 of the
48 males were 3 months old, while the remaining male
mice were 11 months of age. All mice were deeply anes-
thetized with 2% vaporized isoflurane and infused with
1 pL phosphate-buffered saline (PBS) or 5 pg preformed
a-synuclein fibrils in 1 pL PBS after sonication in a
water bath for 1 h (Bransonic series model M1800, Branson
Ultrasonics Corporation, Danbury, CT, USA) immediately
before use, according to our previously published methods
(109). The OB/AON was infused at the following stere-
otaxic coordinates: AP +4.0 mm, ML —-1.0 mm and DV
—2.5 mm from Bregma and the top of the skull, based
on the successful placement of blue food dye injections.
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The AP coordinate was increased to +4.1 mm in the
11-month-old mice to accommodate a slight increase in
rostrocaudal cranial size with age. Infusions were per-
formed with a motorized injection pump (Stoelting, Wood
Dale, IL, USA) at a rate of 0.25 pL/minute and were
followed by a 4-minute rest period before the Hamilton
syringe was withdrawn (Cat. no. 80330, Hamilton, Reno,
NV, USA). All mice were subcutaneously injected with
buprenorphine immediately after surgery and lidocaine
was applied to the sutures for the subsequent 3 days.
One week later, the animals were reanesthetized and
their sutures were removed.

Anesthetized mice were sacrificed by cardiac perfusion
through the left ventricle with 50 mL of saline followed
by 100 mL of 4% formaldehyde (Thermo Fisher Scientific,
Pittsburgh, PA, USA) in 0.1 M phosphate buffer. At 6 months
post-infusion, we sacrificed 16 males (8 PBS and 8 fibril-
infused males) and 14 females from the younger cohort of
mice (7 PBS and 7 fibril-infused females; 1 PBS-infused
female and 1 fibril-infused female had died prematurely)—all
were 9 months old at the time of sacrifice. We also per-
fused 6 PBS-infused and 5 fibril-infused mice from the
older cohort (11 months old at surgery and 17 months of
age at sacrifice) at 6 months post-infusion. At 10.5 months
post-infusion (ie, 21.5 months of age), all remaining older
animals had to be perfused, as 8 of the 11 fibril-infused
mice had died prematurely (discussed in the Results sec-
tion). In contrast, only two of the PBS-infused older animals
had died by this time. The brain of one of the older PBS-
infused animals was lost during dissection. Therefore, the
final count of animals used for the histological analyses
was 51. However, the medial sections of one of the fibril-
infused 17-month-old animals were lost while sectioning
the brains in the sagittal plane on a sliding/freezing
microtome, leaving us with 50 animals for medial brain
regions and 51 animals for lateral brain regions.

Behavior testing

Animals were subjected to memory, motor and olfactory
tests subsequently rated by blinded observers. Tests were
conducted at survival periods that are indicated on the
behavior graphs (see Figure 13). Behavior tests were vide-
otaped within a diffusely lit arena (45 cm X 60 cm X 60 cm)
with minimal shadows. To examine learning and memory,
the novel object and novel position tests were employed.
Animals were subjected to a habituation phase consisting
of 10 minutes in the arena (34). On each of the following
2 days, the animals were familiarized with two identical
objects placed in opposite corners of the arena, each 10
cm away from the wall. The familiarization phase lasted
5 minutes and was followed by recognition testing on the
fourth day, during which animals were exposed to only
one of the two familiar objects from the previous days and
a second novel object. The novel object exploration ratio
was defined as the time spent exploring the novel object
as a fraction of total exploration time (ie, novel + familiar).
Exploration was defined as the animal facing the object
within 4 cm at a 45° angle. On the day after the novel
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object test, the animal was subjected to the novel place
recognition test, in which one object from the familiariza-
tion phase was moved to a new location in the arena. The
novel object/place exploration ratio was defined as the per-
centage of time spent interacting with the novel object
compared to time spent interacting with both (ie,
novel + familiar) objects. Mice spending less than 10 s
interacting with both objects were classified as “non-respond-
ers” (n = 8/51) and excluded from the analyses (34).

To measure spontaneous motor activity, animals were
placed in a transparent Plexiglass cylinder (8.9 cm diam-
eter, 15.2 cm height) for 10 minutes (22). A blinded observer
recorded spontaneous rears (defined as both forelimbs
leaving the ground while bodyweight is placed on the
hindlimbs) and spontaneous left or right forelimb contacts
with the walls of the cylinder. No animals were excluded
from the motor function tests.

The buried pellet test was performed to assess olfactory
function (61). The animal was first habituated to a fresh
cage in the testing arena for 5 minutes. On this first day
of testing, a peanut was placed on top of the corncob
bedding and the latency to contact the exposed pellet
immediately following entry of the animal into the cage
was measured. On the next day, the latency to contact a
peanut buried ~1 cm deep in clean corncob bedding was
measured. Animals expressing no interest in the exposed
treat were excluded from the analysis to eliminate any
confounding lack of motivation; thus, 15 of 64 animals
were excluded at 3 months post-infusion and no animals
were excluded at 10.5 months post-infusion.

Immunohistochemistry

After cardiac perfusion, brains were immersed for 24-48 h
in 30% sucrose in 10 mM PBS, sectioned on a sliding/
freezing microtome in the sagittal plane as a 1-in-5 free-
floating series, and stored at —20°C in cryoprotectant (168).
Immediately prior to the histological staining, all tissue
sections were washed 3 times in 10 mM PBS and then
heated to 80°C in a 10 mM sodium citrate tribasic dihy-
drate solution (pH 8.5, Sigma-Aldrich, St. Louis, MO,
USA) for 30 minutes to expose antigen-binding sites (92).
The sections were then allowed to cool to room tempera-
ture, rinsed 3 times in PBS and blocked in 50% Odyssey
Block (LI-COR, Lincoln, NE, USA) in PBS for 1 h at
room temperature on a shaker. This was followed by over-
night incubation at 4°C with primary antibodies (see Table
S1) diluted in the same blocking solution, with the addition
of 0.3% Triton X-100. The next day, sections were washed
3 times in 10 mM PBS and exposed to fluorescent second-
ary antibodies (see Table S1) for 1 h at room temperature.
The sections were also exposed to Hoechst 33258 (0.005 uM)
during the secondary antibody incubation period to stain
all nuclei.

To visualize aggregated proteins in the aggresome (98,
157), the Proteostat aggresome detection kit was employed
after the secondary antibody step, according to manufac-
turer’s instructions (Enzo Life Sciences, Farmingdale, NY,
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USA). At the end of all staining procedures, sections were
washed 3 times in 10 mM PBS and mounted onto glass
slides (SuperFrost Plus, ThermoFisher Scientific). The slides
were coverslipped with Krystallon (EMD Chemicals,
Gibbstown, NJ, USA). For all immunostaining procedures,
negative control sections from the same group of animals
were exposed to secondary but not primary antibodies
(in parallel with the rest of the tissue) to determine back-
ground fluorescence.

Data from all groups were analyzed in parallel by blinded
observers. Sections from control and experimental groups
were processed in the same solutions and photographed
at the same exposure and fixed intensity scaling, except
for the qualitative aggresome analyses displayed in Figure
7, as the Proteostat signal bleached unexpectedly fast under
high-power illumination with a 100X oil objective.

Image analyses

Immunostaining was visualized on an Olympus epifluo-
rescent microscope (Olympus IX73, B&B Microscopes,
Pittsburgh, PA, USA) and pseudocolored images were
captured with a 12-bit grayscale camera (CS-S-CCD High-
End Flash 4.0 Camera). Stitched images of the entire tissue
section were generated with the 4x or 20X objective. Higher
resolution epifluorescence images were captured with a
40%x or 100x oil (numerical aperture (NA) = 1.40) objec-
tive. Confocal images were captured on a Nikon AIR
LU-NV Confocal Imaging System (Nikon Instruments Inc.,
Melville, NY, USA) with a 20X and a 60% oil (NA 1.40)
objective on a Nikon Eclipse Ti2 microscope. For the
confocal analyses, Z-stacks were captured at 0.31 pm per
pixel and 1.391 pm per step in the Z plane. Franklin and
Paxinos’ “The Mouse Brain in Stereotaxic Coordinates”
was continuously consulted during all photographic pro-
cedures (Franklin and Paxinos, 2013).

Monoclonal mouse and rabbit antibodies raised against
pSerl29 were employed to visualize Lewy-related pathol-
ogy, as Serl29 phosphorylation of a-synuclein is the most
frequent posttranslational modification of this protein
within Lewy aggregates (8, 63, 169). Manual counts of
the number of pSerl29 inclusions were performed on tissue
sections stained with the mouse monoclonal antibody, as
this antibody was employed before we found that the rab-
bit monoclonal was even better, as confirmed in a recent
study (47). A blinded observer manually counted the total
number of pSerl129* inclusions under 200X magnification
(field of view = 4471 um X 337.0 um) in 2-3 sagittal
sections per animal. It is important to note that the mouse
brain is narrower in the sagittal plane than the coronal
plane—the former plane therefore yields fewer sections
than the latter. Furthermore, depending upon the starting
location of the microtome sectioning, each brain subregion
might span across varying numbers of sections per animal;
for our specific subregions, this was 2—3 sections per region.
An exception is the mediolaterally expansive piriform cor-
tex, which we divided into two (rostromedial and cau-
dolateral) main subregions. Hoechst™ nuclei (all cells) and
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NeuN* nuclei (neurons only) were counted with the Olympus
cellSens software (Version 1.17) in the same fields of view
as the pSer129* inclusions. To automatically count Hoechst*
and NeuN™* cells, images were converted to binary images
with the thresholding tool and any cell clusters were split
into individual cells using the “auto split” function. In
both the NeuN and Hoechst images, noncellular back-
ground staining with surface areas below 10 um? were
excluded from the analyses. A total of 7296 total images
were analyzed in the above manners.

Aside from the above measurements, a blinded observer
also calculated the widths of the pyramidal cell layer of
the rostromedial and caudolateral piriform cortices and
the hippocampal fields CAl, CA2, and CA3, as well as
the widths of the strata granulosum of the dentate gyrus
with the cellSens software “arbitrary line” measurement
tool in two sagittal sections per animal.

For the qualitative heatmap, pathology was scored based
on the relative abundance of pSerl29* inclusions only after
first examining all of the tissue, including all the PBS-
infused mice. Each section was screened at 200X magni-
fication and a score assigned to each brain corresponding
to the maximal inclusion density in that brain region
(0 = no aggregates, 1 = sparse, 2 = mild, 3 = medium,
4 = dense, 5 = very dense), as described in Supplemental
Files of our previous work (109).

In addition to the aforementioned counts of inclusions,
NeuN* neurons, and Hoechst™ cells in 16 brain regions,
measurements of hippocampal and piriform cortical layer
width, and the qualitative heatmap, a blinded observer
also counted dopaminergic neurons within the ventral
mesencephalon. For the latter measurements, images of
tyrosine hydroxylase (TH) and Hoechst labeling were
captured at 200X magnification and combined into giant
high-resolution stitches of the entire ventral midbrain
encompassing the A8 (retrorubral field), A9 (substantia
nigra) and A10 dopaminergic cell groups (defined here
as the ventral tegmental area according to Oades and
Halliday (125)). TH* cells were manually counted by a
blinded observer only if cytosolic TH label overlapped
(ie, encircled) a clearly visible Hoechst* nucleus in the
DAPI channel. The anatomical boundaries of the TH*
areas in the ventral midbrain were defined as regions
of interest (ROI) in ImageJ and overlaid on the Hoechst*
images of the same field of view, in order to selectively
count Hoechst* nuclei only within the defined boundaries
of the dopaminergic cell groups. For the counts of Hoechst*
nuclei in the stitched images, the DAPI channel was
saved as a TIFF file and then exported to ImageJ soft-
ware for automatic offline counting. The midbrain stitches
were first converted into binary images and the “water-
shed” tool was performed to automatically separate any
cell clusters. Particles with areas <50 pixels (ie, back-
ground staining only) or >1000 pixels (indivisible clusters
containing closely apposed cells) were excluded a priori.
Using these methods, every visible “TH plus Hoechst-
positive” or “Hoechst-positive” cell was counted and
expressed as TH' or Hoechst* cell numbers in (i) the
ventral tegmental area; (ii) the entire substantia nigra,
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pars compacta; (iii) the anterior substantia nigra, pars
compacta; (iv) the posterior substantia nigra, pars com-
pacta; (v) the lateral substantia nigra, pars compacta;
or (vi) the retrorubral field. A total of 624 total images
were analyzed in the above manner.

The expression levels of the dopamine transporter
(DAT) and TH in the dorsal striatum, substantia nigra,
nucleus accumbens, and ventral tegmental area were
determined by scanning the infrared-immunolabeled tis-
sue on a 16-bit imager (Odyssey Classic, LI-COR
Biosciences), following application of the appropriate
primary and infrared secondary antibodies (see Table
S1). The anatomical boundaries of these four brain regions
were traced by a blinded observer in Image Studio soft-
ware (Version 5.2, LI-COR). Due to occasionally high
interindividual variations in infrared immunostaining,
the background signal for each individual animal was
assessed by calculating the fluorescence signal per unit
area of occipital cortex, which exhibits the lowest endog-
enous levels of dopaminergic markers in the brain (30,
86). Background signal for the region of interest was
calculated for each animal according to the formula
(I/A) x Ay, where I, is the total fluorescence intensity
of the background region, A, is the area of the back-
ground region and A, is the area of the target region
of interest. Background signal was then subtracted from
the raw TH and DAT signal in the regions of inter-
est—the caudoputamen, substantia nigra, nucleus accum-
bens and ventral tegmental area (124).

Statistics

Two-tailed logrank survival analyses were performed on all
groups. As described in each figure legend, data are dis-
played as raw, unnormalized numbers or as ratios of raw
numbers, with the exception of the qualitative heatmap data
in Figure 2. Two-way ANOVAs were followed by the
Bonferroni post hoc correction (SPSS Version 22, IBM,
Armonk, NY, USA). We were unable to perform three-way
ANOVAs, as we could not afford to include older females
in the study. Thus, the oldest males were not contrasted
with the younger, 9-month-old animals although they are
plotted on the same graphs for ease of presentation (see
dotted lines between young and older animals). Differences
between groups were only deemed significant when p < 0.05.
Data are presented as the mean + SD in all but Figure 1.

RESULTS

a-synuclein fibril infusions in the murine OB/
AON dramatically increase mortality in aged
mice without loss of body weight

At the commencement of this study, 64 CD-1 mice were
infused with either PBS (n = 32) or preformed a-synuclein
fibrils (n = 32). Using the lowest number of mice and
resources possible, the experiment was designed to (i) assess
the effects of gender as an independent variable in male
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and female mice infused with PBS or fibrils (n = 8 per
group, 32 total) at 3 months of age and sacrificed at 6
months post-infusion; and (ii) assess the passage of time
as an independent variable in male mice infused with PBS
or fibrils at 11 months of age (n = 16 per group, 32 total)
and sacrificed 6 and 12 months later, noting that incuba-
tion time or survival period is inextricably linked with
additional natural aging. Originally, we planned to sacrifice
8 of the 16 older male mice in each group at 6 months
post-infusion, and to follow the remaining 8 for 12 months
post-infusion. At the 6-month survival time point, no sig-
nificant differences in mortality were observed between
the groups (Figure 1A—note the broken Y axis). However,
there was a slight trend toward increased mortality after
fibril infusions when only the older mice were analyzed—>5
of 16 older males from the fibril-infused group had died
prematurely, compared to only 1 out of 16 in the age-
matched PBS group (Figure 1B). Therefore, we only sac-
rificed 6 of the older PBS-infused male mice and 5 of
the fibril-infused male mice at the 6-month survival time
point, leaving us with 10 PBS-infused older male mice
and 11 fibril-infused older male mice to follow for another
6 months. However, by 10.5 months post-infusion, only 3
of the 11 older fibril-infused male mice were still alive,
compared to 8 age-matched males in the PBS group (Figure
1C). Given the significant lethality of our model in aged
male mice, we perfused all remaining animals immediately,
at 21.5 months of age.

Mason et al

Because of the significant increase in mortality in the
fibril-infused, older group of mice, we determined whether
the fibril treatment was associated with loss of body weight
(Figure 1D). In Figure 1D, crosses are placed next to the
body weights of the eight fibril-infused older males that
subsequently died before the planned sacrifice date. In addi-
tion, graphs of the body weights of all animals are displayed
in Figures 1E-F. Older animals gained significantly less weight
over the course of 6 months post-infusion than the 3-month-
old group, but fibril infusions per se did not exert significant
effects in any group (Figure 1E-F). These results fail to
support the view that loss of body weight (and perhaps lack
of food intake or dysphagia) contributed to mortality.

a-synucleinopathy is centered within the limbic
connectome following preformed fibril
infusions in the murine OB/AON

After all the brains were harvested, they were immu-
nostained together and a blinded observer scored the density
of the ipsilateral o«-synucleinopathy in the fibril-infused
mice from 0 to 5 (Figure 2). PBS-infused brains were also
carefully examined to ascertain background staining.
Abbreviations for brain structures are defined in Table
S2. As in our previous work, dense inclusions harboring
pathologically phosphorylated a-synuclein (pSerl29) were
observed in rostral olfactory structures of fibril-infused
mice, including in the AON, tenia tecta and piriform
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Figure 1. Preformed a-synuclein fibril injections in the mouse OB/AON
accelerate mortality in older mice without significant changes in body
weight. Sixty-four mice were infused in the right olfactory bulb/anterior
olfactory nucleus with either preformed a-synuclein fibrils (56 pg/1 pL) or
an equivalent volume of PBS (1 pl) at the indicated ages. Logrank
survival analyses were performed for all animals at 6 months post-
infusion (A) and for the older males at 6 months (B) or 10.5 months (C)
post-infusion. The two-tailed P-values of the logrank survival analyses
are shown. (D) The body weights of the older males at surgery
(11 months old), 6 months post-surgery (17 months old), and
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10.5 months post-surgery (21.5 months old) are displayed as scatter
plots with mean and SEM bars. In panel D, crosses are placed next to
mice that died before the planned time of assay. (E-F) Weight gained in
both raw numbers (E) and percentage weight gain (F) 6 months after
surgery in all experimental groups. Note the broken Y axis in panels A
and D. For panels D-F, two-way ANOVAs were followed by the
Bonferroni post hoc correction for multiple comparisons. In panels E-F,
+++ P < 0.001 vs. males that were infused at 3 months of age and
perfused at 9 months of age (3-9 month males).
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cortex, as well as caudal limbic brain regions known to
harbor connections with the OB/AON, such as the hip-
pocampus, amygdala and entorhinal cortex (109). The site
of injection in the OB displayed less overall pathology
compared to other olfactory structures, especially the AON,
consistent with the greater density of Lewy bodies in the
human AON than the OB (16, 18, 26, 134, 165). Previously,
we reported that the olfactory tubercle failed to develop
any a-synucleinopathy at 3 months post-infusion (109). In
the present study, we observed the emergence of pathology
in the olfactory tubercle, but in all cases the brunt of
pSerl29 pathology remained centered within limbic struc-
tures of the temporal lobe, even in males that were 11
months old at the time of infusion and sacrificed at 6
months or 10.5 months post-infusion. Some animals dis-
played mild extralimbic pathology in the caudoputamen
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Limbic a-Synucleinopathy is higher in males

(Figure 2), and one older male mouse displayed limbic
pathology outside of the circuitry assessed in the heatmap
(eg, bed nucleus of stria terminalis and premammillary
area). The latter animal also displayed somal pSerl129*
inclusions at the boundary between the nigra and ventral
tegmental area (discussed below). Another younger male
also displayed sparse, neuritic inclusions in this boundary
zone.

Fibril-induced murine a-synucleinopathy and
cell loss in several limbic brain regions is
dependent upon gender

Aside from the impact of fibril infusions on 16 brain regions,
we have focused our discussion of gender and the passage
of time mostly on the fibril-treated groups rather than the
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Figure 2. Heat map of a-synucleinopathy following preformed a-synuclein
fibril injections in the mouse OB/AON. Qualitative assessments of the
density of pSer129* inclusions in the indicated brain regions of all fibril-
infused animals that survived until the planned assay time (see Methods).
Each row represents one animal. A blinded investigator systematically
examined the entire 1-in-5 series of sagittal brain sections of the ipsilateral,
right hemisphere following immunostaining of  pathologically
phosphorylated a-synuclein with the rabbit monoclonal EP1536Y pSer129
antibody (see Table S1). Boxes with a N/A label denote regions that were
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unavailable (see Methods). Brain regions with pSer129* immunolabeling
are arranged rostrocaudally and/or by anatomical/functional groupings.
Most of the midbrain pathology was confined to the ventral tegmental
area; only two male animals exhibited pSer129* inclusions at the
boundary zone between the substantia nigra and the ventral tegmental
area at 6 months post-infusion. Abbreviations are defined in Table S2.
https://dsc.dug.edu/pharmacology/ or https://www.dropbox.com/sh/a6rb
ylg1tco6trm/AACIMb2g\WuP29ABbmdGuNoaJa?dl=0
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PBS groups, for the sake of brevity. In both the OB and
AON, female mice exhibited fewer pSer129* inclusions than
males of the same age (Figure 3A-B). a-synucleinopathy
can be associated with cell death (127, 167), but not ines-
capably so (see Introduction); therefore, we also counted
NeuN* neurons and Hoechst* cells in the same brain regions.
Fibril infusions induced a mild increase in Hoechst™ cells
in the OB in females at 6 months post-infusion (Figure
3A). However, fibrils induced a loss of NeuN* neurons in
the AON and the nucleus of the lateral olfactory tract in
the oldest males and the youngest males, respectively (Figure
3B,C). Fibril-infused females displayed slightly lower counts
of NeuN* neurons in the AON compared to the fibril-
infused males at 6 months post-infusion (Figure 3B). In
the nucleus of the lateral olfactory tract, but not in the
AON, fibril-induced changes in NeuN" cells were paralleled
by loss of Hoechst™ cells in the youngest males
(Figure 3B,C). In the oldest males, the additional passage
of time post-infusion elicited a loss of Hoechst™ nuclei in
the OB, but the fibril infusions did not modify this response
(Figure 3A). We were unable to achieve convincing, high-
quality immunostaining in aged mice that died unexpectedly
and were not perfused with formalin through the heart;
therefore, statistical power in the 21.5 fibril-infused mice
is low, making conclusions about survival period/aging
somewhat more tentative than conclusions about gender.

Female mice exhibited fewer pSerl29* inclusions than
males in the caudolateral piriform cortex (Figure 4B), the
amygdalopiriform transition area (Figure 4C) and the pos-
teromedial cortical amygdala (Figure 4D). In the youngest
males, fibril infusions elicited mild loss of Hoechst® cells
in the piriform cortices (Figure 4A,B), the posteromedial
cortical amygdala (Figure 4D) and the nucleus accumbens
(Figure 4F). Parallel loss of NeuN* structures was only
observed in the amygdala (Figure 4D). Notably, the cau-
doputamen only displayed significant fibril-induced inclusions
in the 17-month-old males sacrificed at 6 months post-infusion
(Figure 4E), and the number of inclusions in this group
was significantly higher relative to the oldest males (21.5
months old). However, the dorsal striatum was relatively
sparsely labeled compared to limbic sites, such as the nucleus
accumbens (compare values on Y-axes in Figure 4E vs. 4F).

In the hippocampal formation, females developed similar
numbers of inclusions as males in the CAl, CA2 and CA3
fields, but the overall number of inclusions in all groups
was quite low in CA2 and CA3 (Figure 5B,C). In the
dentate gyrus, females failed to develop a significant num-
ber of inclusions in response to fibril infusions, unlike all
the male groups (Figure 5D). In the subiculum, the number
of inclusions in fibril-infused females was significantly lower
than males (Figure 5E). In the ectorhinal cortex, the old-
est males displayed no increase in the number of inclusions
in response to fibrils (Figure 5G). Fibril infusions increased
the numbers of NeuN* cells in CA2 of the young males
(Figure 5B) but significantly lowered the numbers of NeuN*
cells in both CA2 and the subiculum of the oldest males
(Figure 5B and E). Fibril-infused females displayed fewer
NeuN* neurons compared to fibril-infused males in the
CA2 region of the hippocampal formation (Figure 5B).
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Hoechst™ cell numbers in the ectorhinal cortex were low-
ered 6 months after fibril infusions in the 11-month-old
males (Figure 5G).

The inclusion counts described above were performed
on tissue immunolabeled with the mouse anti-pSerl129
antibody employed in previous work (109, 124).
Subsequently, we employed a monoclonal rabbit pSerl129
antibody and observed similar patterns as described
above in all brain regions, including the AON (Figure
6A), tenia tecta (Figure 6B), dentate gyrus (Figure 6C),
hippocampal CAl (Figure 6D), amygdala (Figure 6E)
and nucleus accumbens of the ventral striatum (Figure
6F). Sacino and colleagues cautioned that pSerl29 anti-
bodies (81A) can cross-react with neurofilament L in
white matter tracts (150). Delic et al. similarly observed
nonspecific bands by Western blotting with all a-synuclein
phosphoantibodies, and reported that the rabbit mono-
clonal anti-pSer129 antibody used here displays the highest
sensitivity and specificity of commercially available anti-
pSerl29 antibodies; there are simply no better markers
of a-synucleinopathy to date (47). It is also worth observ-
ing that, in those regions where the inclusions were quite
dense per field of view (ie, more than one or two), sta-
tistically higher numbers of pSerl29* structures were
always observed in the fibril-infused mice, confirming
that our blinded interpretations of  genuine
a-synucleinopathic inclusions were indeed correct.
Nevertheless, large stitched images of entire brain sec-
tions are provided in Figure S1, to allow the reader to
independently verify the anatomical location and density
of pSerl29* inclusions in male and female fibril-infused
mice, as well as the degree of background labeling. For
example, these images reveal background label in the
brainstem, which was present in both PBS and fibril
groups. None of the background label displayed the
tendril-like appearance of genuine pSerl29* inclusions,
as described in previous studies using the preformed
fibril approach (127). It is important to note that the
genuine pSerl29* inclusions only fluoresce in the appro-
priate channel whereas the minor, nonspecific brainstem
label fluoresces in all channels, even when no primary
or secondary antibodies are applied. We also employed
the diaminobenzidine chromogen to assess pSerl29 stain-
ing, but observed similar background labeling in the
brainstem of the PBS group as well as in controls without
application of primary antibody (not shown). Thus, a
considerable advantage of the immunofluorescent
approach was the ability to check whether the labeling
appeared in “inappropriate” fluorescent channels in which
no antibodies were applied. Given these collective obser-
vations, we hesitate to conclude that there is convincing
pSerl29 labeling in the brainstem of fibril-infused mice.

Murine pSer129* inclusions stain with an
aggresome dye in the somata but not in
neuritic processes

Our previous work demonstrates that some of the pSer129*
aggregates in the preformed fibril model colocalize with
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Figure 3. /mpact of a-synuclein fibril infusions in the mouse OB/AON
on pSer129* inclusion counts, NeuN* neuron counts and Hoechst*
cell numbers in the rostral rhinencephalon. Mice were infused in the
right olfactory bulb/anterior olfactory nucleus with either preformed
a-synuclein fibrils (5 pg/1 pL) or an equivalent volume of PBS (1 pL). A
blinded observer manually counted the number of pSer129* structures
(monoclonal 81A pSer129 Ab; see Table S1) per field of view (200x
magnification) and used cellSens software to count the number of
NeuN* and Hoechst* nuclei in the olfactory bulb (OB; A), the anterior
olfactory nucleus (AON; B, D) and the nucleus of the lateral olfactory
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tract (LOT; C) in the same field of view. Shown are the mean and SD
of raw, unnormalized data. N = 3-8 mice per group (see Methods and
Figure 1 for animal numbers). Two-way ANOVAs were followed by
the Bonferroni post hoc correction. *P<0.05, **P<0.01, ***P<0.001
PBS vs. fibrils; +P < 0.05, ++P < 0.01 vs. 3-9 month males; ~P < 0.05
vs. 11-17 month males. Abbreviations are defined in Table S2. To
view the original, higher resolution Adobe lllustrator or EPS files,
please link to https://dsc.dug.edu/pharmacology/ or https://www.
dropbox.com/sh/a6rbylg1tco6trm/AACIMb2gWuP29ABbmdGuNoaJ
a?dl=0
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Figure 4. /mpact of a-synuclein fibril infusions in the mouse OB/AON
on pSer129* inclusion counts, NeuN* neuron counts and Hoechst* cell
numbers in the paleocortices, amygdaloid complex, and the dorsal and
ventral striata. Mice were infused in the right olfactory bulb/anterior
olfactory nucleus with either preformed a-synuclein fibrils (56 pg/1 uL) or
an equivalent volume of PBS (1 pl). A blinded observer manually
counted the number of pSer129* structures (monoclonal 81A pSer129
Ab; see Table S1) per field of view (200x magnification) and used
cellSens software to count the number of NeuN* and Hoechst* nuclei in

Limbic a-Synucleinopathy is higher in males

the rostromedial piriform cortex (Pir Rm; A), caudolateral piriform cortex
(Pir CI; B), amygdalopiriform transition area (APir; C), posteromedial
cortical amygdala (PMCo; D), caudoputamen (CPu; E) and nucleus
accumbens (Acb; F). Shown are the mean and SD of raw, unnormalized
data. N = 3-8 mice per group (see Methods and Figure 1 for animal
numbers). Two-way ANOVAs were followed by the Bonferroni post hoc
correction. *P<0.05, **P<0.01, ***P<0.001 PBS vs. fibrils; +P< 0.05,
++P < 0.01 vs. 3-9 month males; ~~P < 0.01 vs. 11-17 month males.
Abbreviations are defined in Table S2.

ubiquitin, an established marker of Lewy pathology (109).
In that work, we conceded that ubiquitin antibodies do
not recognize all the pSerl29* inclusions (109, 124), but
this has also been observed in human post-mortem mate-
rial (159). We also noted that the Thioflavin S labeling
in the hippocampus differed in conspicuous ways from
the pSerl29 immunostaining, and that these two markers
were therefore not likely to exhibit much overlap (109,
124). As our attempts to colabel Thioflavin S and patho-
logically phosphorylated o-synuclein on the very same
sections failed, we relied on the well-established Proteostat
dye for aggresomes (157) in pSerl129-labeled brain tissue
of the young males. Aggresomes originate from the cen-
trosome, which serves as a scaffold to recruit proteasomal
machinery, stress-induced chaperones and other protein
quality control systems (62, 154). Lewy bodies are thought
to be related to aggresomes, as the centrosome expands
into an aggresome to accommodate the influx of misfolded
proteins under conditions of high proteotoxic stress (126).
Many, but not all the somal pSerl29* structures bound
the Proteostat dye, including in the tenia tecta, AON,
piriform cortex, amygdala, hippocampus and entorhinal
cortex (Figure 7A-C). Importantly, pSer129* neuritic inclu-
sions were not labeled by the Proteostat dye, consistent
with the perinuclear localization of aggresomes, which
supports the specificity of the staining methods (Figure
7B). However, in the PBS-infused mice, the Proteostat
dye sometimes weakly labeled a small structure—perhaps
the centrosome—near the nucleus, which may reflect low
levels of misfolded proteins under physiological conditions.
In Figure 7A, we focused the photography on this poten-
tially important “background” label rather than on the
absence of staining, as was the case in the majority of
brain cells in the PBS animals. Notably, more structures
were stained with the Proteostat dye in fibril-infused ani-
mals than were positive for pSerl29 immunoreactivity,
especially in the tenia tecta adjacent to the OB and AON
(Figure 7c).

Fibril infusions in the murine OB/AON decrease
the width of pyramidal or granule cell layers in
the allocortex

The degree of cell loss noted above in key limbic struc-
tures was notably mild. In response to mild stress, cells
may be atrophied or hypertrophied, and sufficient cellular
atrophy may lead to overall shrinkage of the brain region
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without any measurable change in cell numbers.
Hippocampal atrophy in DLB is associated with the sever-
ity of cognitive impairments (58). Thus, a blinded inves-
tigator measured the width of the pyramidal layers of the
rostral medial piriform cortex, caudal lateral piriform
cortex, CAl, CA2, CA3 and the granule cell layer of the
ventral dentate gyrus (Figure 8A,B). Fibril infusions reduced
the width of these layers in the piriform cortices, CAl
and the dentate gyri of the youngest males. CAl, CA2
and CA3 were significantly reduced in width 6 months
after fibril infusions in the young females and in the
17-month-old males. Fibrils also reduced the pyramidal
layer widths of the caudolateral piriform cortex in the
young females. Compared to young males, young fibril-
infused females displayed significantly thicker pyramidal
or granule cell layers in the rostromedial piriform cortex,
CAl and dentate gyrus.

In order to determine whether the above changes reflect
shrinkage of nuclear sizes, we also measured the area of
Hoechst™ nuclei (Figure 8C). Fibril infusions significantly
increased Hoechst* nuclear sizes in the piriform cortices
and the dentate gyri of the young males; these were the
same brain regions that displayed shrinkage of strata width
in this group. The hypertrophy of nuclei in young males
was not evident in any of the other fibril-infused groups,
or in the sizes of the NeuN* nuclei (data not shown),
suggesting it may be attributable to glial hypertrophy in
response to mild stress.

Anatomical range of a-synucleinopathy after
preformed fibril infusions in the murine OB/
AON

Even in animals with extremely dense a-synucleinopathy
in the amygdaloid complex, piriform cortex, hippocampal
formation, ectorhinal cortex and deeper layers of the
entorhinal cortex, the pSerl29-labeled pathology did not
extend widely out of the limbic connectome (Figure 9).
The male depicted on the right of this figure was 11 months
old at the time of fibril infusion and 17 months old at
the time of perfusion, as was the PBS-infused control in
the left panels. Massive numbers of perinuclear and neuritic
inclusions were observed in the AON and nucleus accum-
bens of this animal (Figure 10A—-C). Some inclusions were
also visible in the premammillary area, which is affected
in human PD (45), the orbitofrontal and cingulate cortices,
and the bed nucleus of stria terminalis—all part of the
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Figure 5. /mpact of a-synuclein fibril infusions in the mouse OB/AON
on pSer129* inclusion counts, NeuN* neuron counts and Hoechst* cell
numbers in the hippocampal formation and perirhinal telencephalon.
Mice were infused in the right olfactory bulb/anterior olfactory nucleus
with either preformed a-synuclein fibrils (5 pg/1 plL) or an equivalent
volume of PBS (1 pL). A blinded observer manually counted the number
of pSer129* structures (monoclonal 81A pSer129 Ab; see Table S1) per
field of view (200x magnification) and used cellSens software to count
the number of NeuN* and Hoechst* nuclei in the pyramidal cell layers of

Limbic a-Synucleinopathy is higher in males

hippocampal fields CA1 (A), CA2 (B) and CA3 (C), the stratum
granulosum of the dentate gyrus (DG; D), the subiculum (Sub; E),
entorhinal cortex (Ent; F), and the ectorhinal cortex (Ect; G). Shown are
the mean and SD of raw, unnormalized data. N = 3-8 mice per group
(see Methods and Figure 1 for animal numbers). Two-way ANOVAs
were followed by the Bonferroni post hoc correction. *P < 0.05,
**P < 0.01, ***P < 0.001 PBS vs. fibrils, +P < 0.05 vs. 3-9 month
males, ~P < 0.05 vs. 11-17 month males. Abbreviations are defined in
Table S2.

limbic system (99). A few lone inclusions were observed
in the association motor cortex M2 (Figure 10A). Somal
pSer129* inclusions with perinuclear tendrils were found
within the ventral midbrain (Figure 10D-H), but the cells
harboring these inclusions did not exhibit convincing labe-
ling for TH, the rate-limiting enzyme for dopamine bio-
synthesis (video in Figure S2). In the vicinity of pSerl29
inclusions, the TH label displayed a low signal to noise
ratio and there was some pSerl29/TH* debris (Figure
10D-H; Figure S2). No pSerl29* inclusions were observed
further lateral in the substantia nigra, pars compacta,
including in the ventrolateral posterior subregion commonly
associated with PD (42, 45, 60). In the ventral tegmental
area of a number of other mice, the pSerl29 label also
did not convincingly colocalize with TH, with the potential
exception of one neurite (see arrow in Figure S3).

Preformed fibril infusions in the OB/AON
modify the expression of two dopaminergic
markers in both the nigrostriatal and
mesolimbic pathways of the old mice

To determine if fibril infusions affect the expression of
dopaminergic markers, we immunostained the nigrostriatal
and mesolimbic pathways with antibodies against TH and
DAT (Figure 11). Fibril infusions increased the area of
the caudoputamen in the 17-month-old males and decreased
the area of the substantia nigra (includes the pars com-
pacta and reticulata) in the 21.5 month-old males (Figure
11A). The 21.5-month-old males also no longer displayed
any significant increase in caudoputamenal area.

We observed a dramatic fibril-induced increase in TH
signal in the oldest male mice in all four brain regions
(Figure 11B). The 17-month-old mice also exhibited a fibril-
induced increase in TH signal in all but the ventral teg-
mental area. The increases in TH signal were age-dependent,
as they were absent from the young males. In all four
regions, the passage of additional time after fibril infu-
sions elicited a robust increase in TH signal in the
21.5-month-old males relative to the 17-month-old males.
Fibril infusions also increased TH signal in the young
female mice in the caudoputamen and nucleus accumbens.
Measurements of DAT levels confirmed similar trends as
the TH data (Figure 11C,D), confirming a robust increase
in dopaminergic marker expression in response to fibril
infusions in the oldest male mice.

Brain Pathology 29 (2019) 741-770
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Preformed fibril infusions in the murine OB/
AON modify cell numbers and dopaminergic
phenotype in the ventral mesencephalon

In total, 624 images of all midbrain sections were stitched
and all TH* cells that overlapped with a Hoechst* nucleus
were counted by a blinded observer. In these sagittal sec-
tions, the boundaries of dorsal and ventral tiers of the
nigra, as originally defined by Fallon and Moore (59),
were not clearly identifiable. Therefore, we only counted
TH* and Hoechst" cells within the ventral tegmental area
(A10), substantia nigra pars compacta (A9) and the ret-
rorubral field (A8) (Figure 12). In the sagittal sections of
the medial nigra, the TH" area rostral to the medial lem-
niscus was readily subdivisible into anterior and posterior
segments containing substantia nigra, pars compacta neu-
rons and into clusters of TH* cells in the retrorubral field
caudal to the medial lemniscus (Figure 12E). The most
lateral segments of the substantia nigra, pars compacta
were not divisible along the rostrocaudal axis in the sagit-
tal plane and were therefore counted as a single unit
comprising part of the A9 group.

Fibril infusions elicited no major changes in TH* regional
areas, other than a reduction in the size of the lateral
substantia nigra, pars compacta in the 17-month-old males
(Figure 12A). Note that these regional areas differ from
those in Figure 11 in that the latter traces also included
the pars reticulata because of the lower resolution of the
images captured on the Odyssey imager and our desire
to include expression of dopaminergic markers in the per-
pendicular dendritic extensions of pars compacta neurons
into the pars reticulata (93). The raw TH and Hoechst
cell counts are presented to the reader in Figure S4. The
cells per unit area presented in Figure 12B,C were calcu-
lated by dividing those raw numbers by the areas in which
they were counted (see Figure 12A). Fibril infusions reduced
TH* cell density in the substantia nigra, pars compacta,
when defined as a single structure, in the young males
(Figure 12B). This effect may be explained by the focused
fibril-induced drop in TH* cell density of the lateral sub-
stantia nigra, pars compacta, in the young males, an effect
that was absent from the other groups. Fibril infusions
elicited mild reductions in Hoechst™ cell density in the
retrorubral field in young males (Figure 12C). There were
no other fibril-induced effects on Hoechst* cell densities,
suggesting a lack of true fibril-induced cell death in any
other part of the dopaminergic ventral mesencephalon.
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Figure 6. Preformed a-synuclein fibril injections in the mouse OB/AON
elicit a-synucleinopathy in olfactory/limbic regions of the temporal lobe.
Mice were infused in the right olfactory bulb/anterior olfactory nucleus
with either preformed a-synuclein fibrils (5 pg/1 plL) or an equivalent
volume of PBS (1 pL). Sagittal brain sections were immunostained for
pathologically phosphorylated a-synuclein (EP1536Y rabbit monoclonal
pSer129 antibody; see Table S1). The Hoechst reagent was used to
stain nuclei and identify anatomical boundaries. Representative images

In order to examine the impact of fibril infusions on
TH expression level per TH* cell number in the ventral
midbrain, the raw TH signal generated on the Odyssey
imager (Figure 11B) was divided by the raw TH* cell
counts calculated above for each animal. Fibril infusions
raised TH protein expression per TH* cell in the substantia
nigra in all male groups and in the ventral tegmental area
in the oldest male group (Figure 12F,G), perhaps as a
compensatory response to mild proteotoxic stress.
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were captured at 40x and 200x (insets) magnification in the anterior
olfactory nucleus (A), tenia tecta (B), dentate gyrus (C), hippocampal
CA1 (D), the posteromedial cortical amygdala (E) and the nucleus
accumbens (F). Abbreviations are defined in Table S2. To view the
original, higher resolution Adobe lllustrator or EPS files, please link to
https://dsc.dug.edu/pharmacology/ or https://www.dropbox.com/sh/
abrbylg1tcobtrm/AACIMb2gWuP29ABbmdGuNoaJa?dl=0
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Female mice infused with preformed fibrils in
the OB/AON have fewer olfactory deficits and
greater motor deficits than males

The primary goal of our study was to examine the histo-
pathological effects of fibril infusions using the fewest animals
possible. Because of limited resources, only a small number
of behavioral tests were performed, with foci on olfactory,
motor and cognitive abilities. Furthermore, individual
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Fibrils
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Figure 7. Preformed a-synuclein fibril injections in the mouse OB/AON
induce the formation of aggresome-like structures. Mice were infused in
the right olfactory bulb/anterior olfactory nucleus with either preformed
a-synuclein fibrils (5 pg/1 pl) or an equivalent volume of PBS (1 plL).
Sagittal brain sections from the young male mice were immunostained for
pathologically phosphorylated a-synuclein (monoclonal 81A pSer129
antibody; see Table S1). The Proteostat detection reagent was applied to
the tissue and the Hoechst reagent was used to stain cellular nuclei.
Images were captured with a 100x objective under oil immersion. A.
Perinuclear pSer129* inclusions were stained with the Proteostat dye in all
affected brain regions, including the anterior olfactory nucleus (AON),

behavioral tests were not repeated numerous times on each
animal, to avoid undue influences of learning on performance
(74), with the exception of the buried vs. exposed peanut
test, which was the only test performed in the oldest male
mice at any time point longer than 6 months post-surgery.

Fibril infusions did not significantly influence the latency
to contact an exposed peanut at 3 months post-infusion,
after excluding the mice that failed to show any interest
in peanuts, suggesting equivalent motivation to find food
in the remaining cohort (Figure 13A). However, by 10
months post-surgery, the oldest PBS-infused males con-
tacted the exposed peanut faster than at 3 months

Brain Pathology 29 (2019) 741-770
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piriform cortex (Pir), posteromedial cortical nucleus of the amygdala
(PMCo), hippocampal CA1 and entorhinal cortex (Ent), in young male mice
6 months after fibril infusions. See text for details on background staining
in PBS group. B. The arrow points to a pSer129* neuritic inclusion that
does not colocalize with the Proteostat dye, in contrast with the dual-
labeled perinuclear inclusion in the soma (arrowhead). C. Mild pSer129 but
dense Proteostat label was observed in the tenia tecta. Abbreviations are
defined in Table S2. To view the original, higher resolution Adobe lllustrator
or EPS files, please link to https://dsc.dug.edu/pharmacology/ or https://
www.dropbox.com/sh/a6rbylg1tco6trm/AACIMb2gWuP29ABbmdGuN
oaJa?dl=0

post-surgery, which may be the result of reexposure to
and familiarity with the test.

The fibril-treated young males were slower at locating
buried food than PBS-treated age-matched controls, whereas
female mice of the same age and the 14-month-old males
were not similarly impaired after fibril treatment (Figure
13B). However, the oldest fibril-infused males contacted
buried food significantly slower at 10 months post-surgery
(at 21 months of age) than at 3 months post-surgery (at
14 months of age; Figure 13B), consistent perhaps with
the loss of NeuN* cells in the AON of this group of
animals (see Figure 3B).
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Figure 8. Preformed a-synuclein fibril injections in the OB/AON induce
atrophy of pyramidal and granule cell layers of the limbic allocortex in
young male mice. Mice were infused in the right olfactory bulb/anterior
olfactory nucleus with either preformed a-synuclein fibrils (56 pg/1 uL) or
an equivalent volume of PBS (1 pL). A blinded observer employed the
“arbitrary line” tool in cellSens software to measure the width of the
compact Hoechst* pyramidal cell layer in the rostromedial piriform
cortex, caudolateral piriform cortex, CA1, CA2 and CA3 of the
hippocampus, or the stratum granulosum of the dentate gyrus.
Representative grayscale micrographs for the caudolateral piriform
cortex and dentate gyrus are displayed in panel (A) and the quantifications

In tests of motor function, female fibril-infused animals
exhibited less spontaneous rearing behavior and made fewer
contacts with both forelimbs than the young fibril-infused
males (Figure 13C,D). Furthermore, fibril infusions sig-
nificantly reduced the number of forelimb contacts in
females, consistent with the reduction in spontaneous rear-
ing behavior in the same group.

As Lewy pathology-induced dysfunction in hippocampal
neurons may contribute to symptoms of dementia (71), we
performed the novel object and novel place recognition
tests to assess spatial memory and learning. In the novel
object test, the older fibril-infused males spent significantly
less time contacting the novel object than the young fibril-
infused males (Figure 13E). Compared to male mice, female
PBS-infused animals spent more time exploring the novel
object (Figure 13E), both objects (Figure 13F), and spent
less time exploring the novel place (Figure 13G). The older
males tended to spend less time exploring the familiar
object in the novel place in response to fibril infusions—
these latter results were statistically significant by a two-
tailed ¢ test, and almost reached statistical significance
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of pyramidal and granule cell layers width (B) and Hoechst* nuclear area
(C) are graphed below. Shown are the mean and SD of raw, unnormalized
data. N = 3-8 mice per group (see Methods section and Figure 1 for
animal numbers). Two-way ANOVAs were followed by the Bonferroni
post hoc correction. *P<0.05, **P<0.01, ***P<0.001 PBS vs. fibrils;
+P<0.05 ++P<0.01, +++P < 0.001 vs. 3-9 month males; ~P < 0.05,
~~P<0.01, ~~~P <0.001 vs. 11-17 month males. Abbreviations are
defined in Table S2. To view the original, higher resolution Adobe
lllustrator or EPS files, please link to https://dsc.dug.edu/pharmacology/
or https://www.dropbox.com/sh/a6rbylg1tco6trm/AACOMb2gWuP29A
BbmdGuNoaJa?di=0

after the conservative Bonferroni correction for multiple
comparisons was applied (p = 0.055 after Bonferroni cor-
rection; Figure 13G).

DISCUSSION

The main finding of the present study is that the induc-
tion of a-synucleinopathy in the OB/AON complex is
associated with Lewy-related pathology firmly positioned
in the limbic system, spanning the piriform cortex, amyg-
dala, entorhinal cortex and hippocampus of the temporal
lobe, and extending in some cases to the nucleus accum-
bens and ventral tegmental area. Limbic-centered pathol-
ogy is evident for at least 6 months post-infusion,
regardless of sex in 9-month old male and female mice,
and irrespective of age in 17-month old males. In the
21.5-month old males, our results may be skewed toward
“superager” survivors because of unexpected attrition
of animals. In all animals, however, we failed to observe
convincing pathology in the brainstem (pons and medulla
oblongata) or within the anatomical boundaries of the
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Figure 9. a-synucleinopathy remains centered in the limbic allocortex 6
months following infusions of preformed a-synuclein fibrils in the OB/
AON. A series of stitched images of sagittal brain sections from two
17-month-old animals sacrificed 6 months after infusion of 1 uL PBS
(left) or 5 pg/1 uL fibrils (right) into the OB/AON. All sections were
stained in parallel with the monoclonal rabbit EP1536Y pSer129 antibody
for pathologically phosphorylated a-synuclein (see Table S1). Anatomical
labels are based on cytoarchitectonic details provided by the Hoechst
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nuclear marker (not shown). All sections were processed in parallel and
photographed at the same exposure and intensity scaling. Abbreviations
are defined in Table S2. To view the original, higher resolution Adobe
lllustrator or EPS files, please link to https://dsc.dug.edu/pharmacology/
or  https://www.dropbox.com/sh/a6rb5ylg1tco6trm/AACIMb2gWuP29
ABbmdGuNoaJa?dI=0
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Figure 10. Mesencephalic a-synucleinopathy is centered medially in the
limbic-related ventral tegmental area and does not colocalize with
dopaminergic markers. A fibril-injected 17-month-old mouse with the
most widespread Lewy-related pathology of all cases studied is displayed
in this figure. (A) Stitched image of an entire brain section, with genuine
a-synucleinopathy at the boundary zone between the ventral tegmental
area and substantia nigra, pars compacta (true boundaries were identified
with antibodies against the dopaminergic marker tyrosine hydroxylase on
the same section—see panel (D). Dense pSer129* inclusions were
observed in the anterior olfactory nucleus (AON) and nucleus accumbens
(Acb), and sparse inclusions were observed in the olfactory bulb (OB), bed
nucleus of stria terminalis (BST), orbitofrontal (VO) and cingulate cortices
(A30), and ventral midbrain. A few sparse inclusions were observed in
association neocortices (M2) of this one animal. Merged, higher

substantia nigra, pars compacta, strictly defined by TH
immunolabeling, despite the advanced age of the oldest
survivors and their almost 11-month-long post-infusion
survival period.

The second main finding is the dramatic increase in
mortality in the aged males. Our finding that fibril infu-
sions accelerate mortality in male mice by 21.5 months
of age is noteworthy, given the associations between human
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magnification images of Hoechst* cells (pseudocolored blue) and pSer129
immunostaining (pseudocolored red; EP1536Y rabbit monoclonal
pSer129 antibody; see Table S1) in the AON (B) and accumbens (C). (D)
Tyrosine hydroxylase (TH; pseudocolored green) and pSer129
(pseudocolored red) immunostaining in the ventral midbrain of the same
animal. (E-H) Lack of convincing colocalization of pSer129 and tyrosine
hydroxylase in confocal images of the same animal. A movie of the
rotating confocal Z-stack for this animal can be viewed in Figure S2. The
lack of convincing colocalization of pSer129 and tyrosine hydroxylase in
additional animals is presented in Figure S3. Abbreviations are defined in
Table S2. To view the original, higher resolution Adobe lllustrator or EPS
files, please link to https://dsc.dug.edu/pharmacology/ or https://mwww.
dropbox.com/sh/a6r5ylg1tco6trm/AACIMb2gWuP29ABbmdGuNo
aJa?dl=0

smell loss, olfactory bulb histopathology, neurodegenerative
disease and mortality (10, 11, 53-55). Pinto and colleagues
reported that 40% of older adults with complete smell
loss were dead within 5 years (compared to only 10% of
older adults with intact smell perception), and that smell
loss was linked to higher mortality rates than heart failure,
stroke, cancer and diabetes (138). Rey et al. did not report
an increase in mortality from olfactory-seeded
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Figure 11. Preformed a-synuclein fibril injections in the OB/AON
increase the expression of dopaminergic markers in the nigrostriatal and
mesolimbic pathways of older male mice. Mice were infused in the
right olfactory bulb/anterior olfactory nucleus with either preformed
a-synuclein fibrils (5 ug/1 plL) or an equivalent volume of PBS (1 uL).
Sagittal brain sections were immunostained with antibodies against the
dopaminergic markers tyrosine hydroxylase (TH) and the dopamine
transporter (DAT) and scanned on an ultrasensitive infrared imager
(LiCor Odyssey). A blinded observer traced the anatomical boundaries
of the dorsal striatum (caudoputamen), ventral striatum (nucleus
accumbens), the substantia nigra and the ventral tegmental area in
LiCor ImageStudio software. A. The shape areas drawn around the
regions of interest are shown as raw data (unnormalized, arbitrary units)

Fibrils

a-synucleinopathy, but their mice were 3 months old at
the time of fibril injections (142, 143). In the present study,
animals injected at 3 months of age also did not exhibit
an increase in mortality, whereas infusions in the 11-month-
old mice only exerted significant lethal effects by 10.5
months post-infusion. In the latter 21.5-month-old males,
fibril infusions elicited mild loss of NeuN* neurons in the
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from ImageStudio software. B. TH signal is displayed after normalization
to area, reflecting TH signal density. C. DAT signal per unit area is also
shown, reflecting DAT signal density. D. Representative pseudocolored
images of DAT immunostaining in all groups. Shown are the mean and
SD. N = 3-8 mice per group (see Methods and Figure 1 for animal
numbers). Two-way ANOVAs were followed by the Bonferroni post hoc
correction. *P<0.05, **P<0.01, ***P<0.001 PBS vs. fibrils; +P< 0.05
vs. 3-9 month males; ~P < 0.05, ~~P < 0.01, ~~~P < 0.001 vs. 11-17
month males. Abbreviations are defined in Table S2. To view the
original, higher resolution Adobe lllustrator or EPS files, please link to
https://dsc.dug.edu/pharmacology/ or https://www.dropbox.com/sh/
abrbylg1tcobtrm/AACIMb2gWuP29ABbmdGuNoaJa?dl=0

AON. In contrast, Rey and colleagues achieved severe cell
loss in this structure 6 months after fibril infusions in
the OB of young C57 mice (142), perhaps because of dif-
ferences in fibril sonication protocols or mouse strain; they
employed C57 mice, whereas we examined CDI mice.
The third main finding is that female mice develop fewer
inclusions than males in many subregions of the limbic
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Figure 12. Impact of preformed a-synuclein fibril injections in the OB/
AON on dopaminergic cell numbers in the ventral mesencephalon. Mice
were infused in the right olfactory bulb/anterior olfactory nucleus with
either preformed a-synuclein fibrils (5 pg/1 plL) or an equivalent volume of
PBS (1 pL). Sagittal brain sections were stained with antibodies against the
dopaminergic marker tyrosine hydroxylase (TH) and the nuclear marker
Hoechst and 200x images were stitched together to form large, high-
resolution photomontages of the ventral mesencephalon from every
section of a 1-in-5 sagittal series. A blinded observer traced the anatomical
boundaries of the ventral tegmental area and the anterior, posterior and
lateral subregions of the substantia nigra, pars compacta in cellSens
software. A. The areas of the shapes drawn around the regions of interest
are shown as raw data (unnormalized, arbitrary units per stitched section).
B. Every single visible TH* cell encompassing a Hoechst* nucleus in all the
ventral midbrain-containing sections was manually counted by a blinded
observer. In the medial substantia nigra, pars compacta, counts were
made separately in the anterior and posterior nigra based on boundaries
observed in the TH staining (see top row of panel E). The lateral substantia
nigra was counted separately, also based on boundaries observed in the

system, supporting the view that the higher risk of Lewy
body disorders in men may be partly related to gender-
dependent propensities to develop a-synuclein protein
aggregations. Fibril infusions failed to elicit any loss of
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TH staining (see bottom row of panel E). Data are presented as area of the
region of interest in arbitrary units (A), TH* cell counts per unit area (B), and
Hoechst* cell counts per unit area (C), within the boundaries of the dotted
lines, as shown in panels D-E. Note that two of the panels in D-E are from
fibril-infused mice exhibiting no pSer129 pathology in the ventral midbrain
to illustrate the lack of background staining in this region. Raw TH* cell
counts per animal (see Figure S4 for raw data) were divided by the total TH
signal generated on the LiCor imager for the ventral tegmental area (F) and
substantia nigra, pars compacta (G) as a measure of “TH expression per
cell.” Two-way ANOVAs were followed by the Bonferroni post hoc
correction. Shown are the mean and SD from an n of 3-8 mice per group
(see Methods and Figure 1 for animal numbers). *P < 0.05 for PBS vs.
fibrils; +P < 0.05 vs. 3-9 month male group; ~P < 0.05, ~~P < 0.01,
~~~P<0.001 vs. 11-17 month male group. Abbreviations are defined in
Table S2. To view the original, higher resolution Adobe lllustrator or EPS
files, please link https://dsc.dug.edu/pharmacology/ or https://www.dro
pbox.com/sh/a6rbylg1tcobtrm/AACIMb2gWuP29ABbmdGuNoada?dl=0

NeuN* or Hoechst™ cells in any brain region in females,
whereas age-matched male mice exhibited fibril-induced
losses of NeuN* and Hoechst* cells in the posteromedial
cortical amygdala and the nucleus of the lateral olfactory
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Figure 13. a-Synuclein fibril injections in the OB/AON elicit sex and age-
dependent behavioral deficits. Mice were infused in the right olfactory
bulb/anterior olfactory nucleus with either preformed a-synuclein fibrils
(5 pg/1 pb) or an equivalent volume of PBS (1 uL). The buried pellet test
for olfactory capacity was conducted at 3 months post-infusion in all
groups, and again at 10 months post-infusion in only the oldest group of
mice (the only survivors at that time). A blinded observer calculated the
latency to approach an exposed peanut (A) and the latency to approach
a buried peanut (B). The cylinder test was performed at 4.5 months post-
infusion (C-D). Shown are the number of rears (C) and forelimb contacts
(D) with the walls of the cylinder in 10 minutes. The novel object/place

tract, as well as loss of Hoechst® cells in the piriform
cortices and nucleus accumbens. In addition, the female
mice were less impaired in finding buried food than males
after fibril infusions, although additional olfactory tests
must be completed to confirm this sex difference. The
latter observation is not unexpected given our histological
findings and clinical reports that olfactory dysfunction is
more common in cases with limbic and neocortical-pre-
dominant Lewy pathology than cases with brainstem-
predominant Lewy pathology (16, 18, 170).

The sex differences reported here seem consistent with
clinical observations that women with PD perform better
than male PD patients in the University of Pennsylvania
Smell Identification Test (160). Other notable sex differences
include greater rigidity and cognitive dysfunction in male
PD patients, whereas women with PD are more likely than
men to display severe tremors, postural imbalances and
dyskinesias (64). Perhaps for the latter reasons, fibril-infused
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recognition tests were performed at 5.5 months post-infusion (E-H).
Note that the oldest group of mice were not subjected to any behavior
assay after 6 months post-infusion, other than the buried pellet test.
Two-way ANOVAs were followed by the Bonferroni post hoc correction.
Shown are the mean and SD from an n of 3-16 mice per group (see
Methods and Figure 1 for animal numbers). *P< 0.05, ***P<0.001 PBS
vs. fibrils; +P < 0.05, ++P < 0.01 vs. 3-month male group. ~P < 0.05 vs.
11-month male group. Abbreviations are defined in Table S2. To view the
original, higher resolution Adobe lllustrator or EPS files, please link to
https://dsc.dug.edu/pharmacology/ or https://www.dropbox.com/sh/
abrbylg1tcobtrm/AACIMb2gWuP29ABbmdGuNoaJa?dl=0

females in the present study engaged in lower levels of
spontaneous rearing behavior and made fewer forelimb
contacts with the walls of a cylinder. However, the results
of our motor tests are not readily explained by sex dif-
ferences in TH or DAT expression in the nigrostriatal
pathway and may therefore be mediated by extranigral
neural circuitry, such as the sensorimotor cortex or cerebel-
lum, or by sex-dependent differences in electrophysiological
activity that are not captured by simple histological assays.
Kim and colleagues reported a lack of gender differences
following infusions of preformed fibrils in the striatum of
wild-type mice, supporting the view that the induction site
and the route of spread are critical (95). However, Cantuti-
Castelvetri and colleagues observed that nigral dopamine
neurons in male subjects display higher baseline expression
of a-synuclein protein (36), suggesting that males may have
more endogenous a-synuclein molecules available as a sub-
strate for seeding and aggregation.
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Estrogen use beginning early in menopause reduces the
risk of developing dementia in female subjects with PD
(107) whereas bilateral oophorectomy increases the risk
of parkinsonism (19, 148). Furthermore, women who are
diagnosed with PD typically experience earlier menopause
and curtailed reproductive lifespans (122). These findings
are consistent with experimental observations that estrogens
destabilize and/or de-aggregate a-synuclein fibrils (81). If
sex steroids influence the emergence of inclusions and the
risk of developing Lewy body disorders (116, 151, 152),
then the neuroprotective effects of estrogens may extend
beyond dopaminergic circuitry and suppress the density
of telencephalic a-synucleinopathy and its sphere of trans-
mission. In our model, females failed to develop significantly
more inclusions than males in any brain region examined,
and fewer females than males displayed any inclusions in
the olfactory tubercle and dorsal striatum (see heatmap
in Figure 2). Given these collective observations, it seems
plausible that females develop aggregations less readily
and display more restricted spread. However, further stud-
ies are needed to test if the neuroanatomy of males and
females differ at the macroscopic or microcircuitry level,
which might lead to slight variations at the injection site
or in spreading patterns, respectively.

A number of unexpected results in our study deserve
mention. First, female mice displayed a slight increase in
cells in the OB. It is worth establishing in future work
whether this reflects a small increase in neurogenesis, which
serves to repopulate OB cells via the rostral migratory
stream (136) and is thought to be higher in females (48).
Second, we observed a fibril-induced loss of cells in the
young males—but not the older mice—in a number of
brain regions, such as the nucleus of the lateral olfactory
tract and the piriform cortices (eg, Figures 3 and 4). Thus,
it seems possible that the most vulnerable cellular popula-
tions in some brain regions are lost with aging, and that
cells able to survive this attrition have sufficient fortifica-
tions to survive further proteotoxic stress; such resilience
could underlie the slow progression of proteinopathic brain
disorders. An additional explanation is that the group of
older mice were skewed toward a superager phenotype,
as alluded to above. Indeed, a superager phenotype would
also explain why older mice do not always harbor more
inclusions than the younger cohorts. In the caudoputamen,
for example, the 21.5-month group displays lower inclusion
counts than the 17-month-old group.

A third unusual finding was that the 14 month-old males
did not display a higher latency to contact the buried
peanut after fibril infusions. Odor naming capacity follows
an inverted U-shaped curve over the lifespan, being highest
in the young adults and poorest in the very elderly (43),
but stress levels are a confounding factor in virtually all
rodent behavior studies, and can even be influenced by
the gender of the human investigator (158). In human sub-
jects, the SF-36 mental health composite and the reverse-
coded Perceived Stress Scale scores display inverted U-shapes
across the lifespan, with the greatest resilience in middle
age (163). Although all our animals are born and raised
in the same facility, the middle-aged males have experienced
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more human handling than the young males over the course
of their longer lives. Perhaps for these reasons, the middle-
aged mice appeared less skittish than the other male groups.
By 10 months post-infusion, the oldest males were impaired
in finding the peanut after fibril infusions, perhaps because
significant loss of NeuN* neurons had emerged in the AON
by that time (Figure 3B).

Finally, we observed that PBS-injected female mice
explore novel objects more than male mice, but explore
novel places less than males. In this context, it may be
relevant that women appear to have superior memory
measures (140), but worse spatial skills compared to men
(23). There are too many other significant differences in
the present report to discuss every single effect, but we
caution that the effect sizes are often small and may not
be biologically meaningful even if statistically significant.
An added complication of murine behavior studies is the
~65-90 million years of evolutionary divergence between
mice and humans (57, 104, 114), and the preferential reli-
ance of rodents on olfactory rather than visual cues.

Olfactory-induced a-synucleinopathy does not
reproduce PD-related pathology within the
substantia nigra, hippocampal formation or
amygdaloid complex

At first glance, our findings seem consistent with the sup-
positions of Cersosimo, who recently posited an olfactory
origin of the limbic a-synucleinopathy in DLB (38). However,
we hesitate to conclude that our OB/AON infusion model
fully simulates DLB, PD or even iLBD, as these condi-
tions are associated with loss of dopaminergic markers
of the nigrostriatal pathway and true nigral cell death,
and PD and DLB are associated with a more widespread
extent of Lewy-related pathology than in our murine model
(16, 17, 85, 115, 137, 155). For example, a ~40% loss of
pigmented nigral neurons and a ~50% reduction in TH
is already evident in the striatum of iLBD patients (16,
17, 85). Furthermore, iLBD patients have fewer TH* cells
and reduced nigral neuron densities as early as Braak
stages I and II, prior to the deposition of misfolded
a-synuclein in this brain region (115), further supporting
the uncoupling of cell loss from Lewy pathology (41). In
PD, the frequency and density of Lewy pathology in the
medulla, pons and substantia nigra are similar to that in
the limbic system (see Figure 2C,D in Beach’s work (16)).
Even in iLBD, pathology is evident in both the medulla
and OB, and limbic pathology outside of the OB is observed
less frequently than caudal brainstem pathology (see Figure
2A,B in Beach’s work (16)).

As the brunt of a-synucleinopathy in our material is
centered in the limbic connectome, rather than taking
firm root in both the brainstem and limbic system, we
posit that our model captures some but not all aspects
of the early limbic-predominant Stage IIb of the unified
staging system (16, 100, 164). Had we achieved immu-
nostaining of sufficiently high quality in the 21.5-month-
old animals that died prematurely, it is, of course, possible
they would have exhibited some degree of brainstem
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pathology. On the other hand, according to other inves-
tigations in the preformed fibril model, Lewy-related
pathology is widespread even as early as 6 months post-
infusion (105, 133, 142, 144), at which time we failed to
observe robust extralimbic a-synucleinopathy. It is critical
to note that Rey and colleagues noted a broader sphere
of a-synucleinopathy transmission following OB fibril
infusions even through their mice were of the same age
and survival period as in our study (141, 144). These
facts contradict the argument that shorter survival peri-
ods per se and different ages at induction underlie the
topographically restricted pathology in our hands. Rather,
it seems more probable that fibril sonication protocols
explain the differences across studies, as stated above
(139). Our findings also differ significantly from a recent
report that olfactory bulb a-synucleinopathy causes simi-
lar pathology as in prodromal PD (123), but their model
was generated by a-synuclein overexpression.

In our previous report, retrogradely labeled FluoroGold*
cells and pSer129* inclusions were reported in or near the
parabrachial pigmented nucleus (part of the ventral teg-
mental area) following OB/AON infusions (109). At longer
survival periods, approximately half of all the animals in
the present study displayed inclusions in the ventral teg-
mental area or the boundary zone between the ventral
tegmental area and the medial substantia nigra. The ventral
tegmental area and medial substantia nigra are associated
with the limbic system, whereas lateral and central sub-
regions of the substantia nigra are involved with associative
and striatal motor systems (68, 79). The dopaminergic
subregions most vulnerable both to cell loss and the devel-
opment of Lewy inclusions in human PD are concentrated
caudally, ventrally and laterally within the tiers or
nigrosomes of the substantia nigra (42, 45, 60). Although
there are reports of mild cell loss in the Al0 group in
patients (4, 113), the foci of Lewy-like pathology as well
as cell loss in the ventral tegmental area (rather than the
nigra proper) in our material seems at odds with the
greater vulnerability of the nigral pars compacta in PD
patients (26, 42, 97). Had the caudoputamen been more
densely labeled in our material than the accumbens, we
would have expected greater nigrostriatal than mesolimbic
involvement. We did observe mild cell loss in the A8 group
of the retrorubral field in young fibril-infused males, but
this area is resistant to degeneration in PD patients (113).
Furthermore, our investigations failed to support convinc-
ing colocalization of the TH* stain with pSerl29 immu-
noreactivity in the midbrain. One explanation is that TH
immunoreactivity may be suppressed in neurons with dense
a-synucleinopathy (5). Alternatively, non-dopaminergic
efferent projections from the substantia nigra, pars com-
pacta and ventral tegmental area to the amygdaloid complex
have been reported (103), as well as non-dopaminergic
projections from the ventral tegmental area to the nucleus
accumbens (149). A recent tract-tracing study also reported
a direct nigro-olfactory projection in rats, and the tracer
appeared in the medial half of the substantia nigra, pars
compacta (see Figure 2D in (83)), which, as stated above,
is more closely associated with the limbic system.
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Of all cornu Ammonis hippocampal fields, the small
CA2 subregion displays the earliest and densest Lewy
pathology in both PD and DLB (2, 44, 45). According to
our previous work and the present study, the earliest and
densest hippocampal pathology in fibril-infused mice was
not in CA2, but centered in ventral CAl and the subicu-
lum, consistent with the dense retrograde labeling of these
two structures following FluoroGold infusions in the OB/
AON complex (109) and with a large body of work on
the afferents of anterior olfactory brain regions (eg, see
Table 2 in (31)) (69, 70). If the spreading hypothesis for
a-synuclein transmission is correct, and the findings of
our model eventually translate to humans, the initial trans-
mission of Lewy pathology into CA2 of the hippocampal
formation in humans may not originate at olfactory sites.
However, such interpretations must be approached with
caution, as macrosmatic mice may differ from microsmatic
humans in the strengths and patterns of connections between
olfactory and hippocampal structures.

The amygdala often harbors some of the densest Lewy
pathology in human autopsy material (16). Atrophy of
limbic structures such as the amygdala is strongly associ-
ated with olfactory dysfunction (13), and PD patients with
severe hyposmia also display a significant decrease in the
functional connectivity of the amygdala, as determined
by magnetic resonance imaging (172). These clinical obser-
vations are consistent with first-order inputs to the cortical
amygdala from the OB (128), and with reports that the
cortical amygdala displays both Lewy pathology and neuron
loss in patients with PD (24, 76). The latter features were
reproduced in our model, and are consistent with the view
that the cortical amygdaloid nuclei form part of the greater
olfactory paleocortex. On the other hand, Braak reported
that the Lewy pathology in the amygdala initially arises
in the central nucleus (24, 45), which is densely connected
with vagus-related nuclei of the brainstem (145-147). The
early involvement of the cortical rather than central amyg-
dala, of CAl rather than CA2, and the mesolimbic rather
than nigrostriatal pathway in our model therefore do not
recapitulate the patterns of Lewy pathology in early PD
with any degree of precision.

a-synucleinopathic inclusions in the preformed
fibril model are composed of aggregated
proteins

The staining of pSerl29* inclusions with the Proteostat
aggresomal dye is consistent with previous studies on simi-
larities between Lewy bodies and aggresomes (112, 161).
The formation of the aggresome is microtubule-dependent
(96) and a-synuclein appears to interact with tubulin, per-
haps serving as a microtubule dynamase (6, 37, 135).
Aggresomes are hypothesized to serve as a protective
mechanism facilitating cellular survival under proteotoxic
conditions (162), as they are observed in 53%-60% of non-
apoptotic cells but only 10%-13% of apoptotic cells in vitro
(161). In our material, not every single Proteostat* aggrega-
tions overlapped with pSerl129* inclusions or vice versa.
In this context, it is important to recognize that only a
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subset of somal inclusions in human tissue conform to the
criteria for classic Lewy bodies (16). Thus, the multiple
types of Lewy-related aggregations with heterogeneous
protein compositions may be an advantage of our model.

Additional caveats and conclusions

The present study includes three distinct measurements
on 16 individual brain regions or subregions (spanning
7296 total images) and would not have been feasible had
we only employed stereological counting tools. Obviously,
there are caveats to our higher throughput approach,
including that stereological methods account for changes
in the overall size of the tissue and yield approximations
of “absolute” numbers of labeled structures, whereas our
measurements report density of labeling. However, many
impactful postmortem studies on Lewy body disorders
have relied on similar methods (ie, reporting density of
a-synucleinopathy and of nigral cells) and relied heavily
on qualitative measures, such as heatmaps, because of the
wide scope of the studies (16, 26, 164).

Evidence collected here strongly suggests that pathology
induced at a single anatomical site (the OB/AON complex)
differs from the fundamentally more complex human PD,
DLB and iLBD phenotypes. We cannot expect a preclinical
model in short-lived and small creatures to capture all
aspects of any human condition, but, if the hodological
approach often applied in preformed fibril models translates
to clinical studies, we believe our data agree with Braak’s
original speculation that “ ... the pathology in the anterior
olfactory nucleus makes fewer incursions into related areas
than that developing in the brainstem” (26). An alternative
view is that there is no obligatory trigger or induction site
or Lewy body disorders (9, 89, 90, 131), or even directional
movement of a-synucleinopathy; instead, pathology might
arise simultaneously in many parts of the central and
peripheral nervous systems caused by spontaneous muta-
tions, which are quite common (94). Beach reasons that
the emergence of a-synuclein aggregates may be a stochastic
process not related to cell-to-cell spread but to “probabil-
istic rather than deterministic factors” (16). In a study of
>1000 brain autopsies, there were no cases with peripheral
but not central Lewy pathology, which does not support
the gut-to-brain transmission concept (3). Although there
are important exceptions (16), clinical symptoms have not
always been linked to the density and extent of Lewy
pathology (32, 129). Indeed, Parkkinen er al. concluded
that “The identification of cases with a reasonably high
burden of alpha-synuclein pathology in both brainstem and
cortical areas without clinical symptoms suggests that there
must be certain unrecognized pathologies of decisive impor-
tance that mediate the biological abnormality” (131). With
current attention focused on a-synuclein, it is also not
widely appreciated that Lewy bodies may contain up to
~300 other proteins (101). In short, there are unexplained
heterogeneities in Lewy body disorders that have impeded
our understanding (15, 32), as well as heterogeneity in the
physical structures of the Lewy-related aggregations and
in the proteins trapped in their clutches.
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Despite some caveats, the murine preformed fibril model
with injections in various brain locations seems reasonably
suited as the first rough screen for sex and age differences,
mortality risk, heterogeneities in induction sites, varying
compositions and structures of protein inclusions, differ-
ences in patterns of spread, and divergent behavioral
sequelae of unique regional patterns of Lewy-related pathol-
ogy. Our OB/AON infusion model is specifically noteworthy
in the atypical density of some of the pSerl129* pathology,
perhaps because our sonication protocol was previously
optimized in vivo based on this very readout (109), or
because the Lewy-like aggregations in our hands are less
toxic and more closely related to protective aggresomes
and do not kill the host cells in massive numbers. To us,
it seems important to test therapies in models with mild
cell loss and limited topographic extents of pathology—as
observed here—because our only hope at curing these
conditions may be those interventions initiated before sub-
stantial, irreversible cell loss unfolds and the disease has
spewed shoots into widespread neuroanatomical circuits.
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s web site:

Figure S1. Preformed o synuclein fibril injections in the
olfactory peduncle induce a similar topographic extent of
a synucleinopathy in males and females. Mice were infused
in the right olfactory bulb anterior olfactory nucleus
with either preformed a synuclein fibrils (5 pg 1 pL) or an
equivalent volume of PBS (1 pL). Sagittal sections were
immunostained for pathologically phosphorylated a synu-
clein (EP1536Y rabbit monoclonal pSerl29 antibody; see
Table Sl1). The nuclear marker Hoechst (pseudocolored
blue) was used to denote cytoarchitectonic boundaries.
Stitched images of sagittal brain sections from 9 month old
male (top) and female (bottom) mice perfused 6 months
post infusion are displayed from medial to lateral. All
sections were processed in parallel and images were cap-
tured at the same camera and exposure settings. Note
that you must zoom in on the computer screen to view
the pathology. Abbreviations are defined in Table S2. To
view the original, higher resolution Adobe Illustrator or
EPS files, please link to https://dsc.duq.edu/pharmacol-
ogy/ or https://www.dropbox.com/sh/a6rSylgltco6trm/
AACIMDb2gWuP29ABbmdGuNoalJa?dl=0

Figure S2. Neurons with a synucleinopathic inclusions at
the boundary zone between the substantia nigra and the
ventral tegmental area are not tyrosine hydroxylase®. Mice
were infused in the right rear olfactory bulb with either pre-
formed o synuclein fibrils (5 pg 1 pL) or an equivalent vol-
ume of PBS (1 pL). After 6 months, sagittal brain sections
were stained with the rabbit monoclonal EP1536Y pSerl29
antibody (pseudocolored red) for pathologically phosphor-
ylated a synuclein (see Table S1) and tyrosine hydroxylase
(pseudocolored green). Nuclei were counterstained with the
Hoechst reagent (pseudocolored blue). This confocal Z stack
video is of the same brain section as displayed in Figure
10. No colocalization of the two markers was observed.
To view the original, higher resolution Adobe Illustrator
or EPS files, please link to https:/dsc.dug.edu/pharma-
cology/ or https://www.dropbox.com/sh/a6r5ylgltco6trm/
AACIMb2gWuP29A BbmdGuNoalJa?d1=0

Figure S3. «synucleinopathic inclusions in the ventral
tegmental area are not tyrosine hydroxylase™. Mice were
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infused in the right rear olfactory bulb with either pre-
formed o synuclein fibrils (5 pg 1 pL) or an equivalent vol-
ume of PBS (1 pL). After 6 months, sagittal brain sections
were stained with the rabbit monoclonal EP1536Y pSer129
antibody (pseudocolored red) for pathologically phosphor-
ylated a synuclein (see Table S1) and tyrosine hydroxylase
(TH; pseudocolored green). No robust colocalization of
the two markers was observed, and the arrow in the bottom
row points to a single pSerl129 positive structure that may be
lightly TH positive. Abbreviations are defined in Table S2.
To view the original, higher resolution Adobe Illustrator
or EPS files, please link to https://dsc.duq.edu/pharma-
cology/ or https://www.dropbox.com/sh/a6r5ylgltco6trm/
AACIMDb2gWuP29A BbmdGuNoala?dl=0

Figure S4. Impact of preformed o synuclein fibril injec-
tions in the OB AON on dopaminergic cell numbers in
the ventral mesencephalon. Mice were infused in the right
olfactory bulb anterior olfactory nucleus with either pre-
formed o synuclein fibrils (5 pg 1 pl) or an equivalent
volume of PBS (1 pL). Sagittal brain sections were stained
with antibodies against the dopaminergic marker tyrosine
hydroxylase (TH) and the nuclear marker Hoechst and
200% images were stitched together to form large, high res-
olution photomontages of the ventral mesencephalon from
every section of a 1 in 5 sagittal series. A blinded observer
traced the anatomical boundaries of the ventral tegmental
area and the anterior, posterior, and lateral subregions of
the substantia nigra, pars compacta in cellSens software.
(a) Every Hoechst* cell (within the TH* area) and every
TH™ cell encompassing a Hoechst™ nucleus was manually
counted by a blinded observer. These raw data were then
used for the cell density measurements presented in Figure
12. Data are presented as (a) raw, unnormalized TH* cell
counts, and (b) raw, unnormalized Hoechst® cell counts.
Two-way ANOVAs were followed by the Bonferroni post
hoc correction. Shown are the mean and SD from an n of
3 8 mice per group (see Methods and Figure 1 for animal
numbers). P <0.05, P <0.01 for PBS vs fibrils; P <0.05 vs
3 9 month male group; P <0.05vs 11 17 month male group.
Abbreviations are defined in Table S2. To view the origi-
nal, higher resolution Adobe Illustrator or EPS files, please
link to https://dsc.duq.edu/pharmacology/ or https://www.
dropbox.com/sh/a6rSylgltco6trm/AACIMb2gWuP29ABDb
mdGuNoalJa?dl=0
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