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Abstract
The role of molecular chaperones, such as heat shock protein 70 (Hsp70), is not typically studied as a function of biological sex, 
but by addressing this gap we might improve our understanding of proteinopathic disorders that predominate in one sex. There-
fore, we exposed male or female primary hippocampal cultures to preformed α-synuclein fibrils in a model of early-stage Lewy 
pathology. We first discovered that two mechanistically distinct inhibitors of Hsp70 function increased phospho-α-synuclein+ 
inclusions more robustly in male-derived neurons. Because Hsp70 is released into extracellular compartments and may restrict 
cell-to-cell transmission/amplification of α-synucleinopathy, we then tested the effects of low-endotoxin, exogenous Hsp70 
(eHsp70) in primary hippocampal cultures. eHsp70 was taken up by and reduced α-synuclein+ inclusions in cells of both sexes, 
but pharmacological suppression of Hsp70 function attenuated the inhibitory effect of eHsp70 on perinuclear inclusions only in 
male neurons. In 20-month-old male mice infused with α-synuclein fibrils in the olfactory bulb, daily intranasal eHsp70 delivery 
also reduced inclusion numbers and the time to locate buried food. eHsp70 penetrated the limbic system and spinal cord of male 
mice within 3 h but was cleared within 72 h. Unexpectedly, no evidence of eHsp70 uptake from nose into brain was observed 
in females. A trend towards higher expression of inducible Hsp70—but not constitutive Hsp70 or Hsp40—was observed in 
amygdala tissues from male subjects with Lewy body disorders compared to unaffected male controls, supporting the impor-
tance of this chaperone in human disease. Women expressed higher amygdalar Hsp70 levels compared to men, regardless of 
disease status. Together, these data provide a new link between biological sex and a key chaperone that orchestrates proteostasis.
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Introduction

Emerging evidence supports the concept that Lewy body 
disorders are partly proteinopathic in origin, with progres-
sive deposition of insoluble inclusions (Lewy bodies and 

Lewy neurites) across the central and peripheral nervous 
systems [1–3]. One component of these inclusions is the 
abundant protein α-synuclein, which can assemble into oli-
gomers, protofibrils, and fibrils when protein quality control 
collapses [4, 5]. In Lewy body disorders, these pathologi-
cal forms of α-synuclein are hypothesized to spread across 
cells in prion-like fashion, seeding progressively more 
Lewy pathology in vulnerable brain regions [6–10]. Thus, 
by interfering with the assembly, intercellular spread, and/or 
amplification of toxic forms of α-synuclein, or by increasing 
α-synuclein degradation, new therapeutic strategies might be 
realized, but this type of intervention has proven difficult to 
achieve in the clinic.

The heat shock protein 70 (Hsp70) chaperone is highly 
conserved across diverse species and is one of the earliest 
and most dominantly expressed proteins after exposure to 
conditions that denature cellular proteins and trigger loss of 
protein homeostasis (proteostasis) [11–13]. Hsp70 facilitates 
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protein folding and the targeted degradation of misfolded 
proteins [14], has anti-apoptotic properties [15], blocks 
α-synuclein oligomerization [16], and inhibits α-synuclein 
fibril assembly and amyloid aggregation [17–25]. However, 
in Lewy body disorders, Hsp70 and its cochaperone, Hsp40, 
may also reside within inclusions, suggestive of possible 
entrapment and, therefore, cytosolic depletion [26]. Further-
more, aggregates of proteins that are implicated in the etiol-
ogy of neurodegenerative disorders (such as α-synuclein) 
might be unable to trigger the appropriate heat shock 
response [27]. Thus, boosting Hsp70 levels and/or activi-
ties is expected to delay the onset and slow the progression 
of Lewy body disorders.

Established risk factors for the onset of Lewy body disor-
ders include advanced age and the male sex [28, 29]. How-
ever, studies of sex differences in the progression (rather 
than onset) of Lewy body disorders are complicated by sex-
biased baseline traits (e.g., anxiety and depression) and by 
lack of statistical comparisons to control subjects or drug-
naïve, early-stage patients [30]. Furthermore, clinical studies 
often fail to stratify subjects based on differences in the topo-
graphical extent of Lewy pathology, as the latter are estab-
lished postmortem. For these and other reasons, conflicting 
reports on sex differences are unsurprising. For example, 
a recent report did not reveal robust sex differences in the 
progression of Parkinson’s disease, but female patients dis-
played worse patient-reported disabilities, and greater anxi-
ety, somatization, and depression-related symptoms [31]. 
Higher mortality was also observed in female patients com-
pared to males diagnosed with Parkinson’s disease dementia 
(PDD) or dementia with Lewy bodies (DLB) [32–34]. How-
ever, in drug-naïve female Parkinson’s patients, there was 
evidence of a 3.6-year shift to older age of onset, 38% slower 
deterioration, and 16% higher dopamine-transporter bind-
ing compared to male counterparts [35]. Moreover, a recent 
report on de novo Parkinson’s disease patients concluded 
that, after matching for disease duration and severity, male 
patients demonstrated greater brain atrophy and disruptions 
of connectivity [36]. Another recent multicenter study on 
unmedicated de novo Parkinson’s patients revealed worse 
olfaction and cognition in men and greater trait anxiety in 
women [37].

Despite the abovementioned clinical reports of sex dif-
ferences in Lewy body disorders, few preclinical studies on 
the mechanisms underlying Lewy pathology have analyzed 
animals or cells on the basis of biological sex. In prior work 
[38], we observed that infusions of preformed α-synuclein 
fibrils in the mouse olfactory bulb/anterior olfactory nucleus 
(OB/AON) elicited denser inclusions in the amygdala and 
other select limbic regions of males compared to age-
matched females. More recent studies in this preclinical 
model revealed greater inhibition of sucrose intake, fewer 
entries into an open field, and more immobile episodes in 

fibril-infused male mice compared to age-matched, fibril-
infused females, aside from baseline sex differences in 
these limbic traits (Miner et al., submitted). Although the 
biological mechanisms responsible for sex-biased limbic 
α-synucleinopathic disease are unclear, we speculate that 
basal or stress-induced sex differences in the limbic expres-
sion and function of factors that maintain proteostasis—
such as Hsp70—might contribute. Previous studies point 
to higher soluble Hsp70 levels in the peripheral circula-
tion of women [39]. Similarly, in the hypothalamus, higher 
Hsp70 expression was noted in female rats compared to male 
rats, both basally [40] and upon exposure to estradiol [41]. 
Higher Hsp70 expression was also reported in the female vs. 
male rat heart [42]. In contrast, Hspa1a and Hspa1b tran-
scripts, which encode Hsp70 isoforms, may be higher in the 
hippocampus of male versus female mice, at least at four 
months of age [43]. Thus, basal or stress-induced sex differ-
ences in Hsp70 expression are likely influenced by age, but 
may also be tissue and/or cell-specific.

Aside from its intracellular roles, Hsp70 also functions 
extracellularly as an immunogenic danger signal [44–46]. 
Extracellular Hsp70 is found free in solution, in complexes 
with antigenic peptides, or associated with exosomes, and 
regulates innate immune responses through its “chapero-
kine” function [11, 47]. Extracellular Hsp70 can alternately 
stimulate and enter cells via receptors or the endocytic 
uptake of exosomes [21, 48–52]. Consequently, Hsp70 
can be administered exogenously to cells and animals in 
recombinant form, and recent studies have therefore tested 
intranasal delivery of exogenous Hsp70 (eHsp70) in dis-
ease models [53–57]. Molecules delivered intranasally can 
penetrate the CNS via olfactory and trigeminal nerves, even 
as far caudally as the spinal cord, and the lipophilicity of 
Hsp70 may facilitate its transport from the nose into the 
brain [49, 50, 58–66]. Using this method, beneficial effects 
against experimental stroke and diabetes have been reported, 
and repeated intranasal eHsp70 delivery blunts cognitive 
dysfunction, neuron loss, and mortality in animal models 
of aging and Alzheimer’s dementia [53–57, 67]. Two stud-
ies further reported histological and behavioral benefits of 
intranasal eHsp70 delivery in male rodents subjected to 
parkinsonism-inducing toxicants (6-hydroxydopamine and 
lactacystin) [68, 69]. To our knowledge, however, nose-to-
brain entry of eHsp70 is untested against α-synucleinopathic 
disease, particularly in the limbic telencephalon. Further-
more, intranasal eHsp70 delivery has only been tested in 
male animals, or the sex was unmentioned [53–57, 67–69]. 
In sum, despite a higher disease risk in men, the impact of 
biological sex on the expression and function of Hsp70 in 
the context of Lewy body–related disease remains untested.

As a potential explanation for the sex-skewed emer-
gence of Lewy-related pathology, we studied if male and 
female neuronal cells differ in their dependence on Hsp70 to 
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mitigate the formation of phospho-α-synuclein+ inclusions. 
In addition, we tested the therapeutic potential of exogenous 
Hsp70 (eHsp70) in male vs. female primary hippocampal 
cultures challenged with α-synuclein fibrils. We also provide 
evidence of the entry of intranasally delivered eHsp70 into 
the male mouse brain, whereas no evidence of transnasal 
uptake was observed in female mice. In proof-of-concept 
studies, aged male mice were infused with intranasal eHsp70 
and its impact on olfaction and inclusion formation after OB/
AON α-synuclein fibril injections was tested. Finally, given 
the prominent olfactory/limbic pathology in Lewy body dis-
orders [28, 70–73], we assessed olfactory bulb and amygda-
lar tissues harvested postmortem from men and women with 
Lewy body disorders and age-matched unaffected controls 
for the levels of Hsp70, the constitutive heat shock protein 
70 (Hsc70), and the Hsp70 cochaperone, Hsp40. To our 
knowledge, these are the first studies to examine biologi-
cal sex as an independent variable in the impact of exog-
enous vs. endogenous Hsp70 in the preformed fibril model 
of α-synucleinopathy and to test sex differences in Hsp70 
expression in the olfactory bulb and amygdala of patients 
with Lewy body disorders.

Materials and Methods

Please see Supplemental Information (SI) for further proce-
dural descriptions.

Primary Neuron Cultures

All procedures were performed with the approval by the 
Duquesne University IACUC and in accordance with the 
NIH Guide for the Care and Use of Laboratory Animals. Tis-
sue from the hippocampus of Sprague Dawley rat brains was 
dissected on postnatal days 0–2. For studies in sex-divided 
cultures, male and female rat pups were distinguished by 
measuring the urethra-anus distances. To confirm the accu-
racy of this sexing technique, PCR for the Y-linked Sry 
gene (Mouse Genotype, Escondido, CA) was performed on 
their tail snips. Rat pups were bred in-house and the breeder 
stock was regularly replenished from Hilltop Lab Animals 
(Scottdale, PA) to prevent genetic drift.

In this report, primary neurons were harvested and cul-
tured using the protocol of Volpicelli-Daley et al. (2014) 
[74], described in detail in SI Methods. In our postnatal 
cultures, neurons allowed to survive longer than 16 days 
in vitro (DIV16) clustered together with stretched processes 
and a high degree of glial proliferation. Compared to the 
unstressed, confluent appearance of pre-DIV16 cultures, the 
clustering of somata after DIV16 negatively impacted the 
precision of our automated image analyses and was avoided 
(Bhatia and Leak, unpublished).

Treatments of Primary Neuron Cultures

Wild-type mouse α-synuclein fibrils were prepared as 
reported [74–78] or, for data shown in Fig.  S1, were 
obtained from StressMarq Biosciences (SPR-324B, Victo-
ria, Canada). For Fig. 2 and Figs. S4 and S5, the photostable 
 ATTO647 dye was custom-conjugated to wild-type mouse 
α-synuclein fibrils (SPR-324B, StressMarq Biosciences). 
Irrespective of source and type, fibrils were sonicated in a 
waterbath (Bransonic series model M1800, Branson Ultra-
sonics Corporation, Danbury CT) for 60 min immediately 
before use, according to our established methods [38, 79, 
80]. Cultures were treated with sonicated α-synuclein fibrils 
on DIV2 and assayed 6 h later, or on DIV5, 6, 12, or 16, as 
indicated in the figure legends. Details on immunocytochem-
ical, immunoblotting, and image analyses procedures are in 
SI Methods. All eHsp70 and inhibitor treatments were per-
formed in parallel with α-synuclein fibril treatment on DIV2. 
The Hsp70 inhibitor VER155008 was purchased from R&D 
Systems Inc (3803/10, Minneapolis, MN) and the Hsp70 
inhibitor MAL3-101 was synthesized as described [81].

Preparation and Purification of Hsp70

Recombinant human Hsp70 protein was prepared and 
isolated as described [82], with endotoxin removal proce-
dures as per manufacturer’s directions (Endotoxin Removal 
Kit; Abcam ab239707). As a negative control in Fig. S2, 
a “mock” purification was carried out in parallel, in order 
to generate a mock transfection vehicle to control for any 
residual materials from the synthesis process. For the lat-
ter procedure, empty bacterial expression plasmid vector 
pET21a, lacking the coding sequence for Hsp70, was trans-
formed into competent E. coli strain BL21(DE3) (C2527H, 
New England Biolabs, Ipswich, MA) and selected on Luria 
Broth + ampicillin plates. A single colony was picked and 
cells were grown to an  OD600 of 0.1 in LB + 100 µg/mL 
ampicillin at 37 °C. IPTG was added to the flasks to a final 
concentration of 0.5 mM to “induce” for 2 h at 30 °C with 
shaking. The cells were then harvested by centrifugation 
and the cell pellet was quickly frozen and stored at − 80 °C. 
The cell pellet was thawed and lysed by sonication in Nickel 
column buffer (50 mM  NaPO4, 300 mM NaCl, 10 mM imi-
dazole, 5 mM mercaptoethanol), pH 7.8, plus complete pro-
tease inhibitor cocktail (Roche). The cell lysate was clarified 
by centrifugation and the cleared lysate was applied to a 
5 mL volume Ni–NTA column (Qiagen). The column was 
washed with 25 mL nickel column buffer containing 30 mM 
imidazole and then eluted with 10 mL nickel column buffer 
containing 200 mM imidazole. The eluted fraction was con-
centrated to 2 mL in an Amicon Ultra spin column concen-
trator and was then subjected to overnight dialysis in 2 L of 
sterile PBS at 4 °C. The final dialyzed fraction was sterilized 
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by passing through a 0.2 µm syringe filter into a sterile 15 
mL tube. Thus, this procedure replicates all the steps in the 
purification of human Hsp70 protein, except that the plasmid 
is empty vector and does not express Hsp70.

As an alternate source, we purchased recombinant human 
Hsp70 (< 50 EU/mg purified protein (LAL test)) from Enzo 
Life Sciences (ADI-ESP-555, Farmingdale, NY). For initial 
in vivo studies, the yeast homologue of Hsp70 (SSA1, ~ 74% 
homology with HSPA1A) was prepared using a published 
method [83] and used in Fig. 7a–h. For all in vitro and 
in vivo studies using denatured Hsp70, denaturation was  
performed immediately before use by incubating Hsp70 
at 95 °C for 10 min and then plunging it in an ice bath  
for 10 min. This cycle was repeated twice.

Stereotaxic Surgeries

All procedures were performed with approval by the 
Duquesne University IACUC and in accordance with the 
NIH Guide for the Care and Use of Laboratory Animals. 
CD-1 mice (Charles River, Wilmington, MA) were accli-
matized to a 12:12 photoperiod in the Duquesne Univer-
sity Animal Care Facility with ad libitum access to food 
and UV-disinfected water. Mice were anesthetized with 2% 
vaporized isoflurane, placed on a warm pad, and stabilized 
in a stereotaxic frame. As in our prior work [38, 79], we 
infused preformed WT mouse α-synuclein fibrils into the 
rear of the OB, which includes a horseshoe-shaped rostral 
bulge of the AON [84]. Waterbath-sonicated α-synuclein 
fibrils (5 µg in 1 µL) or an equal volume of PBS was infused 
into the OB/AON at a rate of 0.25 µL/min using a Ham-
ilton syringe (80,085, Hamilton Company, Reno, NV) 
attached to a motorized injection pump (Stoelting, Wood 
Dale, IL). Infusate placement was verified by injections of 
blue food dye before each animal cohort was subjected to 
PBS/fibril injections. After a 4 min rest period, the needle 
was withdrawn from the burr hole. For studies on aged, 
20-month-old mice (Fig. 7a–h), injections were performed at 
AP + 4.0 mm, ML + 1.0 mm, and DV -2.5 mm from Bregma 
(from top of skull rather than the dura mater). For studies on 
younger, 5-month-old mice (Fig. 7i–k), the DV coordinates 
were -3.0 mm. All stereotaxic coordinates were empirically 
based on practice injections of food dye in spare mice of the 
same age and sex, as CD-1 mice are considerably bigger 
than the C57 mice used for stereotaxic atlases.

Animals received 0.05 mg/kg buprenorphine s.c., imme-
diately after the surgery, and were placed on an electric heat-
ing pad until recovery of ambulation. Topical lidocaine was 
applied at the incision site immediately after the surgery and 
for 3 days following the surgical procedure. Further details 
about the perfusion protocol and histological analyses are 
provided in SI Methods.

Intranasal Infusions

Mice were anesthetized using isoflurane and the indicated 
doses of eHsp70 (or an equivalent volume of PBS) were 
pipetted into the nares, as described in previous reports 
[53–57, 67]. Following placement of the eHsp70 drop, 
the animal remained anesthetized, in a supine position, to 
facilitate inhalation of the droplet and transnasal absorption 
into brain tissues. For the initial pilot studies in Fig. 6a–b, 
five male mice received PBS infusions (2 µL) and 5 male mice 
received intranasal eHsp70 (2 µg; Enzo), all at 3 months of  
age.

We repeated the above studies in 17–21-month-old male 
and female mice to corroborate nose-to-brain entry in aged 
animals and to characterize the time-dependent kinetics 
of eHsp70 clearance from the aged brain. For these latter 
experiments, 6 µg of eHsp70 (Enzo) was infused through 
the nostrils, based on higher concentrations used in prior 
reports [55]. Mice were anesthetized, decapitated, and their 
OB/AON, entorhinal cortices, brainstems, and cervical spi-
nal cords were dissected at 3 h, 24 h, 48 h, and 72 h post-
infusion and subjected to ultrasensitive, infrared immunob-
lotting. Because of promising data collected in the younger 
mice at 3 h post-infusion, we initially experimented on only 
3 of the more expensive aged male mice in the 3 h group 
(Fig. 6c), to help raise the n of the remaining groups, but  
we were able to add an additional aged animal by the time data  
in Fig. 6d–f were generated. The spinal cords from one old  
male mouse belonging to the 0 h group in Fig. 6e and from 
one old female mouse belonging to the 72 h group in Fig. S8d  
were lost during brain removal and/or dissections.

Behavioral Analyses

Animals were subjected to tests for olfaction, cognition, and 
anxiety-related behaviors in a dimly lit arena. Videos from 
an overhead camera were scored by blinded observers or 
tracked using the AnyMaze software (Stoelting). Olfaction in 
Fig. 7c–d was tested by the latency to contact buried/exposed 
food as in our prior work [38]. In Fig. 7k, olfaction was tested 
by the odor habituation/dishabituation test, as described previ-
ously [85–87]. Cognitive deficits were assessed by the Y-maze 
test [88] and anxiety-related behaviors were tested in an open 
field arena [87, 89, 90]. Detailed technical descriptions, includ-
ing a priori sample size and inclusion criteria, are provided in 
SI Methods.

Postmortem Human Samples

We acquired frozen OB and amygdalae via the NIH Neuro-
BioBank (UCLA and University of Miami Brain Banks). Tis-
sues had been harvested postmortem from men and women 
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clinically diagnosed with various Lewy body disorders or 
age-matched control subjects. The demographic information 
(including clinical/neuropathological diagnoses of Lewy body 
disorders) for all the human samples used in this study was 
provided to us by the brain banks and is listed in Table S3. 
Samples were sonicated in cell lysis buffer and subjected to 
standard SDS-PAGE, followed by infrared immunoblotting, 
as described in the SI Methods.

Statistics

Each statistical unit (i.e., the n per group) is presented as a 
colored dot in all graphs. In vitro data are presented as the 
mean + S.D. in bar graphs from at least 3 independent litters 
of rat pups, with each culture also run in duplicate or triplicate 
wells. Cell culture data from individual wells were averaged 
to yield a single value for each litter (i.e., each litter of pups 
formed only one n for the statistical analyses). In vivo data and 
data from clinical samples are presented as the mean + S.D. 
in bar graphs or the interquartile ranges in box or violin plots. 
Statistically significant intervariable interactions are written 
above respective graphs. A one-, two-, or three-way ANOVA 
was followed by the Bonferroni post hoc test to determine the 
statistical significance of main effects, interactions, and pair-
wise comparisons (IBM SPSS Statistics 23). Experiments on 
only two groups were analyzed by the Student’s two-tailed, 
unpaired t test (GraphPad Prism Version 9). For heteroscedas-
tic data in two groups, the Welch’s t test was used. If paramet-
ric assumptions were unmet (e.g., non-Gaussian distribution), 
we used the two-tailed Mann–Whitney U (for 2 groups), or 
the Kruskal–Wallis (> 2 groups) (GraphPad Prism Version 
9). For normally distributed data, Pearson correlation analy-
ses were employed. For data without normal distributions, 
the Spearman correlation analysis was used. Alpha was set at 
0.05. Wherever feasible, measurements were made by blinded 
observers, including all behavior and image analyses (except 
Western blots, as samples were loaded in a predetermined 
order).

Results

Characterization of Primary Neural Culture Model

For the studies reported here, we harvested cells from 
the rat hippocampus, as primary hippocampal neuronal 
cultures are  a well-characterized in vitro model for pre-
formed fibril studies [91]. Second, we observed that hip-
pocampal cultures show higher endogenous α-synuclein 
expression compared to cultures from sensorimotor 
neocortex, entorhinal allocortex, and the OB/AON (not 
shown), suggestive of a greater pool of substrate avail-
able for seeding, as reported previously [91, 92]. In our  

experiments, α-synuclein fibril–treated primary postnatal 
mixed-sex hippocampal cultures did not undergo signifi-
cant cell loss (Fig. S1a, d). This was confirmed by using 
fibrils from two independent sources (synthesized in-house 
at the University of Pennsylvania vs. manufactured at 
StressMarq Biosciences), at two concentrations (1 or 4 μg/
mL), at two end-points (10 or 14 days post-treatment), and 
by two viability measures  (Hoechst+ cell counts or In-Cell 
Western analyses for the neuron-specific marker, NeuN).

As confirmed by independent monoclonal pSer129 
antibodies (mouse clone 81A from BioLegend and rabbit 
clone EP1536Y from Abcam), a robust increase in inclu-
sions harboring pathologically phosphorylated α-synuclein 
(pSer129) was evident, regardless of fibril source, con-
centration, or treatment duration (Fig. S1b–c, e–f). Thus, 
in our hands, application of preformed fibrils models 
early-stage disease processes in rat neurons at 14 days of 
exposure (16 days after cell plating), with dense inclusion 
formation but no cell loss.

Some labs have observed primary neuron loss when 
challenged with preformed fibrils by 14 days after in vitro 
exposure [74, 78], whereas others reported that robust cell 
loss emerges on DIV21 but that inclusion density is also 
lessened by that time [93]. Given these collective find-
ings, we assessed cultures 10 days after exposure to 1 μg/
mL preformed fibrils (i.e., from DIV2-12) in subsequent 
experiments to maximize  pSer129+ inclusion densities 
and model early-stage disease processes, unless noted 
otherwise.

Exogenous Hsp70 Reduces Inclusion Numbers 
in Mixed‑Sex Primary Hippocampal Neuronal 
Cultures Challenged with Preformed α‑Synuclein 
Fibrils

Recent literature supports the cell-to-cell spread of 
α-synuclein [75, 78, 94] and suggests that Hsp70 can 
blunt its aggregation [17–22, 25, 95]. Prior work in 
this area involved forced overexpression of Hsp70 and/
or α-synuclein, in vitro assessments of the biochemical 
effects of recombinant Hsp70 protein on aggregation 
of α-synuclein, or transformed cell lines. However, the 
impact of endogenous or exogenous Hsp70 on  pSer129+ 
inclusions formed in situ is unclear, including in the pre-
formed fibril model. To begin to fill these gaps, we tested 
if addition of eHsp70 into the extracellular medium would 
lessen  pSer129+ α-synucleinopathy in the primary neural 
culture model established in Fig. S1.

Primary hippocampal cultures were treated with 1 µg/mL 
α-synuclein fibrils and 12.5–100 µg/mL native eHsp70 for 
10 d (Fig. S2), in line with concentrations used by other 
groups [96]. As an additional control, mock transfection 
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vehicle (defined in Methods) was also delivered at escalating 
concentrations to tease apart any residual impact of the syn-
thesis process per se. We noted that the anti-human eHsp70 
antibody did not cross-react with the endogenous rodent 
Hsp70 via immunocytochemistry (Fig. S2a). There was a 
reduction in the density of  pSer129+ inclusions with 100 µg/
mL eHsp70 compared to the mock transfection control, an 
effect additionally confirmed by In-Cell Western analyses 
for  pSer129+ α-synuclein protein (Fig. S2b–e). Although 
there was no statistically significant impact of eHsp70 treat-
ment on cell viability or on inclusion size (Fig. S2d, h), 
100 µg/mL eHsp70 tended to reduce the total area occu-
pied by inclusions per cell (inclusion load) compared to the 
concentration-matched mock-transfection vehicle control 
(p = 0.053; Fig. S2f–g).

Using the human eHsp70 antibody employed in Fig. S2a, 
we observed a tendency toward absence of overlap of 
eHsp70 with  pSer129+ inclusions; rare exceptions are noted 
with arrowheads in the field of view displayed in Fig. S2i–j. 
These observations were confirmed in subsequent experi-
ments in sex-stratified primary hippocampal cultures, as 
noted below. These data suggest that exposure of primary 
hippocampal cultures to eHsp70 may reduce inclusion for-
mation, increase inclusion degradation, or both.

To assess the reproducibility of our findings, we repeated 
the experiments with an independent source of eHsp70 
(Fig. S3; Enzo’s ADI-ESP-555, certified as low in endotox-
ins), after ensuring lack of degradation products in this prep-
aration by immunoblotting (Fig. S3a). Primary hippocam-
pal cultures were then exposed to vehicle or α-synuclein 
fibrils as well as to 75 µg/mL of the low-endotoxin eHsp70 
or vehicle (also acquired from Enzo to fully control against 
their specific vehicle). After 10 days of treatment, cell 

lysates were collected and separated by ultracentrifugation 
into Triton-X soluble vs. insoluble fractions, as described 
by Volpicelli-Daley et al. [74] (Fig. S3b–c). The pan-α-
synuclein antibody displayed affinity for the positive control 
(preformed fibrils alone) at both low and higher molecular 
masses, but preformed fibrils were not similarly tagged by 
the pSer129 antibody, given that these are not phosphoryl-
ated, as also noted by others [74, 78].

Unexpectedly, pSer129 and pan-α-synuclein levels in the 
Triton-X insoluble fraction of the fibril-treated groups were 
not reproducibly lowered by eHsp70 treatment (Fig. S3b–c). 
On the other hand, eHsp70 reliably reduced the numbers 
of  pSer129+ inclusions when assessed in situ (Fig. S3d-e). 
Notably, 75 µg/mL of eHsp70 halved the total area occupied 
by the inclusions per cell (Fig. S3d–e). These collective find-
ings suggest that, while overall pSer129 and pan-α-synuclein 
levels in the Triton-X insoluble fraction are unaltered by 
eHsp70, the inclusion load is decreased when assessed 
in situ.

Primary Hippocampal  Cultures Harvested from Female 
Rats Develop Fewer Nonionic Detergent‑Insoluble 
 pSer129+ Inclusions Than Their Male Counterparts

The aforementioned studies show that eHsp70 reduces 
pSer129-immunostained inclusions in mixed-sex primary 
cultures. To extend these findings with sex as a biological 
variable, male vs. female rat pups were distinguished based 
on their anogenital distances and confirmed by PCR for 
the Y-chromosome linked Sry gene (Fig. 1a). Sex-divided 
primary hippocampal cultures were then exposed to 
α-synuclein fibrils for 10 days in vitro, as justified above. 
As shown in Fig. 1b, fibril exposure elicited mild cell loss 
only in cells derived from males. Given that our postnatal 
neuron cultures contain some glia [97], we also performed 
counts of  NeuN+ neurons and used this value as a second 
normalization standard, apart from  Hoechst+ nuclei. As 
shown below, the former is somewhat labile in expression, 
but Hoechst cannot distinguish neurons from glia; hence, 
there are advantages to presenting both.

Consistent with the data presented above, counts of 
 NeuN+ neurons also revealed a loss with fibril treat-
ment only in cells from males,  in agreement with counts 
of  Hoechst+ nuclei, and the effect size was similarly mod-
est (Fig. 1b–c). pSer129 immunostaining did not reveal 
baseline biological sex differences in the numbers of 
inclusions, unless Triton X-100 was added during fixa-
tion (Fig. 1d–f). As observed by Volpicelli-Daley et al. 
[98], Triton-X exposure did not solubilize the  pSer129+ 
inclusions (Fig. 1d). Rather, an increase in inclusions was 
noted with addition of Triton-X during the fixation step, 
likely related to even greater epitope exposure, compared 

Fig. 1  Male primary hippocampal cultures challenged with pre-
formed α-synuclein fibrils develop more detergent-insoluble inclu-
sions than female cultures. PCR for the Y-chromosome linked Sry 
gene (a; 273  bp) on tail snips of postnatal rat pups (see Methods). 
Primary hippocampal neuron cultures harvested from male vs. female 
rat pups were exposed to 1  μg/mL α-synuclein fibrils (b–k). After 
10 days, cells were fixed with 3% formalin, with or without 1% Tri-
ton X-100. Blinded measurements of  Hoechst+ cell numbers (b) and 
 NeuN+ neuron numbers (c) are shown. Representative photomontage 
of phase images,  pSer129+ inclusions,  MAP2+ neurons,  NeuN+ neu-
rons, and Hoechst-stained nuclei in d. Numbers of  pSer129+ inclu-
sions, expressed as a fraction of  Hoechst+ cell numbers (e) or  NeuN+ 
neuron numbers (f). Blinded measurements of perinuclear inclusion 
counts expressed as a fraction of  Hoechst+ cell numbers (g) or  NeuN+ 
neuron numbers (h). Total area occupied by the inclusions expressed 
as a fraction of  Hoechst+ cell numbers (i) or  NeuN+ neuron numbers 
(j). The average size of the inclusions is shown in (k). Shown are the 
mean + SD of 3 independent experiments, each performed in tripli-
cate wells. A trend toward a statistical interaction with biological sex 
is shown above the graph in e. ** p ≤ 0.01, *** p ≤ 0.001 for 0 vs. 
1  μg/mL α-synuclein fibrils; + p ≤ 0.05, + + p ≤ 0.01, + + + p ≤ 0.001 
for 0 vs. 1% Triton X-100; ~ p ≤ 0.05, ~ ~ p ≤ 0.01 for male vs. female, 
two or three-way ANOVA followed by Bonferroni post hoc

◂
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to only using Triton-X post-fixation. Blinded counts of 
 pSer129+ inclusions (Fig. 1e–f), perinuclear  pSer129+ 
inclusions (Fig. 1g–h), and measurements of the total 
area occupied by  pSer129+ inclusions (Fig. 1i–j) suggest 
that male cells harbored a slightly greater load of non-
ionic detergent-insoluble  pSer129+ inclusions compared 
to females, regardless of the normalization standard. In 
contrast, the average size of inclusions did not differ across 
sexes (Fig. 1k).

Next, we assessed whether the mild sex differences 
noted above might simply be associated with differential 
α-synuclein fibril uptake. Based on difficulties in finding a 
fibril-specific antibody (data not shown and see [99]), we 
used α-synuclein fibrils directly tagged with the photosta-
ble fluorescent dye,  ATTO647. α-synuclein fibrils appeared 
to colocalize with  NeuN+ neurons more readily than with 
 GFAP+ astrocytes (slice views in Fig. S4a; arrows denote 
fewer instances of colocalization with  GFAP+ astroglia). 
Nuclear localization of fibrils was confirmed in Figure S4b. 
Z-stack analyses suggest that α-synuclein fibrils are also 
present in  MAP2+ somatodendritic compartments (Fig. 2a) 
and β-III  tubulin+ neuritic processes (Fig. 2b). As antibodies 
against the axon marker tau failed our specificity tests, we 
leveraged β-III tubulin-positive and MAP2-negative staining 
of axonal processes, a subtractive technique also deployed by 
other groups [100, 101]. The intersection of the lines in the 
z-stack in Fig. 2b points to relatively rare instances of fibrils 
located within β-III tubulin-positive but MAP2-negative pro-
cesses (further illustrated by arrows in Fig. S4c in a single 
slice from the same Z-stack as Fig. 2b, because the intersect-
ing lines interfere with visualization of small structures).

We then focused our quantitative measurements on  NeuN+ 
“regions of interest,” which are precisely recognized by the 
threshold feature on the cellSens software, unlike the other 
neuronal markers. As shown in Fig. 2c (full set of images in 
Fig. S5a), no differences in the uptake of α-synuclein fibrils 
by male vs. female  NeuN+ structures were noted, suggest-
ing that the greater densities of nonionic detergent-insoluble 
inclusions in male cultures shown in Fig. 1 do not reflect 
sex-skewed uptake of preformed α-synuclein fibrils.

Above, we have shown uptake of α-synuclein fibrils by 
neuronal profiles, within 4 days of application. In order to 
capture potential uptake of fibrils by neuronal processes 
at earlier timepoints, we assessed fibril uptake at 6 h post-
application (Fig. S5b–c). Even at this early time point, 
α-synuclein fibrils were more readily localized within 
somata or dendrites (Fig. S5c). Arrows in the z-stacks of 
Fig. S5c (same field of view as Fig. S5b but at higher MAP2 
intensity scaling to confirm lack of immunopositivity) point 
to rare instances where fibrils are present within neuronal 
processes that are β-III tubulin-positive, but MAP2-negative 
(i.e., potential axons).

Inhibition of Endogenous Hsp70 Function Worsens 
α‑Synucleinopathy, Particularly in Male Cells

We have shown that the male bias in formation of Triton-
X-insoluble inclusions in Fig. 1 is not simply associated 
with greater uptake of fibrils by male neurons in Fig. 2 and 
Figs. S4 and S5. Rather, the sex differences might be a con-
sequence of skewed natural defenses against α-synuclein-
related proteinopathy, perhaps including the expression 
level and/or function of endogenous Hsp70. To test this 
possibility, we exposed primary hippocampal cultures from 
male vs. female rat pups to α-synuclein fibrils and either the 
allosteric Hsp70 inhibitor MAL3-101 or active site inhibitor 
VER155008 (Fig. 3) [81, 102]. We found that  Hoechst+ cell 
numbers were slightly reduced by fibril exposure in male 
but not female cells (Fig. 3a–b), and treatment with MAL3-
101 did not exacerbate α-synuclein fibril toxicity, which 
was confirmed by two viability assessments  (Hoechst+ cell 
counts in Fig. 3b and  NeuN+ neuron counts in Fig. 3c). 
Female cells exposed to MAL3-101 displayed higher num-
bers of  Hoechst+ cells than their male counterparts, but the 
effect was modest (Fig. 3a–b). However,  pSer129+ inclusion 
counts (expressed as a fraction of  Hoechst+ cell counts or 
 NeuN+ neuron counts) were higher in male hippocampal 
cultures exposed to MAL3-101 (Fig. 3d–e). The total area 
occupied by the inclusions (but not average inclusion sizes) 
also increased after exposure to MAL3-101, but only in 
male cells (Fig. 3f–h), when expressed either as a fraction 
of  Hoechst+ cell counts or  NeuN+ neuron counts. In effect, 
female cells had failed to respond to the Hsp70 inhibitor 
MAL3-101 with any escalation in α-synucleinopathy.

Consistent with the MAL3-101 data, treatment with 
a mechanistically distinct Hsp70 activity inhibitor 
VER155008 also failed to amplify cell loss after exposure 
to α-synuclein fibrils, although VER155008 was somewhat 
toxic on its own in male cells (Fig. 3i–j). Furthermore, 
VER155008-treated male cells exposed to fibrils displayed 
slightly fewer numbers of  NeuN+ neurons than their female 
counterparts (Fig. 3k). Exposure to VER155008 increased 
inclusion counts per  Hoechst+ cell (Fig. 3l), but not when 
normalized to  NeuN+ neuron counts (Fig. 3m). The total 
area occupied by the inclusions and average inclusion sizes 
were increased in both sexes (Fig. 3n, p), but the effects were 
slightly more prominent in male cells. An increase in the 
total area occupied by the inclusions was also evident only 
in male cells when expressed as a fraction of  NeuN+ neuron 
numbers (Fig. 3o).

Considered together with the MAL3-101 data, these col-
lective findings suggest that male cells may be more reli-
ant than female cells on Hsp70 functions to reduce inclu-
sion growth. Alternatively, pharmacological inhibition of 
Hsp70 function may prevent the degradation and clearance 
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of inclusions in male neurons, thereby intensifying the 
α-synucleinopathy.

It is important to note that loss of Hsp70 ATPase activ-
ity with MAL3-101 or VER155008 cannot be assessed 
in cell or tissue extracts due to the presence of numerous 
other ATPases. Thus, to determine whether the sex-skewed 
effects might be associated with potential compensatory 
expression of key heat shock proteins, we performed immu-
noblot analyses on lysates from male vs. female primary 
hippocampal cultures treated with α-synuclein fibrils and 
MAL3-101 (Fig.  S6). First, no changes in Hsp70 were 
noted (Fig. S6a–b). However, MAL3-101 and α-synuclein 
fibril treatment increased the levels of the constitutive 
form of Hsp70 (Hsc70), and the effect was female-specific 

(Fig. S6c–d). MAL3-101-treated female neurons exposed 
to fibrils also displayed a slight increase in the levels of 
the Hsp70/Hsc70 co-chaperone, Hsp40 (Fig. S6e-f). Thus, 
the failure of MAL3-101 to increase α-synucleinopathy in 
female neurons in Fig. 3 may be associated with compensa-
tory changes in Hsc70 and Hsp40 only in these cells.

eHsp70 Mitigates Inclusion Formation in Male 
and Female Primary Hippocampal Cultures

Based on the inhibition of Hsp70 chaperone function with 
MAL3-101 [20, 81, 103–106], female cells do not appear to 
rely on endogenous Hsp70 to the same extent as male cells. 
Given this sex bias, we consequently assessed sex-specific 

Fig. 2  Uptake of 
 ATTO647-conjugated 
α-synuclein fibrils into male 
(left column) and female (right 
column) primary hippocampal 
neurons. Primary hippocam-
pal neuron cultures harvested 
from male vs. female rat pups 
were exposed to 0 or 1 μg/
mL of  ATTO647-conjugated 
α-synuclein fibrils (a–c) 
for 4 d. a Z-stacks show-
ing  ATTO647-conjugated 
α-synuclein fibrils in  MAP2+ 
neuronal somata in male and 
female cultures. b Z-stacks 
showing  ATTO647-conjugated 
α-synuclein fibrils in β-III 
 tubulin+ neurites that are also 
MAP2-negative. c Blinded 
assessments of numbers 
of  ATTO647-conjugated 
α-synuclein fibrils in  NeuN+ 
neurons. Shown in c are the 
mean + SD of 3 independ-
ent experiments, each per-
formed in triplicate wells. 
*** p ≤ 0.001 for 0 vs. 1 μg/
mL  ATTO647-conjugated 
α-synuclein fibrils, two-way 
ANOVA followed by the Bon-
ferroni post hoc
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effects of exogenous Hsp70 (eHsp70), beginning with 
qualitatively assessing entry of human eHsp70 protein 
into male and female primary hippocampal cells. First, we 
observed that human eHsp70 ensconced rat  NeuN+ nuclei 
in both sexes (Fig. 4a). On occasion, eHsp70 surrounded 
shrunken  Hoechst+ nuclei (Fig. 4b; additional examples 

highlighted by arrows). In Fig. 4c, we increased brightness 
of the eHsp70 immunolabel to show that a majority of the 
 eHsp70+ structures did not colocalize with  pSer129+ inclu-
sions, consistent with the findings in mixed sex cultures of 
Fig. S2i–j. Exceptions are noted at the intersection lines in 
Fig. 4c where perinuclear  pSer129+ inclusions appear to be 

Fig. 3  Suppression of Hsp70 function with two mechanistically 
independent inhibitors exacerbates α-synucleinopathy in male hip-
pocampal cultures. Primary hippocampal cultures harvested from 
male vs. female rat pups were exposed to 1 μg/mL α-synuclein fibrils 
for 10 days. In parallel, cells were also exposed  to two independent 
inhibitors of endogenous Hsp70 function, MAL3-101 (5  µM; a–h) 
or VER155008 (12.5 µM; i–p). a, i Representative photomontage of 
 pSer129+ inclusions,  NeuN+ neurons, and Hoechst-stained nuclei 
corresponding to quantification in b–h or j–p. Quantification of num-
bers of  Hoechst+ cells (b, j) and  NeuN+ neurons (c, k). Numbers of 
 pSer129+ inclusions expressed as a fraction of  Hoechst+ cell num-

bers (d, l) or  NeuN+ neuron numbers (e, m). Total area occupied by 
the inclusions, represented as a fraction of  Hoechst+ cell numbers 
(f, n) or  NeuN+ neuronal numbers (g, o). Average size of the inclu-
sions is shown in h and p. Shown are the mean + SD of 3 independ-
ent experiments, each performed in triplicate wells. Significant inter-
variable statistical interactions are shown above graphs in d–g and n, 
p. ** p ≤ 0.01, *** p ≤ 0.001 for 0 vs. 1  μg/mL α-synuclein fibrils; 
+ p ≤ 0.05, + + p ≤ 0.01, + + + p ≤ 0.001 for vehicle vs Hsp70 inhibi-
tor; ~ p ≤ 0.05, ~ ~ p ≤ 0.01, ~ ~ ~ p ≤ 0.001 for male vs. female, two or 
three-way ANOVA followed by Bonferroni post hoc
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encased by eHsp70. As expected, eHsp70 was present within 
β-III  tubulin+ structures, close to nuclear boundaries in cells 
of both sexes (Fig. S7), and encapsulated some shrunken 
 Hoechst+ nuclei (arrows in Fig. S7).

Next, we tested the importance of eHsp70 structure/func-
tion in male vs female cells exposed to α-synuclein fibrils 
(Fig. 5). In this set of experiments, we compared the impact 
of native eHsp70 to denatured (boiled) eHsp70, as residual 
materials from the manufacturing process—such as very low 
levels of endotoxins—would not be removed by boiling. In 
male cells, mild  Hoechst+ cell loss was observed upon expo-
sure to α-synuclein fibrils (Fig. 5a–b). eHsp70 did not modify 
the cellular toxicity of α-synuclein fibrils in male cells as per 
 Hoechst+ cell counts (Fig. 5a–b), but the denatured form of 
eHsp70 appeared to reduce  NeuN+ neuronal counts when 
administered by itself (Fig. 5c). Notably, the potential neu-
ronal toxicity of eHsp70 was not observed in the fibril group, 
consistent with prior reports suggesting that intranasal deliv-
ery of eHsp70 exerts beneficial properties in murine models 
of Alzheimer’s disease, but potentially detrimental effects in 
non-diseased control subjects [54, 57]. We observed some 
lability in NeuN expression on a per-cell basis in our cultures 

(Fig. 5d), and for this reason, we continued to complement 
our results by measuring  Hoechst+ cell numbers.

As observed with the mock transfection vehicle in Figure  
S2, denatured eHsp70 increased  pSer129+ inclusion  
counts in female cells compared to PBS vehicle, but the 
native protein mitigated this effect (Fig. 5e–f). The average 
sizes of inclusions were lower in male and female cultures 
treated with native compared to denatured eHsp70 (Fig. 5g). 
In addition, native eHsp70 elicited a significant reduction in  
the total areas occupied by the inclusions in both male and 
female cultures (Fig. 5h–i), relative to its denatured form. 
A deeper examination of the data revealed that male cells 
responded less than female cells to native eHsp70 with a 
drop in inclusion  size compared to PBS (Fig. 5g), but more 
robustly than female cells with a drop in inclusion  counts  
compared to PBS (Fig. 5e). These divergent patterns may 
explain why total areas occupied by the inclusions do not 
show sex-specificity in the response to eHsp70 in Fig. 5h–i. 
Collectively, these data illustrate that treatment with eHsp70 
may exert sex-specific effects on inclusion counts and sizes, 
but not on overall inclusion load or cellular uptake of 
eHsp70, highlighting the importance of measuring different  

Fig. 4  Uptake of eHsp70 by 
male and female primary 
hippocampal cells. Primary 
hippocampal cultures harvested 
from male vs. female rat pups 
were exposed to 1 μg/mL 
α-synuclein fibrils and 75 µg/
mL of eHsp70 for 10 days 
or their respective vehicles 
(not shown). Representative 
z-stack views in a show eHsp70 
encompassing  NeuN+ neuronal 
nuclei in both male and female 
cultures. Representative z-stack 
views in b show the eHsp70 
within or surrounding shrunken 
 Hoechst+ nuclei. Arrows in b 
point to additional examples 
outside of the point of intersec-
tion. In the z-stack images of 
panel c, eHsp70 immunolabel 
was brightened to show parts of 
perinuclear  pSer129+ inclusions 
caged in by eHsp70. Photomon-
tages in a–c are all captured 
from the same field of view
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morphological aspects of α-synucleinopathy. Further, these 
findings suggest that the formation and/or degradation of 
inclusions is modulated by increasing the available pool of 
Hsp70 molecules in both male and female cells.

The Hsp70 inhibitor MAL3-101 impedes Hsp40 
co-chaperone-mediated hydrolysis of ATP by Hsp70 

and stimulation of Hsp70 chaperone activities [20, 81, 
103–106]. To test if the beneficial effects of eHsp70 
required these functions, fibril-treated primary hippocam-
pal neuronal cultures from male rat pups were simulta-
neously exposed to 5 µM MAL3-101 and 75 µg/mL of 
native eHsp70, or to equivalent volumes of the respective 

Fig. 5  Treatment with eHsp70 reduces  pSer129+ inclusions in male 
and female primary hippocampal cultures challenged with pre-
formed α-synuclein fibrils. Primary hippocampal cultures harvested 
from male vs. female rat pups were exposed to 1 μg/mL α-synuclein 
fibrils for 10  days. In parallel, cells were also exposed to vehicle 
and 75  µg/mL denatured eHsp70 (both as controls) or to 75  µg/mL 
of native eHsp70 (a–i). a Representative photomontage of  pSer129+ 
inclusions,  NeuN+ neurons, and Hoechst-stained nuclei correspond-
ing to data in b–i. Blinded measurements of  Hoechst+ cells (b) and 
 NeuN+ neurons (c). Levels of NeuN signal (per In-Cell Western 
analyses) were expressed as a fraction of  NeuN+ neuron counts in 
the same wells in d to display lability of the NeuN marker. Num-
bers of  pSer129+ inclusions expressed as a fraction of  Hoechst+ cells 
(e) or  NeuN+ neurons (f). The average inclusion size is shown in g. 
The total area occupied by the inclusions expressed as a fraction of 
 Hoechst+ cells (h) or  NeuN+ neuron numbers (i). Significant inter-
variable statistical interactions with biological sex are shown above 

graphs in e–g. j–l Primary hippocampal neuron cultures harvested 
from male rat pups were exposed to 1 μg/mL α-synuclein fibrils for 
10  days. In parallel, cells were also exposed to 75  µg/mL of native 
eHsp70 or 5  µM MAL3-101. j Representative photomontage of 
 pSer129+ inclusions,  NeuN+ neurons, and Hoechst-stained nuclei 
corresponding to data in k–l. Blinded measurements of numbers of 
perinuclear inclusions expressed as a fraction of  Hoechst+ cells (k) 
or  NeuN+ neuron numbers (l). Significant intervariable interactions 
above k–l show that MAL3-101 modifies the impact of eHsp70 on 
the numbers of perinuclear inclusions. Shown are the mean + SD of 
3–4 independent experiments, each performed in duplicate or tripli-
cate wells. For panels b–i: * p ≤ 0.05, *** p ≤ 0.001 for 0 vs. 1 μg/mL 
α-synuclein fibrils; + p ≤ 0.05, + + p ≤ 0.01, + + + p ≤ 0.001 for indi-
cated comparison versus denatured eHsp70; ~ p ≤ 0.05, ~ ~ p ≤ 0.01, ~ 
~ ~ p ≤ 0.001 for male vs. female cells, two or three-way ANOVA fol-
lowed by Bonferroni post hoc. For panels k-l: * p ≤ 0.05, ** p ≤ 0.01, 
*** p ≤ 0.001, two-way ANOVA followed by Bonferroni post hoc
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vehicles (Fig. 5j–l). MAL3-101 was unable to blunt the 
protective effects of eHsp70 on the total areas occupied 
by the inclusions or the numbers of pan  pSer129+ inclu-
sions (not shown). However, MAL3-101 did blunt the sup-
pressive effect of eHsp70 on the numbers of  perinuclear  
inclusions in male cells (Fig. 5k–l), suggesting that the 
perinuclear inclusions were mitigated by eHsp70 in an 
Hsp40-dependent manner. This finding was confirmed by 
using Hoechst or NeuN as the standard (Fig. 5k–l). These 
results and the robust statistical interactions noted above 

graphs in Fig. 5k–l support the conclusion that MAL3-101 
moderates the inhibitory effect of eHsp70 on perinuclear 
inclusion counts in male cells.

eHsp70 Enters Male Mouse Brains from the Nasal 
Cavities In Vivo

Intranasal delivery to the brain is noninvasive and bypasses 
the blood–brain barrier, intestinal degradation, and first-pass 
hepatic metabolism [60–64]. Prior work in other disease models 

Fig. 6  eHsp70 enters the male mouse brain from the nasal cavities 
within 3 h and dissipates by 72 h post-infusion. a–b Three-month-old 
male mice were anesthetized with isoflurane and infused with low-
endotoxin eHsp70 (2  µg; Enzo) or an equivalent volume of PBS (2 
µL) behind the nares, after which the mice were left supine for 10 min 
and then returned to home cages. Three hours post-infusion, brains 
were extracted, and the olfactory bulb (a) and entorhinal cortices (b) 
were subjected to immunoblotting with antibodies against human 
Hsp70. As a positive control, recombinant human eHsp70 protein was 
loaded directly into the second-to-last lane of the gel. MW standards 
were included on both sides of all gels (red ladders). Only the band 
at ~ 70 kDa was quantified in the violin plots. Higher bands may be 
aggregated eHsp70 or nonspecific, and the lower bands of ~ 44  kDa 
are likely to be the cleaved ATPase domain. For studies determin-
ing eHsp70 uptake and clearance in older (17–20 months old) male  

mice, 6 µg of low-endotoxin eHsp70 (Enzo) was intranasally infused 
and the olfactory bulb (c), entorhinal cortex (d), cervical spinal cord 
(e), and brainstem (f) were subjected to immunoblotting. For immu-
noblots in c–f, the positive control (recombinant eHsp70 protein) was 
loaded in the last lane of the gel. Brains were collected at 0 h (sham 
control), 3 h, 24 h, 48 h, and 72 h post-infusion. The younger PBS 
controls from a–b were also included in the blots shown in c–d. For 
the 3 h group in c, we began with n = 3 male mice but an additional 
n was added by the time the data in d–f were collected. The spinal 
cord from one male mouse in the 0 h group in e was lost during dis-
sections. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. Data in panel a were 
analyzed by the two-tailed Mann–Whitney U. Data in panel b were 
analyzed by the two-tailed unpaired t-test with Welch’s correction. 
Data in panels c–f were analyzed by the one-way ANOVA followed 
by Bonferroni post hoc
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Fig. 7  Daily intranasal eHsp70 delivery for 28  days reduces inclu-
sion numbers and the time taken to contact buried food in preformed 
α-synuclein fibril-injected aged male mice. Aged, 20-month-old male 
mice were injected with 5 µg α-synuclein fibrils in the olfactory bulb/
anterior olfactory nucleus complex (OB/AON; a–h). After 24 h and 
then daily for 28  days, mice were infused with 2  µg of Ssa1 (yeast 
homologue of Hsp70, ~ 74% homology with HSPA1A) or an equiva-
lent volume of sterile PBS (2 µL). See SI methods for sample sizes 
and exclusion criteria. Body weights are shown in a–b. The buried 
(c) and exposed pellet (d) behavior tests were performed before sacri-
fice and analyzed by two blinded observers (shown are the averages). 
Blinded measurements of  pSer129+ inclusion counts (e),  NeuN+ 
neuronal numbers (f), and numbers of  Hoechst+ cells (g) in the AON 
are shown. Representative photomontages of  pSer129+ inclusions, 
 NeuN+ neurons, and Hoechst-stained nuclei from the PBS or eHsp70-
infused mouse AON are shown in e–g. Levels of Iba1 (marker for 
microglial activation) signal in the OB/AON were normalized by the 
area of the traced region in h. * p ≤ 0.05, ** p ≤ 0.01; data in panel a 
were analyzed by the two-tailed paired Student’s t-test. Data in panel 
b were analyzed by the repeated measures two-way ANOVA followed 
by Bonferroni post hoc. Data in panels c, e, h were analyzed by the 

two-tailed Mann–Whitney U. Data in panels d, f, g were analyzed 
by the two-tailed unpaired Student’s t-test. i–k Five-month-old male 
mice were injected in the OB/AON with 5 µg of α-synuclein fibrils 
(n = 31) or an equivalent volume of PBS (1 µL; n = 7). See SI meth-
ods for sample sizes and exclusion criteria. Three months after fibril 
injections, mice were tested on an open-field apparatus to confirm 
behavior deficits (AnyMaze trackplots in i) before initiating intranasal 
infusions of PBS (6 µL), denatured eHsp70 (6 µg in 6 µL), or native 
eHsp70 (6 µg in 6 µL) to test the neurorescue potential of eHsp70 in 
fibril-injected mice (timeline in i). Due to the pandemic lockdown, 
we were only able to perform the intranasal infusions for 18  days, 
and the animals were tested on a battery of behavior tests upon our 
return to the lab 4 months later. Mice were tested on a Y-maze appa-
ratus in j (UT = untreated). Time spent by the mice in the novel arm 
of the Y-maze apparatus was analyzed on AnyMaze (j). Data for all 
seven trials of the odor habituation/dishabituation test are shown in 
k. * p ≤ 0.05, ** p ≤ 0.01. Data in panel j were analyzed by one-way 
ANOVA followed by Bonferroni post hoc. Data in panel k (non-
normally distributed by Shapiro–Wilk test) were analyzed by the 
Kruskal–Wallis test
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established that intranasally delivered eHsp70 enters the rodent 
brain [53–57, 67–69]. Based on that work, we harvested young 
(3-month-old) male mouse brain tissues 3 h after intranasal 
infusion of 2 µg eHsp70 (Fig. 6a–b). Immunoblotting tissue 
extracts with antibodies against human Hsp70 suggested that 
eHsp70 entered the olfactory bulb (Fig. 6a) and entorhinal 
allocortex (Fig. 6b) within 3 h post-infusion, as expected. It is 
important to note that the entorhinal cortex lies at the caudal 
limits of the telencephalon, at a considerable distance from the 
nasal mucosa. Only the species representing full-length Hsp70, 
at ~ 70 kDa was quantified; immunoreactive bands at the higher 
molecular masses may be aggregated Hsp70 or cross-reactive 
species, and the lower bands are likely the cleaved ATPase 
domain, roughly 44 kDa in molecular mass [107, 108].

Transnasal delivery studies were then conducted in aged 
(17- to 21-month-old) mice of both sexes. Given the use of 
high eHsp70 doses by other groups [55], we chose to deliver 
6 µg of eHsp70 and harvest brain tissue at 3, 24, 48, and 72 h 
after the single infusion. We included age-matched sham 
(0 h) control mice, which did not receive intranasal infusions 
but were anesthetized. Samples from the younger, 3-month-
old, PBS-infused mice (Fig. 6a–b) were also included in 
Fig. 6c–d. When the intensity of the label was increased in 
the images (note that this had no effect on underlying quanti-
tative data collected on the Odyssey imager), a faint species  
at a molecular mass of 70 kDa was visible in the aged, sham 
(0 h) samples, but not in the younger, PBS-infused samples, 
perhaps because endogenous Hsp70 expression levels can 
rise with age [109] and is then sufficiently high to cross-
react with the anti-human Hsp70 antibody. In contrast, no 
cross-reaction with rodent Hsp70 by immunocytochemistry 
in postnatal primary neuron cultures was noted (Fig. S2a). 
Furthermore, immunoreactive bands at higher molecular 
masses were also more prominent in the samples from aged 
animals. Nonetheless, quantification of the blots revealed a 
statistically significant increase in the 70 kDa Hsp70 band in 
the eHsp70-infused mice. Quantitation of the immunoblots 
also suggested that eHsp70 penetrated the aged male olfactory  
bulb (Fig. 6c) along with the entorhinal cortex (Fig. 6d) and 
was transmitted as far caudally as the cervical spinal cord 
(Fig. 6e–f). Moreover, eHsp70 peaked at 3 h, lingered in the 
brain for up to 48 h, and dissipated within 72 h post-infusion.

Unexpectedly, there was no evidence of eHsp70 penetra-
tion into female mouse OB/AON (Fig. S8a), entorhinal cor-
tices (Fig. S8b), brainstems (Fig. S8c), or cervical spinal 
cords (Fig. S8d), at the same dose and timepoints used for 
male mice, even though cross-reaction of the anti-human 
Hsp70 antibody with endogenous Hsp70 was also evident 
in females. These data indicate that intranasally delivered 
eHsp70 enters multiple parts of the central nervous sys-
tem of aged male mice, and it is possible that the protein is 
cleared more efficiently in females and/or fails to bypass the 
nose-to-brain barriers (see Discussion).

Daily Intranasal Delivery of eHsp70 Following Fibril 
Infusions in the OB/AON Mitigates Inclusion Counts 
in Aged Male Mice

Prior work suggested that eHsp70 only exerts beneficial 
effects under pathological conditions and might be toxic 
under physiological conditions, as per studies in models 
of Alzheimer’s disease [54, 57]. Thus, we limited eHsp70 
delivery to fibril-infused mice to study the effects on patho-
logical inclusions. For these studies, we leveraged a new 
preclinical model of olfactory-seeded Lewy body disorders, 
as described by us and other groups [38, 79, 110–113]. In 
this model, infusions of preformed fibrils in the OB elicit 
α-synucleinopathy along the limbic rhinencephalon as well 
as some deeper structures, such as the ventral tegmental 
area and nucleus accumbens. Inclusions form largely in 
neurons within weeks of infusion (see fig. 1i–j of Uemura 
et al. [114]). Uemura and colleagues’ work further suggested 
that the neuronal inclusions peak in density at 1–3 months 
post-infusion but wane dramatically thereafter, whereas 
glial inclusions increase in density by 12–18 months post-
infusion. In addition, loss of  NeuN+ structures in the AON  
was unexpectedly mild, as reported in aged male mice 
at 10.5  months post infusion by our group [38] and at 
12 months post-infusion by Uemura et al. (see their fig. S1n 
[114]). Overall, this model seems less appropriate for exam-
ining neuroprotection against cell loss but is well suited to 
test therapeutic mitigation of  pSer129+ pathological inclu-
sions, at early timepoints.

To this end, aged, 20-month-old male mice were injected 
in the OB/AON with α-synuclein fibrils and, at 24 h post-
surgery, PBS or eHsp70 was delivered intranasally and daily 
for 28 days, based on prior work using this dosing regimen 
in 17-month-old mice [53]. In this initial cohort, we used 
a yeast Hsp70 homologue, which exhibits ~ 74% similarity 
with Hsp70 [115], and that exhibits similar properties as 
human Hsp70 in a range of assays [82, 103] and lacks bac-
terial endotoxins. Although these aged eHsp70-infused ani-
mals all lost body weight in the month post-infusion, there 
were no differences in weight loss between the PBS and 
eHsp70-infused groups (Fig. 7a–b).

Our prior work showed that male mice injected with 
fibrils in the OB/AON require more time to locate buried 
food than PBS-infused controls [38]. Here, we noted that 
daily eHsp70 delivery reduced the latency to contact a bur-
ied peanut in fibril-infused 21-month-old males (Fig. 7c). To 
assess any differences in the motivation to find food, we also 
tested the latency to contact an exposed peanut (Fig. 7d), 
and all mice displayed interest in the food in the latter 
assessment. eHsp70-infused mice showed a trend towards 
faster contact of the exposed peanut compared to vehicle-
infused counterparts, suggestive of differences in motiva-
tion rather than olfaction alone (p = 0.088; Fig. 7d). In this 
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animal cohort, eHsp70 also reduced α-synucleinopathy in 
the AON (Fig. 7e). As expected, eHsp70 administration did 
not affect neuronal (Fig. 7f) or pan-cellular counts (Fig. 7g) 
upon sacrifice at 21 months of age. Further, there was a trend 
towards mitigation of the microglial activation marker, Iba1, 
upon exposure of fibril-injected aged male mice to eHsp70 
(p = 0.059; Fig. 7h), consistent with recent work on eHsp70 
in the 6-OHDA model [69].

To extend these observations and build upon the primary 
culture work above, we initiated an extensive, long-term 
in vivo study to assess the neurorescue or neurorestorative 
potential of human eHsp70 in fibril-injected male mice. 
Thus, we infused PBS, denatured eHsp70, or native eHsp70 
through the nostrils after we confirmed the emergence of 
behavior deficits in the open-field test (~ 3 months follow-
ing fibril infusions in the OB/AON; AnyMaze trackplots in 
Fig. 7i), until we were interrupted by the pandemic lock-
down for 4 months. Behavior testing was only performed on 
this cohort of mice after our return to labs. Although there 
was better recognition of the novel arm in the Y-maze in 
the native eHsp70 group compared to the denatured eHsp70 
group, this measure was unaffected by intracerebral fibril 
infusions per se, suggesting that the eHsp70 was not modi-
fying any fibril-induced changes in cognition, but exerting 
surprisingly long-term effects on baseline cognitive func-
tion (Fig. 7j). On the other hand, no long-term change on 
the open-field test (not shown) or in the odor habituation/
dishabituation test was noted with the transient exposure to 
eHsp70 (Fig. 7k). Given these negative data, brains were not 
assessed at the histological level.

Women Display Higher Hsp70 Levels 
in the Amygdala than Men

Finally, we assessed the levels of chaperones in the human 
limbic system by immunoblotting amygdala and olfactory 
bulb tissues from male and female patients diagnosed with 
Lewy body disorders and unaffected controls. These samples 
were acquired via NeuroBiobank (UCLA and University of 
Miami cohorts; demographics and information on diagnoses 
in Table S3). Age at death (Fig. 8a) and postmortem interval 
(Fig. 8b) of the human subjects examined in this report did 
not differ across groups. Whole tissue extracts were probed 
by immunoblotting for Hsp70 (Fig. 8), Hsp40, and Hsc70 
(Figs. S9 and S10). In the olfactory bulb, no statistically 
significant differences in Hsp70 levels were observed across 
the sexes or disease states (Fig. 8c–f).

In the amygdala, there were statistically significant main 
effects of biological sex as well as Lewy body disorder diag-
noses on Hsp70 levels (Fig. 8g–j). Further, when control 
and diseased samples were combined (see Fig. 8g), women 
expressed, on average, higher Hsp70 levels in their amygda-
lae than age-matched men. The impact of Lewy body disease 

on Hsp70 levels in the sex-combined data did not quite reach 
statistical significance at the two-tailed level (two-tailed 
p = 0.057; Fig. 8h). This is because the main effect of disease 
on Hsp70 levels noted in Fig. 8i was largely attributable to 
men (p = 0.069), again suggestive of male reliance on Hsp70 
under proteinopathic conditions. Postmortem interval was 
not correlated with Hsp70 expression in the olfactory bulb 
(two-tailed Spearman correlation; r = − 0.05301, p = 0.7970) 
or amygdala (two-tailed Pearson correlation; r = 0.04866; 
p = 0.8134).

In contrast to Hsp70, no statistically significant 
effects of biological sex or disease state on Hsp40 or 
Hsc70 were observed in the olfactory bulb or amygdala 
(Figs. S9 and S10). Postmortem interval was not corre-
lated with Hsp40 expression in the olfactory bulb (two-
tailed Pearson correlation; r = − 0.1451, p = 0.4794) or the 
amygdala (two-tailed Spearman correlation; r = 0.07798; 
p = 0.7050). Similarly, postmortem interval was not corre-
lated with Hsc70 expression in the olfactory bulb (two-tailed 
Pearson correlation; r = − 0.09742, p = 0.6359) or amygdala 
(two-tailed Spearman correlation; r = 0.07661; p = 0.7099). 

In sum, the statistically significant main effect of bio-
logical sex or of Lewy body disorders on Hsp70 expression 
is not generalizable to these other two functionally related 
proteins (Hsc70 and Hsp40), supporting  our focus on the 
functional role of Hsp70 in the sex-stratified preformed fibril 
model.

Discussion

According to the findings of the present study, Hsp70 
may function as a sex-skewed modulator of experimental 
α-synucleinopathic disease (schematic in Fig. 9). In brief, 
we have made six sets of new observations: (1) Sex differ-
ences in α-synucleinopathy emerged when primary neurons 
were challenged with Hsp70 inhibitors or when nonionic 
detergent-soluble inclusions were removed, despite compa-
rable capabilities of male and female neurons to take up 
preformed α-synuclein fibrils. These results suggest that 
cells isolated from male rodents exhibit greater reliance on 
Hsp70 function to blunt formation of inclusions (or they 
exhibit a decreased ability to degrade inclusions) compared 
to female cells, perhaps because female cells are also able 
to upregulate the constitutive form of Hsp70 (Hsc70) upon 
suppression of the inducible form. (2) Female cells harbored 
smaller inclusions in the presence of eHsp70, whereas in 
male cells eHsp70 treatment reduced the total numbers of 
inclusions but did not diminish inclusion size per se. This 
supports the importance of examining multiple aspects of 
α-synucleinopathy in preclinical models, including inclusion 
numbers, sizes, and total area occupied by the inclusions. 
(3) The salutary effects of eHsp70 on perinuclear inclusions 
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were abolished by pharmacological suppression of Hsp70 
chaperone function in male cells. As MAL3-101 inhibits  
the ability of Hsp40 to activate  Hsp70 [81, 104, 108], 
eHsp70 may be reducing perinuclear inclusion numbers in a 
manner that depends on Hsp40. (4) Daily intranasal delivery 
of eHsp70 diminished α-synucleinopathy in aged male mice 
injected with α-synuclein fibrils in the OB/AON and reduced 
the latency to contact buried food. Furthermore, delayed but 
transitory treatment with native eHsp70 enhanced novel arm 
recognition in the Y-maze, suggestive of long-term improve-
ments in baseline cognitive function. (5) Intranasally infused 
eHsp70 remained high in the aged male mouse brain up to 

24 h and was cleared within 72 h. In addition, aged female 
brains failed to show evidence of transnasal eHsp70 uptake, 
although postnatal female primary hippocampal cells dis-
played eHsp70 uptake in vitro. Further work is needed to 
determine if females are more likely to degrade eHsp70 
within the nasal mucosa or display distinct nose-to-brain 
barrier properties. (6) Postmortem brain samples collected 
from women displayed significantly higher Hsp70 expres-
sion in the amygdala than samples from age-matched men. 
Aside from the statistically significant main effects of bio-
logical sex in the two-way ANOVA, there were statistically 
significant main effects of Lewy body disorder diagnoses 

Fig. 8  Women express higher 
levels of Hsp70 in the amygdala 
than age-matched men. Olfac-
tory bulb (OB) and amygdala 
tissues were obtained post-
mortem from men and women 
with Lewy body disorders 
and control subjects via the 
NIH NeuroBioBank reposi-
tory (UCLA and University of 
Miami cohorts) and whole-
tissue extracts were subjected to 
immunoblotting. Age at death 
(a) and postmortem interval 
(b) across biological sexes and 
Lewy body disease status. Val-
ues from control and diseased 
subjects were combined to test 
the impact of biological sex 
on Hsp70 levels in the OB (c) 
or amygdala (g). Values from 
male and female subjects were 
combined to test the impact of 
disease on Hsp70 levels in the 
OB (d) or amygdala (h). The 
two-way ANOVA graph show-
ing the separate impacts of sex 
and disease on Hsp70 levels is 
in e for the OB and in i for the 
amygdala. Full-length immuno-
blots are shown in f and j; the 
Total Protein Stain was used as 
the loading control. * p ≤ 0.05; 
Data in a–b (non-normally dis-
tributed by Shapiro–Wilk test) 
were analyzed by the Kruskal–
Wallis test. Data in c–d were 
analyzed by the two-tailed 
Mann–Whitney U test. Data in 
e and i were analyzed by the 
two-way ANOVA followed by 
the Bonferroni post hoc. Data 
in g–h were analyzed by the 
two-tailed unpaired Student’s 
t-test. Statistically significant 
main effects are shown above 
the graph in i 
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(Fig. 8i) that were largely attributable to men. Collectively, 
these data support the view that cells in males rely slightly 
more on Hsp70 expression and function under conditions 
of proteostatic disequilibria, which may exert cumulative 
effects over the lifespan.

Strengths and Limitations

A potential limitation is that our study relies on pharma-
cological means of suppressing Hsp70 function rather 
than genetic tools or RNA interference. However, the use 
of the selective inhibitor, MAL3-101, allowed us to test 
the hypothesis that the Hsp40/ATP-dependent chaperone 
function of Hsp70 is crucial to temper α-synucleinopathy; 
MAL3-101 inhibits the Hsp40-mediated increase in Hsp70 
ATPase activities, which in turn selectively inhibits Hsp70 
chaperone functions [20, 81, 103–106]. In contrast, the less 
selective VER155008 compound targets the ATP-binding 
pocket [116], blocking multiple Hsp70 functions (discussed 
in Crum et al. [109]). It is important to note that, if both 
inhibitors exert consistent effects, those effects are likely 
mediated specifically by antagonism of the chaperone activi-
ties of Hsp70. It is far less probable that two independent 
classes of Hsp70 inhibitors would exert the same off-target 
mechanisms to explain (coincidentally) similar outcomes.

Another caveat of our study is the use of prepubertal 
rodent cells for modeling age-related Lewy body disorders. 
Primary neuron cultures from sexually mature adult rodents 
are problematic to study in vitro for long periods (see Meth-
ods). We chose to employ postnatal and not embryonic 
cultures, so as to divide animals readily by sex as well as 
increase the anatomical precision of our telencephalic dis-
sections [117]. Aside from neurons, our primary hippocam-
pal cultures harbor 10–13% astroglia: this is perhaps a better 
reflection of the in vivo milieu than purer neuronal cultures 

harvested at embryonic stages prior to massive postnatal 
gliogenesis. The presence of astroglia might mitigate the 
neuronal toxicity of preformed fibril exposure (Bhatia and 
Leak, unpublished), as has also been suggested by others 
[118]. Nonetheless, it is worth noting that the HSPA1A and 
HSPA1B genes are expressed at higher levels in hippocampal 
neurons compared to astrocytes [119], and  ATTO647-labeled 
α-synuclein fibrils are more readily evident within neurons 
than astrocytes. Indeed, we have not observed  pSer129+ 
inclusions within cultured astroglia in mixed neural cul-
tures or astrocyte-specific cultures (Bhatia and Leak, unpub-
lished), suggesting that our postnatal hippocampal culture  
model is  appropriate for inducing intense neuronal 
α-synucleinopathy.

To mitigate potential confounds of studying young cells 
in vitro, we also examined aged animals at 17–21 months of 
age. In our work, we rely on both Sprague–Dawley rats and 
CD-1 mice, partly to avoid fallacious over-standardization 
of research models and the underappreciated but confound-
ing effects of inbred mouse sub-strains [120, 121]. In con-
trast, outbred mice (such as CD-1) display higher genetic 
diversity and are valued for heterogeneity and avoidance of 
sub-strain confounds [122, 123]. Indeed, findings that gen-
eralize across sub-strains and species (e.g., mouse and rat) 
are more likely to translate to the clinic [120, 121]. Finally, 
the outbred CD-1 mouse stock ought not to be confused with 
Jackson’s CD1-/- line; the latter has a null mutation in the 
gene encoding the CD1 antigen complex and thus exhibits 
natural killer cell deficiency.

In our studies, we did not employ monomeric α-synuclein 
as a control, because modeling unaffected human control 
subjects does not, by definition, entail supraphysiologic 
concentrations of monomeric α-synuclein. Furthermore, it 
has been reported that monomers can provoke low levels of 
 pSer129+ pathology [124], as we also observed (Nouraei and 

Fig. 9  Summary schematic. Male and female neurons show equiva-
lent uptake of α-synuclein fibrils, but males develop greater nonionic-
detergent insoluble α-synucleinopathy than females. Inhibition of 
endogenous Hsp70 with chaperone-function inhibitor MAL3-101 
exacerbated α-synucleinopathy in male cells. Females  did not respond  

as  males did to  MAL3-101, possibly due to compensatory increases 
in Hsc70 and Hsp40. Exogenous Hsp70 (eHsp70) reduced 
α-synucleinopathy in cells of either sex, an effect that was partially 
dependent on the chaperone function of Hsp70 in male cells
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Leak, unpublished). Finally, the use of PBS as a control for 
eHsp70 avoids the toxicity of potentially aggregated forms 
of denatured eHsp70; the latter had been included to control 
for residual endotoxins and other potential substances within 
the preparation.

We examined Hsp70 levels in whole-tissue extracts, 
which fails to pinpoint changes within individual cell types. 
Postmortem intervals from the NeuroBiobank tissues were 
also relatively long, which may lead to protein degradation, 
but this caveat is mitigated by the lack of correlation of 
Hsp70, Hsc70, and Hsp40 levels with postmortem intervals.

Finally, the human subjects analyzed in the present study 
suffered from various types of Lewy body disorders and 
were diagnosed at institutions across the USA. On the other 
hand, we believe that this is a strength rather than a limita-
tion, because results that are statistically significant despite 
heterogeneity are more likely to generalize across patient 
cohorts (as argued above for avoiding sub-strains of inbred 
mice).

Impact of Hsp70 on α‑Synucleinopathy

Early studies suggested that Hsp70 does not mitigate pathol-
ogy in transgenic mice co-overexpressing α-synuclein [125], 
but forced overexpression could be accompanied by com-
pensatory target downregulation and induction of toxic stress 
responses. Directed expression of Hsp70 has been reported 
to reduce dopaminergic neurodegeneration associated with 
α-synuclein in Drosophila [26] and mitigate α-synuclein 
aggregation in cultured cells, perhaps in cooperation with 
Hsp40 [126]. The primary culture work reported here 
expands on prior studies showing that inhibiting Hsp70 
activity increases protein aggregation in HEK293T cells 
overexpressing α-synuclein [95, 126]. Furthermore, in H4 
neuroglioma cells transfected with α-synuclein, an allosteric 
site agonist of the chaperone function of Hsp70 (MAL1-271; 
aka 115-7c) decreased α-synuclein aggregation [20, 127]. 
In primary neurons harvested from the olfactory bulb, hip-
pocampus, and cortex, we previously reported that inhibition 
of endogenous Hsp70 function exacerbates proteotoxic cell 
loss and raises the levels of ubiquitin-conjugated proteins, 
a sign of proteostasis failure [97, 109, 128]. In addition, our 
prior work showed that MAL1-271 reduces proteotoxic cell 
loss in primary cortical neurons [97].

To our knowledge, the impact of endogenous and exog-
enous Hsp70 had not previously been tested in primary neu-
rons treated with preformed fibrils as a function of biologi-
cal sex. Thus, we developed a new sex-stratified model of 
preformed fibril-induced α-synucleinopathy and discovered 
that loss of intrinsic Hsp70 function with two inhibitors with 
distinctly different Hsp70 binding sites encourages greater 
formation of α-synucleinopathic inclusions in male cells. An 
alternative interpretation of the data is that pharmacological 

inhibition of Hsp70 function may hinder the degradation  
and clearance of inclusions to a greater extent in cells 
from male mice. Further work is needed to  delineate the  
molecular bases of these effects.

Both MAL3-101 and VER155008 may exert effects on 
inducible as well as constitutively expressed Hsp70, due to 
structural similarities in the Hsp70 family of proteins [129]. 
In primary hippocampal cultures, MAL3-101 raised Hsc70 
expression in female cells, a response that could arise from 
inhibition of either inducible or constitutive Hsp70, or a 
combination of the two. The rise in expression of the consti-
tutive chaperone Hsc70 (or the co-chaperone Hsp40) during 
MAL3-101 exposure might allow female cells to suppress 
an increase in inclusion formation or degrade the inclusions 
better, and this compensatory response is effectively absent 
from male cells (schematic in Fig. 9).Thus, male cells may 
rely more on Hsp70 than female cells to diminish the growth 
or increase the clearance of  pSer129+ inclusions and may be 
less able to compensate for loss of Hsp70 function.

Based on prior work that eHsp70 enters the brain 
through the nose and elicits neuroprotective effects in 
mouse models [53–57, 68], we infused eHsp70 through 
the nostrils of mice. Nose-to-brain drug delivery would 
be appropriate for limbic-centered Lewy body disorders, 
which are sowed in the olfactory system early in the dis-
ease [6–8, 28, 73]. We observed that eHsp70 enters the 
young and aged male CNS after intranasal delivery, but 
aged female mice did not show evidence of transnasal 
eHsp70 uptake. In contrast, our in vitro work showed that 
eHsp70 was taken up by both male and female primary 
neurons. Potential sex differences in nose-to-brain tran-
sit are poorly studied but would be consistent with early 
work showing lower brain penetration of nasal vesicu-
lar stomatitis viral particles in female compared to male 
mice [130]. Females may also degrade exogenous Hsp70 
faster than males, either in the nasal cavity or in the brain 
itself, perhaps because of the following scenarios: (1) 
higher numbers of glial cells or more glial reactivity in 
females than in males [130, 131], (2) higher production 
of neutralizing peripheral antibodies in females [132], 
and (3) a more robust immune response upon intranasal 
infusions of exogenous proteins in females, including an 
increased infiltration of adaptive immune cells in females 
and increased expression of molecules such as MHC-II 
on antigen-presenting cells [130, 132]. Additional work 
is warranted to tease apart these potential mechanisms.

In aged male mice, we believe that eHsp70 remained 
active after entry, as it reduced inclusion counts in our proof-
of-concept study and also tended to reduce microglial activa-
tion. Daily eHsp70 delivery reduced the latency to contact a 
buried peanut and showed a trend toward a reduced latency 
to contact the exposed peanut, suggestive perhaps of dif-
ferences in motivational/hunger status. The strength of the 
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buried vs. exposed food test as performed here is the ability 
to tease apart differences in motivation rather than olfaction, 
although recent work suggests that the buried peanut test is 
not as sensitive as plethysmography of odor-evoked sniff-
ing [133]. For this reason, the odor habituation/dishabitu-
ation test was chosen for the long-term neurorescue study.  
It  is  also important to note that CD-1 mice have poor  
vision, especially in old age, and may rely more on smell, 
even when the food pellet is placed on (and not under) the 
bedding.

Conclusions

For sake of economy and convenience, cellular and animal 
models of α-synucleinopathy traditionally focused on mixed 
sex primary cultures in vitro or young animals of one sex 
in vivo. Our studies, however, point to the existence of sex 
differences in the expression and function of endogenous 
Hsp70 in limbic brain regions and are the first to suggest 
that male cells may rely more on the function of Hsp70 to 
combat Lewy-related pathology than female counterparts. 
In humans, a diagnosis of Lewy body disorders is associated 
with a statistical trend towards an increase in Hsp70 expres-
sion that was largely attributable to men. If these collective 
findings can be generalized, male patients would be expected 
to benefit more from therapies targeting Hsp70 function. 
Future studies are warranted to test potentially sex-dependent 
pleiotropic functions of eHsp70 (e.g., immunomodulatory, 
pro-phagocytic, and chaperokine) and the effect of intrana-
sal eHsp70 (perhaps in combination with exogenous Hsp40) 
on mortality and long-term disease progression in preclini-
cal Lewy body disorders. Finally, this sex-specific work is 
important in light of the growing number of chaperone modu-
lators being developed [134, 135] and a recent surge in the 
use of biologics in precision/personalized medicine [136].
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