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Abstract

Background: Protein aggregates can be found in peripheral organs, such as the heart, kidney, and pancreas, but
little is known about the impact of peripherally misfolded proteins on neuroinflammation and brain functional
recovery following ischemic stroke.

Methods: Here, we studied the ischemia/reperfusion (I/R) induced brain injury in mice with cardiomyocyte-
restricted overexpression of a missense (R120G) mutant small heat shock protein, aB-crystallin (CryABMOG), by
examining neuroinflammation and brain functional recovery following I/R in comparison to their non-transgenic
(Ntg) littermates. To understand how peripherally misfolded proteins influence brain functionality, exosomes were
isolated from CryAB"'?°“ and Ntg mouse blood and were used to treat wild-type (WT) mice and primary cortical
neuron-glia mix cultures. Additionally, isolated protein aggregates from the brain following I/R were isolated and
subjected to mass-spectrometric analysis to assess whether the aggregates contained the mutant protein,
CryAB™'2°C To determine whether the CryAB"'?° misfolding can self-propagate, a misfolded protein seeding assay
was performed in cell cultures.

Results: Our results showed that CryAB™'?°® mice exhibited dramatically increased infarct volume, delayed brain

functional recovery, and enhanced neuroinflammation and protein aggregation in the brain following I/R when
compared to the Ntg mice. Intriguingly, mass-spectrometric analysis of the protein aggregates isolated from
CryAB"™'?°¢ mouse brains confirmed presence of the mutant CryAB'?°“ protein in the brain. Importantly,
intravenous administration of WT mice with the exosomes isolated from CryAB®'?°° mouse blood exacerbated I/R-
induced cerebral injury in WT mice. Moreover, incubation of the CryAB®'?° mouse exosomes with primary
neuronal cultures induced pronounced protein aggregation. Transduction of CryAB"'?°“ aggregate seeds into cell
cultures caused normal CryAB proteins to undergo dramatic aggregation and form large aggregates, suggesting
self-propagation of CryABR'?° misfolding in cells.
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Conclusions: These results suggest that peripherally misfolded proteins in the heart remotely enhance
neuroinflammation and exacerbate brain injury following I/R likely through exosomes, which may represent an
underappreciated mechanism underlying heart-brain crosstalk.
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Background

Maintaining the integrity of the proteome is essential for
cell survival and normal function; however, proteins fre-
quently misfold due to genetic mutations, stress condi-
tions, or unique metabolic challenge conditions [1].
Mammalian cells evolve three major mechanisms to
maintain protein homeostasis, or proteostasis: molecular
chaperones, the ubiquitin-proteasome system and the
autophagy lysosome system [2]. These cellular surveil-
lance mechanisms detect and repair misfolded proteins
or, in many situations, completely annihilate the misfolded
proteins from inside of cells. Conversely, impaired protein
quality control causes proteotoxicity that has been linked to
numerous devastating human diseases known as protein
conformational disorders, including many neurodegenera-
tive diseases, metabolic disorders, cardiomyopathies, liver
diseases, and systemic amyloidosis [1].

Stroke is the fifth most common cause of death and is a
leading cause of serious long-term disability in the USA.
Ischemic stroke is caused by blockage of cerebral artery
and is associated with neuronal loss and dysfunction. Fol-
lowing cerebral ischemia and reperfusion (I/R), mitochon-
dria dysfunction, glutamate-induced excitotoxicity, and
neuroinflammation occur, which leads to oxidative stress,
protein damage, and aggregation [3, 4]. Proteostasis has
been shown to play an important role in neuronal injury
and functional recovery following I/R [5, 6].

Unlike stroke, many other neurological diseases in-
volve specific misfolded pathogenic proteins that aggre-
gate into seeds that serve as self-propagation agents for
diseases’ progression [7]. This prion-like property of
pathogenic proteins is seen in the pathology of Lewy
body [8] and a-synuclein [9], tau [10], f-amyloid [11],
mutant huntingtin [12], and various other neurodegener-
ative disease-associated proteins [13]. These studies fo-
cused on cell-to-cell pathological propagation between
grafted cells and host cells in the brain. However, pro-
tein aggregates are also seen in peripheral organs such
as the heart [14], kidney [15], and pancreas [16]. It re-
mains unknown whether prion-like phenomenon can be
propagated from peripheral tissues to the brain, leading
to functional or pathological alterations in the brain or
exacerbation of I/R induced brain injury. Importantly,
the determinants affecting ischemic stroke pathophysi-
ology and recovery are less understood. To address these
questions, we here investigated the brain of a transgenic

mouse expressing a missense (R120G) mutant alphaB-
crystallin (CryABR'°%) selectively in the cardiomyocytes,
which causes desmin-related cardiomyopathy [14, 17].
CryAB, also known as HSPB5, is a small heat shock pro-
tein expressed at high levels in the lens but is also ubi-
quitously expressed in other tissues such as the heart
and skeletal muscles [18]. A majority of this line of
CryAB®?°¢ mutant mice died of congestive heart failure
between 6 and 7 months (m) of age with the pro-
nounced accumulation of desmin and CryAB aggregates
and impaired proteasome function in the heart, indicat-
ing impaired proteostasis in the cardiomyocytes [14].
This allows us to assess whether the animal at 2-3
months of age, when the cerebral blood flow is at nor-
mal levels, exhibits any functional or pathological alter-
ations in the brain following I/R insult.

Materials and methods

Mice

Adult C57BL/6] wild-type (WT) mice (8—12 weeks of
age; mean body weight, 25 g) were purchased from the
Jackson Laboratories. CryAB®'?°S mice and their non-
transgenic (Ntg) littermate mice have been previously
described [14]. All mice were housed in 3—4 per cage on
a 14-h light/10 h dark cycle and were given free access
to food and water. All animal procedures were approved
by the Institutional Animal Care and Use Committee at
the University of South Dakota and were in accordance
with the National Institute of Health Guide for the Care
and Use of Laboratory Animals.

Transient middle cerebral artery occlusion

The CryAB*?°¢, Ntg (the CryAB®'*°® WT littermates),
or WT mice animals (male, at 2—3 m) were anesthetized
with isoflurane and subjected either to middle cerebral
artery occlusion (MCAQ) or sham operation. Transient
MCAO was induced by transient occlusion of the MCA
as previously described [5, 19] using a modified intra-
luminal filament (Doccol, #7020910PK5Re,
7023910PK5Re). Briefly, male mice were anesthetized
with 2% isoflurane and their body temperature was
maintained at 37.0 + 0.5 °C with an electronic
thermostat-controlled warming blanket (Stoelting). Fol-
lowing permanent ligation of the external carotid artery
(ECA), the filament was inserted into the ECA and
guided toward the internal carotid artery through the
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common carotid artery to block the MCA. After 45 min
(for the CryABR120G and Ntg mice) or 1 h (for C57BL/6]
WT mice) of MCAO, the occluding filament was with-
drawn to allow blood reperfusion. The blood flow of
mice was monitored by a Doppler blood flowmeter
(Vasamed). After animals were returned to their home
cages, they were monitored closely over the next 4 h and
then daily for the rest of the study.

Measurement of infarct volumes

Following 24 h after I/R, mice brains were rapidly re-
moved and stored at — 20 °C for 15 min to harden the
tissue. The brains were sliced into 2-mm-thick coronal
sections and then incubated with 2% 3,5-triphenyltetra-
zolium chloride (TTC, Sigma, #T8877) to evaluate the
infarct volume as described previously [20, 21]. The in-
farct volume was manually analyzed using the Image]
software (NIH).

Assessment of neurological deficit scores after MCAO

The functional recovery test was performed at 1, 3, 5,
and 7 days following MCAO, using a modified neuro-
logical severity score (mNSS) system that contains a bat-
tery of motor, sensory, reflex, and balance tests [22]. The
mNSS was graded on a scale of 0 to 18 (normal neuro-
logical behavior score, 0; maximal neurological deficit,
18): 13-18, severe injury; 7—12, moderate injury; 1-6
mild injury [22].

Radial arm water maze

The radial arm water maze (RAWM) was performed to
assess animals’ learning and memory capability accord-
ing to a previously described protocol [23]. Briefly, each
mouse was gently placed into an arm and allowed to
find the platform located in the goal arm. On day 1,
mice were trained for 15 trials alternating the visible and
hidden platform until the 12" trial, and the final 3 trials
were performed using the hidden platform. On day 2, all
15 trials were performed with the hidden platform. The
number of incorrect arm entries (errors) was counted
until mice found the goal arm or 60 s had passed. The
experimenter was blind to the genotypes of mice at the
time of testing.

Y-maze analysis

The Y-maze analysis was performed to evaluate learning
and memory as described previously [23]. Briefly, each
mouse could move freely in start and the other arm of
the Y-maze for 5 min (training phase). After 1 h, each
mouse was placed in the start arm and allowed to ex-
plore all three arms (testing phase). Then, the number of
entries to each arm was recorded for 2 min. An arm’s
entry was counted when a mouse placed all four paws/
legs inside an arm.
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Object recognition test

Mice were tested in a square wooden box (50 x 50 x 30
cm) and habituated to the empty box for 5 min the day
before the first day of testing. On the first day of the test,
mice were presented with two similar objects in the box
and permitted to explore freely for 10 min. On the sec-
ond day of the test, one of the two familiar objects was
randomly replaced by a new object and mice were
placed back into the box and allowed to explore the ob-
jects for 10 min. The amount of time spent exploring
each object was recorded, and the relative exploration of
the novel object was presented by a discrimination index

(DI = (Tnovel - Tfamiliar)/ (Tnovel + Tfamilar)'

String agility test

This test was used to test animals’ agility and grip cap-
acity [23]. Briefly, each mouse was allowed to grasp a
suspended string only using their forepaws and subse-
quently released by the experimenter. The maximum
trial length was 60 s. The scoring system to assess the
grasping capacity involved a five-scale system: 0-unable
to remain on the string; 1-hangs by two forepaws; 2-
attempts to climb to the string; 3-hangs by two forepaws
and one or two hind paws around the string; 4-four
paws and tail around the string; 5-escapes.

Rotarod test

This was used to evaluate mouse balance and general
motor function [23]. Each animal was placed on an ac-
celerating Rotarod (Med Associates) and trained for
three successive days with 3 trials each day. The max-
imum trial length was 250 s. The 4th day was the test
day, with 3 trials for each mouse.

Thioflavin S staining

Thioflavin S staining of protein aggregates in the brain
was performed using a previously described method
[23]. Brain sections were incubated with 70% ethanol
(Fisher, #A40520) for 1 min and then 80% ethanol for 1
min. Slides were then incubated with 0.1% Thioflavin S
(Sigma, #T1892) in 80% ethanol for 15 min. Slides were
then rinsed with 80% ethanol for 1 min, 70% ethanol for
1 min, and twice with distilled water. Slides were
mounted with Cytoseal 60 Medium (Richard-Allan Sci-
entific, #8310-16), and images were acquired using a
fluorescence microscope equipped with the ZEN 2.5
software (Carl Zeiss, Jena, Germany).

Nissl staining

Brain sections that were rehydrated through 100% and
95 % alcohol to distilled water were stained in 0.1% Cre-
syl Violet (Acros Organics, #10510-54-0) solution for 5—
10 min and then rinsed quickly in distilled water before
were differentiated in 95% ethanol for 20 min and
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dehydrated in 100% ethanol twice for 5 min each. Fi-
nally, the sections were cleared twice in Xylene for 5
min and were mounted with Cytoseal 60 Medium (Rich-
ard-Allan Scientific, #8310-16). Images were captured
under a microscope (Olympus), and 12-15 sections per
animal were imaged. The number of surviving neurons
in each section was quantified using the Image] software
(NIH).

Immunofluorescent staining

At 2 or 7 days post-MCAO, the PBS-perfused and
paraformaldehyde-fixed brains were coronally sliced into
10 pm thickness sections on a Cryostat (Leica, Buffalo
Grove, IL, USA) at — 20 °C. The brain sections or cell
cultures (see below) were stained according to a previ-
ously described protocol [24]. Briefly, sections or fixed cell
cultures were blocked with 5% bovine serum albumin
(Fisher, #BP9706-100), and then incubated with anti-
GFAP (1:1000, EMD Millipore, #AB5804; Lot 2013929),
anti-Ibal antibody (1:1000, FUJIFILM Wako, #019-19741;
Lot LKF6437), anti-NeuN antibody (1:1000, Millipore,
#ABN78, Lot 1979271), anti-CryAB antibody (1:100,
Abcam, #ab13496), anti-TNFa antibody (1:100, Abcam,
#ab1793, Lot GR3261538-1), anti-Myc antibody (Cell Sig-
naling Technology, #2276, Lot 24), or anti-ubiquitin anti-
body (1:500, Abcam, #ab7780, Lot GR3196708-1). This
was followed by incubation with Cy3- or Cy2-conjugated
goat anti-rabbit or goat anti-mouse secondary antibodies
(Jackson ImmunoResearch, #711-165-152) or Dylight 488
conjugated IgG, #35552, Lot QK224422). In some experi-
ments, nuclei were counter-stained with a DNA binding
dye, Hoechst 33342 (1:1000, ThermoFisher, #H3570). Im-
ages were captured with a fluorescence microscope
equipped with the ZEN 2.5 software (Carl Zeiss). Then,
10-16 sections per animal in specific regions were imaged
and data were quantified by using the NIH Image] soft-
ware (NIH) according to previously described methods
[25, 26]. When analyzing Ibal, we first counted all the
Ibal-positive cells in every image, and the number was
subsequently divided by the total (both neuronal and glial)
number of cells (Hoechst 33342-positive cells) in the same
picture. For GFAP analysis, we measured the GFAP fluor-
escence intensity and then divided it by the total (both
neuronal and glial) nuclear (Hoechst-stained) intensity of
the image [27].

Western blot

Electrophoresis, transfer, and Western blot analysis of
proteins were performed according to previously de-
scribed methods [28]. The primary antibodies used were
anti-CryAB (1:1000, Abcam; #ab13496), anti-Argonaute
1 (Argol) (1:1000, Cell Signaling Technology, #5053, Lot
1), anti-Tsgl0l (1:1000, Santa Cruz Biotechnology,
#sc7964, Lot F0217), anti-ubiquitin (Ub) (1:1000, Cell
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Signaling Technology, #3936, Lot 14), anti-IL-1f (1:
1000, Cell Signaling Technology, #63124), anti-IL-6 (1:
1000, Cell Signaling Technology, #12912), anti-TNFa (1:
1000, Cell Signaling Technology, #11948), and anti-f3-
actin (1:1000, Santa Cruz Biotechnology, #sc-1616, Lot
G1615). The secondary antibodies used were conjugated
with the infrared dyes (1:5000, LI-COR, #926-32211, Lot
C80118-05; #92668072, Lot C71204-03; #926-33214, Lot
C80207-07). Protein band intensities were measured
using an Odyssey scanner (LI-COR) or the UN-SCAN-
IT gel6.1 software (Silk Scientific).

Isolation of exosomes from mouse blood plasma

Whole blood was collected from the facial vein of mice.
Isolation of exosomes was performed as described previ-
ously with minor modification [29]. Briefly, 0.8-um-fil-
tered blood plasma samples were diluted by two folds
with PBS and then centrifuged at 13,200xg at 4 °C for 22
min to remove microvesicles. The supernatant was fil-
tered twice through 0.22 pm filters. Exosomes were pel-
leted by ultracentrifugation at 120,000xg with an
SW41Ti rotor (Beckman Coulter). Pellets were washed
once with PBS, and protein concentration was deter-
mined by the NanoDrop™ 2000/2000c spectrophotome-
ters (Thermo Fisher).

Nanoparticle tracking analysis of exosomes and treating
WT mice with the exosomes

Prior to nanoparticle tracking analysis (NTA), samples
were diluted at 1:100 in PBS and 1 ml exosome solution
was used for NTA analysis to assess the size and number
of exosome, a type of extracellular vesicle, using the
NanoSight NS300 system (Malvern Instruments).

To determine whether the isolated exosomes influence
brain function in WT mice, WT C57BL/6] mice were
intravenously injected with 0.8 mg/kg of exosomes daily
and animal motor and cognitive behaviors were exam-
ined after 2-3 weeks following the treatment using the
behavioral test methods mentioned above. To determine
the effect of isolated exosomes on I/R induced brain in-
jury, the exosomes (3.75 mg/kg) were injected into WT
C57BL/6] male mice through tail vein after 1 h of
MCAQO, and following the treatment, the mice were ei-
ther euthanized after 24 h to assess their brain infarct
volume or allowed to survive for 7 days to evaluate their
survival rate and neurological deficit scores using
methods described above.

Isolation of protein aggregates, scanning electron
microscopy, and measurement of protein aggregate size
Isolation of Triton X-100 insoluble protein aggregates
from Ntg or CryAB*?°¢ mouse brains was performed
according to previously described methods [30, 31].
Examining isolated protein aggregates with scanning
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electron microscopy (SEM) was performed with the field
emission SEM (SIGMA, Zeiss). The samples were pre-
pared by drop-casting on Si wafer and sputter coated
with Au for the imaging. Secondary electron images
were acquired by scanning with 1.5-2.0 kV acceleration
voltage. A total of 33-38 aggregates from 3 to 4 samples
were measured using the Image] software.

Mass spectrometric analysis of proteins

The in-solution and in-gel protein digestion and processing
were performed according to our previously described
methods [28, 32]. The digested peptides were separated
using Ultimate 3000RS UHPLC in nanoflow configuration
(Thermo Scientific, Bremen, Germany) coupled to QExac-
tive Plus (Thermo Scientific, Bremen, Germany) Quadru-
pole Orbitrap through a nanoelectrospray ion source using
Full MS followed by ddMS2 (DDA) mode during 60 min
[28]. Mascot Distiller v2.6.2.0 in-house licensed (www.
matrixscience.com) and Proteome Discoverer v2.1 (Thermo
Scientific) were used to generate the peak list at the mascot
generic format (mgf) to identify +1 or multiple charged pre-
cursor ions from the mass spectrometry data file. Parent
mass (MS) and fragment mass (MS/MS) peak ranges were
250-1800 Da (resolution 70000) and 65—2000 Da (reso-
lution 17500), respectively. Mascot server v2.5.1 (www.
matrix-science.com, UK) in MS/MS ion search mode (local
licenses) was applied to conduct peptide matches (peptide
masses and sequence tags) and protein searches against
sp|P23927-1] CRYAB_MOUSE Alpha-crystallin B chain
[Mus musculus] (1 sequence, 175 residues) as a wild type
and a CRYAB_MOUSE Alpha-crystallin B mutant in house
customized (**R replaced by G) (1 sequence, 175 residues),
respectively. The following parameters were set for the
search: carbamidomethyl (C) on cysteine was fixed and
variable modifications included asparagine and glutamine
deamidation and methionine oxidation. Only two missed
cleavages were allowed; monoisotopic masses were
counted; the precursor peptide mass tolerance was set at 30
ppm; fragment mass tolerance was 0.1 Da, and the ion
score or expected cut-off was set at 5. The MS/MS spectra
were searched with MASCOT using a 95% confidence
interval (C.I. %) threshold (p < 0.05), with which minimum
score of 13 was used for peptide identification, indicating
identity or extensive homology. Additionally, the error-
tolerant mode was set up at Mascot search to corroborate
potential peptides unidentified at the first search. Mouse
heart tissue from CryAB®'*°“ mice and Ntg mouse brains
24 h following ischemic stroke were used as positive and
negative controls, respectively.

Primary neuronal culture, exosome treatment, and ATP
measurement

Primary mouse cortical neurons were prepared from
wild-type C57BL/6] mice, as previously described [28]
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without inhibition of glial cell growth to generate the
mixed neuron-glia cultures. The cells were cultured in
poly-ornithine-coated 12-well plates for 7 days, and then
treated with exosomes (10 pg/ml) isolated either from
Ntg or CryAB®?°¢ mouse blood. After 24 h, the
exosome-treated neuron-glia cultures were stained for
protein aggregates using the Proteostat Aggresome De-
tection Kit (Enzo Life Sciences, #ENZ-51035) following
the manufacturer provided protocol. Three independent
experiments were performed in this study and at least
150 cells were analyzed in each experiment. To test the
effect of exosomes on cell viability, the treated cells were
collected for ATP assay using an ATP Bioluminescence
Assay Kit CLS II (Sigma, #11699695001) according to
the protocol provided by the manufacturer.

CryABR'2%C seeding assay

To determine the prion-like property of mutant
CryABR*'?°S protein, mouse striatal cells (Coriell) were
cultured in 12-well plates in complete medium contain-
ing the Dulbecco’s modified Eagle medium supple-
mented with 10% fetal bovine serum and penicillin/
streptomycin (Thermo Fisher). Cells were transfected
with myc-flag-CryAB plasmid (OriGene, #MR201515)
encoding the myc-flag-tagged mouse CryAB protein.
After 24 h, the cells were transduced with 500 ng/ml of
Triton X-100 insoluble aggregates isolated either from
Ntg or CryAB*'*°S mouse brains using Trans-Hi™ trans-
fection reagent (FormuMax, #F90101TH). The transduced
cells were fixed and subjected to immunocytochemical
staining with an anti-Myc antibody (see above Immuno-
fluorescent staining part) 24 h following the transduction.

Statistical analysis

Statistical analyses were conducted using GraphPad
Prism version 7.0 statistical software. Differences be-
tween two groups were assessed using unpaired ¢ test.
Significant differences between more than two groups
were analyzed using one-way or two-way ANOVA
followed by Tukey’s post hoc test or Sidak’s multiple
comparisons test. P < 0.05 was regarded as statistically
significant.

Results

Cardiomyocyte-restricted expression of misfolded
CryABR'?°¢ exacerbated I/R-induced brain injury and
cognitive and motor defects

To determine whether peripherally impaired proteostasis
influences brain injury and functional recovery, we chal-
lenged both CryAB®'?°® male mice and their male Ntg
littermates with I/R at 2-3 m. At this time, their cardiac
outputs were still normal [14]; therefore, we examined
brain injury and functional recovery. Cerebral blood flow
did not differ between Ntg and CryAB*'?°S mice before,
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Fig. 1 Cardiomyocyte-restricted expression of misfolded CryAB®'2°C protein exacerbated I/R-induced brain injury and cognitive and motor
deficits. a Diagram of the experimental design, the numbers in the parentheses indicating the number of animals used. b TTC staining mouse
brains after 24 h of reperfusion. ¢ Quantitative analysis of (b). d Representative images of Niss| staining results in the peri-infarct cortical area after
7 days of reperfusion. Scale bar, 100 um. e Quantitative analysis of (d) from 4 mice with 12-15 sections/animal. f Survival rate of mice after
MCAO. g Functional recovery of mice after MCAO. h String agility test results after 14 days of reperfusion. i Rotarod test results after 14 days of
reperfusion. j Object recognition test results after 14 days of reperfusion. k Y-maze test results after 14 days of reperfusion. | Radial arm water
maze (RAWM) results after 14 days of reperfusion. Numerical data are shown as mean + SEM; n = 9 (the beginning numbers for the survival test
was 14 for Ntg mice and 29 for CryAB 2% mice). *p < 0.05, **p < 001, $p < 0.001, #p < 0.0001

during, or after MCAO (Supplementary Fig. S1). Follow-
ing 45 min of MCAO and 24 h of reperfusion (Fig. 1a),
CryABR'*°S mice showed increased infarct volume com-
pared to their Ntg littermates (Fig. 1b, c). This result
was further confirmed by the Nissl staining data, which
showed fewer neurons surviving in CryAB*'*°® mouse
brains in comparison to Ntg mouse brains after 7 days
of reperfusion (Fig. 1d, e). Consistently, CryABR'?°¢
mice also showed a higher mortality rate (Fig. 1f) and
more severe neurological deficits as reflected by the
mNSS (Fig. 1g) than their Ntg littermates. Prior to I/R
insult, however, both CryAB®?°¢ mice and the Ntg lit-
termates did not reveal any evident neurological deficits
(mNSS = 0 for both types of animal). Using relatively
sensitive methods, we observed slightly reduced or no al-
tered motor and cognitive performance in the
CryAB®?°S mice compared to the Ntg mice prior to I/R
procedure (Supplementary Fig. S2). After 14 days of re-
perfusion, however, CryAB*?°¢ mice exhibited greater
reduction in their motor function compared to Ntg mice
in the string agility (Fig. 1h) and the rotarod tests (Fig.
1i). CryAB®2°C mice also showed poorer performance
in the object recognition test (Fig. 1j), Y-maze test (Fig.
1k), and RAWM test (Fig. 11) in comparison to their Ntg
littermates, indicative of exacerbated cognitive dysfunc-
tions in CryABR'?°® compared to Ntg mice. Thus, per-
ipheral expression of misfolded CryAB®'*°S protein
aggravates I/R-induced brain injury and neurological
deficits.

Cardiomyocyte-restricted expression of misfolded
CryABR'2%¢ exacerbated I/R induced neuroinflammation
To determine whether cardiomyocyte-restricted expres-
sion of misfolded CryAB®'*°S proteins alters I/R triggered
neuroinflammation, immunohistochemistry was utilized
to examine astrocytes and microglia in the mouse brains
after 2 days of I/R (Fig. 2a). Both GFAP (glial fibrillary
acidic protein, an astrocyte marker) (Fig. 2b, c¢) and Ibal (a
microglial marker) (Fig. 2d, e) showed a higher level of im-
munoreactivity in the CryAB*'*°® mouse brains than in
the Ntg brains. This is indicative of increased activation of
astrocytes and microglia in CryAB*'** mouse brain fol-
lowing I/R. Importantly, the immunoreactivity of TNFaq, a
potent activator of the immune system [33], astrocyte

s[34], and microglia [35], was also higher in CryAB®'?°¢
mouse brain than in Ntg mouse brain after 2 days of I/R
(Fig. 2f, g), suggesting pronounced neuroinflammation oc-
curring in CryAB®'?°® mouse brains. To gain further
insight into the inflammatory response at the early time
points, we performed Western blot analysis of the pro-
inflammatory molecules, IL-1p, IL-6, and TNFa at 0, 6,
12, and 24 h following I/R. We observed a dramatic in-
crease of the three pro-inflammatory molecules selectively
in CryAB®?°¢ mouse brain (Supplementary Fig. $3). Col-
lectively, these data reveal that cardiomyocyte-restricted
expression of misfolded CryAB*'?°“ protein enhances I/R
induced neuroinflammation.

Cardiomyocyte-restricted expression of misfolded
CryABR"?%€ protein enhanced I/R induced protein
aggregation in the brain

As I/R impairs the proteasome and causes protein ag-
gregation in the brain [3-5], we next determined
whether cardiomyocyte-restricted expression of mis-
folded CryAB®'*°S influences I/R induced protein ag-
gregation in the brain. Accordingly, we performed
Thioflavin-S staining on the Ntg and CryABR'?°¢
mouse brains before I/R, and 1 or 7 days after I/R. Be-
fore I/R, the CryAB®'?° mouse brain showed faint
Thioflavin-S staining, whereas the Ntg mouse brain
was absent of Thioflavin-S staining (Supplementary
Fig. S4). Following 1 or 7 days of I/R, we observed
much brighter fluorescence in the CryAB*?°“ mouse
brain than in the Ntg brain and these stained aggre-
gates were seen at 24 h following I/R (Supplementary
Fig. S5, Fig. 3a, b). We then isolated the Triton-X100
insoluble aggregates from the Ntg and CryABR'?°¢
brains following I/R and examined their morphology
under an electron microscope. In support of
Thioflavin-S staining results, protein aggregates iso-
lated from the CryAB®'*°“ mouse brains were larger
and showed more cluster-like features than those iso-
lated from Ntg mouse brains (Fig. 3¢, d). The majority
of protein aggregates isolated from the CryABR!'?°¢
mouse brains were either large (>1 pm?®) or medium
sized (0.1-1 pm?) inclusions, whereas most of those
isolated from Ntg mouse brains were small-sized (<
0.1 um?) aggregates (Supplementary Fig. $6). Western
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blot analysis of the protein aggregates following sonic-
ation in an SDS-containing buffer demonstrated that
the proteins were (poly)ubiquitinated with a higher
level of (poly)ubiquitin in CryAB®'?°S mouse brain
than in Ntg brain (Fig. 3e, f). To further determine
whether the CryAB®'*°S mutant protein translocated
from the heart to the brain to induce the normal
CryAB becoming misfolded proteins, we isolated pro-
tein aggregates from the brain and then performed
tandem mass spectrometry. The protein aggregates
isolated from CryAB®'*® mouse brains following ische-
mic stroke contained not only normal CryAB but also
CryAB®?°¢ mutant protein (Fig. 3g). As expected,
CryABR'?°S protein was also identified from the pro-
tein aggregates of CryAB"'*°® mouse heart (Supple-
mentary Fig. S7A), whereas protein aggregates isolated

from the Ntg mouse brains following ischemic stroke only
contained wild-type CryAB (Supplementary Fig. S7B). Im-
munohistochemical staining confirmed the colocalization
of CryAB protein with (poly)ubiquitin protein in
CryAB®2°¢ mouse brains, and both CryAB and (poly)ubi-
quitin fluorescence intensities were higher in CryABR'*°¢
mouse brains than in Ntg mouse brains at day 7 following
I/R (Fig. 3h, i). NeuN immunoreactivity in CryABR'*°¢
mouse brains was reduced at day 7 after I/R (Fig. 3j, k), in-
dicating neuronal loss. By contrast, GFAP (Fig. 31, m) and
Ibal immunoreactivities (Fig. 3n, o) were dramatically in-
creased in some regions, suggesting activation of astro-
cytes and microglia. Moreover, both GFAP and Ibal
showed a relatively high degree of colocalization with
CryAB aggregates as indicated by the yellow color (Fig. 31,
n, pointed by arrows). Therefore, cardiomyocyte-restricted
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Fig. 3 Cardiomyocyte-restricted expression of misfolded CryAB"'2%°

indicate that they contain the mutant CryAB®'2¢

3or4.*p <005 *p <001, Sp < 0001
A\

protein enhanced I/R-induced protein aggregation in the brain. a Thioflavin S
staining of the cortical peri-infarct zone of mouse brain at day 7 following MCAQ. Scale bar, 50 um. b Quantitative analysis of (). ¢ Insoluble
protein aggregates from mouse brains were analyzed with a scanning electron microscope. Scale bar, 500 nm. d Measured protein aggregate
size. @ Western blot analysis of ubiquitin (Ub) protein level from the Triton X100-insoluble CryAB proteins in the brain of mice after MCAO. f
Quantitative analysis of (e). g Tandem mass spectrometric analysis of the protein aggregates isolated from the CryAB"'2°° brains following I/R
protein. h Co-localization of (poly) ubiquitin and CryAB in the brain (peri-infarct, cortex) of mice
after MCAO. Scale bar, 50 pm. i Quantitative analysis of (h). j Co-staining of NeuN and CryAB in the brain of mice after MCAO. Scale bar, 50 pm. k
Quantitative analysis of (j). | Co-staining of GFAP and CryAB in the brain of mice after MCAQ. Arrows, showing colocalization of GFAP with CryAB
as indicated by yellow color. Scale bar, 50 um. m Quantitative analysis of (I). n Co-staining of Ibaland CryAB in the brain of mice after MCAO.
Arrows, showing colocalization of Ibal with CryAB as indicated by yellow in color. Scale bar, 50 um. o Quantitative analysis of (n). For
immunostaining, 10-15 sections per animal were imaged and analyzed with the ImageJ software. Numerical data are shown as mean + SD; n =

expression of misfolded CryAB®'*°C protein facilitates I/R

induced protein aggregation in the brain.

CryABR'2°¢ mice-derived exosomes showed an elevated
level of exosome marker and CryAB proteins

Exosomes, one type of extracellular vesicles that contain
numerous proteins, lipids, RNAs, and other substances,
play a crucial role in mediating cell-to-cell and heart-to-
brain communications [36]. We next determined
whether the increased protein aggregates seen in the
CryABR'*°S mouse brains were mediated by circulating
exosomes. Accordingly, we isolated exosomes from the
non-stroke animal blood derived from either
CryABR*'*°S mice or their Ntg littermates and initially
characterized them. Exosomes isolated from both
CryAB**°S mouse blood (hereafter referred to as
CryABRuOG exosomes) and Ntg mouse blood (referred
to as Ntg exosomes) expressed exosomal markers, such
as Argol and TsglO1, despite a remarkably higher level
of these proteins in CryAB*'?°¢ exosomes than in Ntg
exosomes (Fig. 4a). Intriguingly, the level of CryAB pro-
tein was also dramatically higher in CryAB®'*°¢ exo-
somes than in Ntg exosomes (Fig. 4a); however, the
concentration (Fig. 4b, c¢) and size (Fig. 4b, d) of exo-
somes in the two types of mouse blood did not differ.

CryABR'2°¢ mice-derived exosomes exacerbated I/R-
induced brain injury and neurological deficits after
administration to WT mice

We examined whether CryA and Ntg exosomes
showed distinct effects on I/R induced brain injury and
neurological deficits following I/R in WT mice. Toward
this end, WT mice were subjected to 1 h MCAO and
after 1 h of reperfusion, mice were intravenously treated
with CryAB®2°¢ exosomes or Ntg exosomes before they
were sacrificed at 24 h to assess neuronal injury or were
allowed to survive for 7 days to evaluate their survival
and functional recovery (Fig. 5a). The mice injected with
CryABR'*°S exosomes showed increased infarct volume
(Fig. 5b, c), reduced survival rate (Fig. 5d), and increased
neurological deficits (mNSS, Fig. 5e) when compared

R120
B G

with those injected with Ntg exosomes. To further
examine whether injection of WT mice with the exo-
somes alters protein aggregation in the brain following
I/R insult, we performed Thioflavin S staining of brain
sections 24 h after injection. Injection of CryABR'?°¢
exosomes significantly increased I/R-induced protein ag-
gregation when compared to the injection of Ntg exo-
somes (Supplementary Fig. S8). Hence, these data
support that the exosomes, at least partially, mediate the
transfer of the mutant CryAB*'*°C proteotoxicity from
the heart-to-brain, leading to increased brain injury and
neurological deficits.

The misfolded CryABR'2°¢ protein showed prion-like
propagation when transduced into cultured cells
To further understand how the misfolded CryA
protein induces neuronal injury in the brain, we treated
the primary mouse cortical neuron-glia mix cultures
with the two types of exosomes. After 24 h following the
incubation of exosomes with cultured cells, pronounced
protein aggregation was observed selectively in the cells
incubated with CryAB®?°¢ exosomes but not in those
incubated with Ntg exosomes (Fig. 6a, b). CryABR'?°¢
exosome-induced protein aggregates were also associ-
ated with reduced ATP levels in the cultures (Fig. 6c),
suggesting possible mitochondrial dysfunction occurred
in the cells.

As mutant CryA proteins show dramatic ag-
gregation and form large inclusions in the heart [14],
we determined whether misfolded CryAB®'?° trans-
located from the heart-to-brain showed the prion-
like propagation property in cell cultures. Therefore,
we isolated CryAB®'?°S protein aggregates from ei-
ther CryAB®?°¢ or Ntg mouse brains (Fig. 3c, d)
and transduced them into cultured neural cells ex-
pressing the myc-tagged WT mouse CryAB. Then,
the cells were stained for analyzing the myc-tagged
CryAB protein aggregation status 24 h following the
transduction (Fig. 6d). Transduction of the aggregate
seeds into cells was performed by mixing isolated
CryABR'?°¢  protein seeds with liposomes before

BR120G

BR120G
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treating cells, as previous data have shown that this
would facilitate direct transduction of seeds into the
cultured cells, thereby maximizing seed detection ef-
ficiency [37]. As expected, the cells receiving
CryABR'?°C  aggregate seeds exhibited remarkable
CryAB aggregates (Fig. 6e, right panel), while those
receiving Ntg protein aggregate seeds showed dif-
fused CryAB staining (Fig. 6e, left panel). Moreover,
the fluorescence intensity in cells transduced with
CryAB protein aggregate seeds was significantly
higher than those transduced with Ntg seeds (Fig.
6f). Taken together, these data strongly suggest that
the mutant CryAB®'?°S protein can translocate to
the brain from the heart via exosomes or directly
disrupting BBB function, where it induces prion-like
propagation and thereby results in the formation of
large CryAB aggregates, disruption of neuronal sur-
vival and function, and increased neuroinfammation
(Fig. 6g).

Discussion
Protein aggregation can be found in peripheral organs,
such as the heart [14], kidney [15], and pancreas [16]. It
remains unknown whether prion-like phenomenon can
be propagated from peripheral tissues to the brain and
whether protein aggregates in a peripheral organ influ-
ence the pathological outcome and functional recovery
following I/R-induced brain injury. Here, we demon-
strated that following acute I/R-induced brain injury,
CryAB*'*°S mice showed increased infarct volume and
neurological deficits, enhanced neuroinflammation, and
formation of large CryAB protein aggregates positive in
ubiquitin staining. Moreover, we further demonstrated
that WT mice intravenously injected with exosomes iso-
lated from CryAB®2°® mouse blood showed similar phe-
notypes as CryAB*'*°S mice following I/R. Addition of
either the purified CryAB*'?°¢ exosomes or protein aggre-
gates into cell cultures induced pronounced protein aggre-
gates, exhibiting self-propagation of the CryABR'?°¢
misfolding. Therefore, our data highlight the significance
of peripheral proteostasis in influencing neuroinflamma-
tion, neuronal injury, and brain functional recovery.

The increased neuronal injury and neuroinflammation
observed here were likely not caused by altered cardiac
functions in the CryAB*"?°¢ mice, as the mice still show
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normal cardiac output at 2—3 months of age [14] when
they were used for the experiments. Given that the ani-
mal’s cardiac contractile function was not reduced at
this stage [14], the observed neuropathological alter-
ations and neurological deficits should not be caused by
the insufficient cerebral blood supply. Moreover, the
CryAB*'*°S mice did not show cardiac inflammation, as
their heart did not have fibrosis, a pathological condition
frequently considered as a sign of cardiac inflammation
[38] at 2—3 months of age [14]. Our data strongly sup-
port that misfolded CryAB®'*°S proteins derived from
the heart contribute, at least partially, to the aggravated
brain injury and impaired brain functions. First, we ob-
served heightened pro-inflammatory molecules and in-
creased activation of microglia and astrocytes in
CryAB*?*°¢  mouse brains following I/R. Second,
CryAB®'?°S exosomes contained a high level of CryAB
protein, presumably the CryAB®'?° protein. Finally,
CryAB®'?°S exosomes exacerbated I/R-inducted brain
injury and neurological deficits. Hence, our results
strongly support the role of heart-to-brain translocation
of CryAB®'*°S proteins in triggering increased neuroin-
flammation and brain dysfunction following I/R. On the
other hand, I/R may also further enhance the production
of the CryAB®'*°“ exosomes containing increased mis-
folded proteins. Since exosomes can selectively reach the
lesion areas of the brain in neurological disease mice
[39], this interplay could exacerbate brain injury follow-
ing I/R.

One interesting phenomenon we observed here was
that CryAB®'*° exosomes contained higher levels of
the exosomal marker proteins than Ntg exosomes;
however, the two types of exosomes did not differ in
concentration and size. The elevated exosome marker
proteins may be required for the targeting of mis-
folded CryAB*'?°S protein to the exosome to facili-
tate the formation of exosomes. It is also possible
that the increased exosome marker proteins are re-
quired for potentiating the spreading of the misfolded
protein in the pathological condition of misfolded
proteins. Our results are in accordance with previous
studies showing that the misfolded protein is associ-
ated with increased exosomal marker proteins [40].
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Quantitative analysis of (a). ¢ Cultured neurons treated with CryAB®'2°¢

for (b), (f). *p < 0.05, *p < 0.01

Fig. 6 The Prion-like propagation of CryAB™'?°® protein in cell cultures. a Protein aggregates in primary mixed neuron-glia cultures detected with
a Proteostat aggresome detection kit following incubation with the exosomes (Exo) isolated from Ntg or CryABR'?° mice. Scale bar, 50 um. b
exosomes showed a reduced ATP level. d Schematic illustration of cell
culture assay to determine the prion-like property of CryAB™'2% protein. e Immunocytochemical staining of transfected myc-flag-tagged wild-
type mouse CyAB in neural cells following transduction of CryAB®'*°® aggregate seeds. Scale bar, 20 um. f Quantitative analysis of (e). g
Hypothetical model explaining the prion-like propagation of misfolded CryA
CryABR2% protein can be transported from the heart to brain through blood circulation. In the brain, CryAB'?°® protein propagates in a prion-
like phenomenon, and causes increased neuroinflammation and abnormal brain function. Data are shown as mean + SD; n = 6 for (c) and n = 3

B"'2° protein from the heart to brain. Exosomes containing

The misfolded CryAB®'2°C protein enters the brain,
likely using two pathways, by exosomes and through dis-
rupting BBB. There is compelling evidence supporting
that exosomes released by cells in the periphery can pass
the BBB and deliver the cargos to brain cells particularly
under inflammatory conditions [41]. Alternatively, the
mutant CryAB protein may first enter the endothelial
cells of the brain-blood vessels to disrupt their proteos-
tasis and impair the BBB integrity before directly cross-
ing BBB. Once inside brain cells, mutant CryAB®'?°¢
proteins undergo the prion-like propagation of protein
misfolding, recruiting endogenous normal CryAB pro-
tein in brain cells to induce CryAB aggregation (Fig. 6g).
However, we observed much weaker Thioflavin S labeled
protein aggregation in the WT brains (Fig. S7) of the
mice injected with CryAB®'*° exosome than
CryABR'*°S transgenic mouse brains (Fig. 3a). This may
suggest that the injected CryAB*'*°¢ exosome dose was
lower than the circulating CryAB*'*°¢ exosomes found
in the transgenic mouse blood. The pronounced protein
aggregates seen in the primary cortical neuron-glia mix
cultures following incubation with CryAB®'*°¢ exo-
somes (Fig. 6a, b) strongly suggest this possibility exist-
ing. As the endogenous CryAB itself is a small heat
shock protein and molecular chaperone, it binds mutant
CryAB®?°S proteins to prevent protein aggregation and
cell death [42, 43]. Indeed, augmentation of intact
CryAB consistently confers neuroprotection against
ischemia-induced neuronal injury [44, 45], while CryAB
deficiency leads to increased lesion size and diminished
neurologic function after stroke [44]. In the condition of
ischemic stroke, however, the amount of chaperone pro-
teins is insufficient to deal with overwhelming proteo-
toxic stress [46, 47]. Consequently, the mutant
CryABR'*°S proteins derived from the heart can become
overwhelming to potentiate protein aggregation, neuro-
inflammation, and neuronal injury.

Although the astrocytes of mouse brains contain more
CryAB than neurons [48, 49], we found that increased
CryAB immunoactivity was predominantly located in
both microglia and neurons in CryAB*"?°® mouse brains
but not in astrocytes in the absence of any insults (data
not shown). Following I/R, however, remarkably in-
creased CryAB immunoactivity was seen mainly in

astrocytes and microglia but not in neurons. This
phenomenon may result from selective loss of the neu-
rons following the uptake of CryAB*2°C protein, due to
the nature of its toxicity, especially in the context of I/R.
Thus, the heart-derived CryAB®?°¢ protein induces
neuronal damage and glial activation in a prion-like
dependent manner. Following I/R and neuronal death,
the debris including CryAB®'?°C aggregates might be
further ingested by astrocytes and microglia to induce
activation of additional glial cells, causing neuroinflam-
mation in glial cells and brain dysfunction (Fig. 6g). In-
creased levels of glial immunofluorescence reactivity,
pro-inflammatory cytokines, and colocalization of
CryAB®'?°S aggregates with the astrocyte marker, GFAP,
and microglial marker, Ibal, strongly support this
possibility.

It is possible that CryAB aggregates activate NLRP3 or
NLRP3-ASC inflammasome [NACHT, LRR, and PYD
domains-containing protein 3 (NLRP3)-apoptosis-associ-
ated speck-like protein containing a CARD (ASC)], an
important sensor of innate immunity, in glial cells, just
like B-amyloid and tau aggregates in Alzheimer’s disease
[50-52] and amyotrophic lateral sclerosis (ALS) protein
in ALS [53]. Many cytokines derived from the reactive
astrocytes and microglia are deleterious to neuronal sur-
vival [54] and can exacerbate brain injury following I/R.
Moreover, CryAB aggregates in glial cells can directly
impair production of the neurotrophic factors and pro-
tection from glia [55], leading to enhanced neuronal in-
jury following I/R.

Stroke occurs in isolation (no other co-occurring con-
ditions) in only 6% of patients, and most of the stroke
patients have comorbidity conditions [56]. Impaired pro-
teostasis is frequently seen in peripheral organs in the
elderly [57, 58], but very little is known about the impact
of peripherally impaired proteostasis on ischemic stroke-
induced brain injury. Following I/R, we observed a great
impact of CryAB®'?°S proteins on brain dysfunction and
pathological alterations, including increased infarct size
and neurological deficits, as well as pronounced neuroin-
flammation and dramatic accumulation of large protein
aggregates. Although the exact mechanism underlying
the exacerbation of I/R-induced brain injury by
cardiomyocyte-derived CryAB*'*°C proteins remains to
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be explored, the translocation of CryAB®'*°¢ from the
heart to brain and self-propagation of CryAB*'*°¢ mis-
folding in the brain may play an important role in wors-
ening I/R brain injury. When the isolated CryABR®2°¢
exosomes were added into primary mixed neuron-glia
cultures, they induced the formation of large protein ag-
gregates. After transduced into cell cultures, the
CryAB®?°S mouse brain aggregate seeds triggered nor-
mal transduced CryAB proteins to become misfolded
proteins and form large protein aggregates. Therefore,
these results strongly suggest that peripherally misfolded
proteins enhance I/R-induced neuroinflammation and
brain injury possibly by the prion-like mechanism.

Conclusion

In conclusion, we have demonstrated that following I/R,
the misfolded CryAB®'?°S proteins worsen neuroinflam-
mation and brain injury in the mice. Furthermore, we
have also demonstrated the role of exosomes in mediat-
ing CryABR'?°S proteotoxicity in both the mice and pri-
mary neuronal culture. Importantly, we provided strong
evidence that the misfolded CryAB®'*°S protein aggre-
gate seeds can induce the normal CryAB protein into
misfolded protein to form large protein aggregates in cell
culture. These results suggest that the peripherally mis-
folded proteins disrupt brain function and exacerbate I/
R-induced brain injury, which may represent an under-
appreciated mechanism underlying heart-brain crosstalk.
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Additional file 1: Supplementary Fig. S1. Cerebral blood flow does
not differ between Ntg and CryAB"'2°¢ mice before, during and after
MCAO. Data are shown as mean + SD. N = 3-4. **p < 0.01; $<0.001.

Additional file 2: Supplementary Fig. S2. Behavioral tests in the pre-
MCAO mice. a. String agility test. b. Rotarod test. €. Y-maze test. Data are
shown as mean + SD, N = 7-8. *p < 0.05; n.s,, no significant difference.

Additional file 3: Supplementary Fig. S3. Western blot analysis of the
three indicated proinflammatory molecules in the peri-infarct cortex of
Ntg and CryAB®'2%¢ mouse brain at indicated time points following
MCAO. The B-actin was used as a loading control.

Additional file 4: Supplementary Fig. S4. Thioflavin S staining of
intact mouse brains absent of stroke insult. The brains from either Ntg or
Cry/-\BRQOG mice was sectioned and stained with Thioflavin S. Scale bar,
50 pm.

Additional file 5: Supplementary Fig. S5. Thioflavin S staining of Ntg
or CryABR120G mouse brain following sham (upper panels) or 24 h of
MCAQ insult (lower panels). Scale bar, 50 um.

Additional file 6: Supplementary Fig. S6. Abundance of large- (> 1
um?, left), medium- (0.1-1 um?, middle), and small-sized (< 0.1 um?) pro-
tein aggregates in the two type of mouse brains. Each dot represents a
protein aggregate with a specific surface area.

Additional file 7: Supplementary Fig. S7. Protein identification by
mass spectrometry analysis. a Sample from the heart of CryABX'?°G mice
(Alpha-crystalline B chain mutant, positive control). b Sample from the
brain of Ntg mice (Alpha-crystalline B WT, negative control).
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Additional file 8: Supplementary Fig. S8. Thioflavin S staining of WT
mouse brains following Ntg or CryABR'2°® exosome injection. WT mice
were subjected to 1 h MCAO and after 1 h of reperfusion, the mice were
intravenously injected either with Ntg or with CryAB®'*°“ exosomes
before they were sacrificed at 24 h to assess protein aggregation in the

brain by Thioflavin S staining. Scale bar, 30 um.
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