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Background: Myocardial infarction (MI) has been suggested as a critical predisposing factor for
Alzheimer’s disease (AD); however, the underlying mechanisms remain unknown. PYD domains-containing
protein 3 (NLRP3) is a key factor to mediate inflammasome formation. Previous studies have shown that
NLRP3 activation in brain microglia is required for AD; however, its possible role in MI-induced future
development of neurodegeneration is not yet understood. These questions were addressed in the current
study.

Methods: We generated microglia-specific NLRP3 mutation mice in the AD-prone APP/PS1 background
(APP/PS1/NLRP3Y™), and studied the neurodegeneration in these mice after MI compared to the control
wild-type C57/BL6J or APP/PS1 mice. NLRP3, IL-1p and caspase-1 levels were determined by Enzyme-
linked immunoassay (ELISA). The heart function was determined by the slope of end systolic pressure-
volume relationship, left ventricular end diastolic pressure, the positive maximal pressure derivative as well as
the degree of fibrosis by Masson’s trichrome staining. Mouse behavior measurement includes Morris water-
maze test and motor assessment.

Results: We found that compared with the control wild-type C57/BL6]J or APP/PS1 mice, the effects
of MI on the subsequent development of defected spatial reference memory and motor activity were all
attenuated in APP/PS1/NLRP3"  mice, likely resulting from the reduced formation of amyloid-beta
peptide aggregates (AB) plaques.

Conclusions: NLRP3 may play a non-redundant role in the MI-induced future development of AD.
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Introduction Tau (pTau) proteins. As a prevalent disease in aged people,
Alzheimer’s disease (AD) is characterized by accelerated AD patieI.lts typically exhibit‘ behaviora.l disorders such‘ as
deposit of extracellular amyloid-beta peptide aggregates compromised memory, learning potential, and locomotive
(AP) plaques and augmented formation of intraneuronal capability (1).

neurofibrillary tangles (NFTs) by hyperphosphorylated Recently, myocardial infarction (MI) has been suggested
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as a critical predisposing factor for AD (2). Specifically, AD
and MI share a similar genetic background, implying a link
between these two diseases (3). Moreover, a cohort study
has shown an association between higher risk of vascular
dementia and MI (4). However, the underlying mechanisms
remain poorly defined.

A proinflammatory cytokine, interleukin 1B (IL-1pB), plays
a profound role in a variety of diseases, including AD (5-7).
The elucidated mechanisms by which biologically active IL-
1P is made in the cell usually involve activation of a protein
complex called the inflammasome (8). Inflammasomes are
typically formed by a member of the Nod-like receptor
(NLR) family that oligomerizes the apoptosis-associated
speck-like protein containing a caspase-recruitment
domain (ASC) to dimerize and activate caspase-1, which
subsequently cleaves the precursor form of IL-1p (pro-IL-18)
into the processed, secreted form, IL-1B (9). PYD domains-
containing protein 3 (NLRP3) is the most important
enzyme that activates NLR family members for the
formation and assembly of the inflammasome complex (10).
Interestingly, previous studies have shown that NLRP3
activation in brain microglia is required for the progression
of neurodegenerative diseases, including AD (11). Moreover,
inhibition of the NLRP3 inflammasome with MCC950
promotes non-phlogistic clearance of amyloid-p and
cognitive function in APP/PS1 mice (12). However, none
of these studies have addressed a specific role of NLRP3
in microglia. In addition, whether NLRP3-mediated
activation of an inflammasome in microglia plays a role in
the MlI-induced future development of neurodegeneration
is not currently known. We present the following article in
accordance with the ARRIVE reporting checklist (available
at https://dx.doi.org/10.21037/atm-21-4931).

Methods
Experimental and animal protocols

Experiments were performed under a project license
(approved at 03/27/2021, same title with this article)
granted by institutional ethics board of Fudan University.
All experiments were performed in strict accordance with
Guidelines for Laboratory Animal Management issued by
Fudan University. A protocol was prepared before the study
without registration. Wild-type (WT) C57/BL6] mice,
APPswe/PSEN1dE9 (APP/PS1; #025970) (13), Tmem119-
2A-CreERT?2 (#031820) (14), and conditional NLRP3
mutation (#017969) (15) transgenic mice were all purchased
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from Jackson Labs (Bar Harbor, ME, USA). APP/PS1 mice
are double transgenic mice expressing a chimeric mouse/
human amyloid precursor protein (Mo/HuAPP695swe) and
a mutant human presenilin 1 (PS1-dE9), both directed to
CNS neurons to induce early-onset Alzheimer's disease.
Tmem119-2A-CreERT?2 and conditional NLRP3 mutation
mice were first bred to generate microglia-specific NLRP3
knockout mice NLRP3"° and subsequently bred to APP/
PS1 mice to generate APP/PS1/NLRP3"™° mice. WT and
APP/PS1 mice were used as controls.

The mice were individually housed under a 12-hour
light-dark cycle (temperature: 24+2 °C; humidity: 46%x4%)
with ad libitum access to water and food. Female and
male mice were randomly and evenly distributed in each
experimental group, and did not exhibit intra-group
differences in the experimental tests. Mice at 2.5 months of
age (female around 23-26 g and male around 31-35 g) were
subjected to MI/sham surgery and followed-up for another
2.5 months (until the age of 5 months old) for analysis of
AD development.

For each experiment, Power calculations (P<0.05)
were performed in order to include sufficient numbers of
animals, in order to be confident that the observed effects
were real. An allocation concealment method was used to
provide randomization in allocating experimental units to
the control and treatment groups. Since inbred littermate
mice were used in a specified experiment, the potential
confounders were minimized. No criteria were used for
excluding animals (or experimental units) during the
experiment, and no data were excluded during the analysis.
The study did not have humane endpoints.

MI in mice and analysis of beart function

MI was induced in mice at 2.5 months of age by ligation of
the left anterior descending artery with 9-0 nylon sutures in
the middle, after anesthetization with isoflurane (dose: 4.5%
for induction; 2% for maintenance). Coronary occlusion
was confirmed by the blanching of the apex. The sham-
operated group received only left thoracotomy. The chest
was closed with 5-0 sutures. To determine heart function,
a volume catheter of 1.2 F pressure was connected to an
Advantage PV-loop system (Transonic Systems Inc., Ithaca,
NY, USA), and then inserted into the left ventricle via the
right carotid artery. Hemodynamic assessment, including
end systolic pressure-volume relationship (ESPVR slope),
left ventricular end diastolic pressure (LVESP), and positive
maximal pressure derivative (+ dP/dt) were used to validate
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model establishment.

Bebavioral analysis

Spatial reference memory was measured using the Morris
water-maze test starting 2.5 months after sham/MI surgery
or at 5 months of age. Briefly, a circular pool (50 cm in
diameter) was filled with opaque water to a depth of 30 cm.
A platform (5 cm in diameter) was submerged 2 cm below
the surface in the center of the target quadrant. Surrounding
permanent visual cues were used for spatial orientation. The
time needed by the mice to reach the hidden platform was
recorded on days 1, 3, 5, 7, and 9. The swim speed of the
mice was also recorded. Moreover, the complete platform
was divided into four quadrants, while the real platform was
located in quadrant 1. The routine by which the mice ran
was recorded and the percentage of the route that the mice
spent in quadrant 1 was calculated.

Motor assessment was conducted in parallel. First, all
mice were tested using a grip test to measure the maximal
strength with which a mouse was able to hold a 300 g bar
with its front paws while an experimenter pulled it gently
backwards. Deficits in limb coordination and accuracy of
limb placement, as well as general motor coordination of
the mice, was evaluated using the beam crossing test, which
involves a mouse being guided to walk across a beam to
reach a home cage. Briefly, the beam apparatus consisted of
a 1-meter beam with a flat surface (1.5 cm wide). A black
box with nesting material was placed at the end of the
beam as the finish point to attract the mouse. A lamp (with
60 watt light bulb) was used to shine light above the start
point and served as an aversive stimulus. The time to cross
the beam was recorded.

Histology, immunobistochemistry, and ELISA

Following heart perfusion with 4% formalin, the mouse
hearts and brains were fixed in 4% formalin for 4 and
6 hours, respectively, and then embedded in paraffin.
Serial sections were cut at 5 microns, mounted, and
rehydrated according to standard protocols. Hematoxylin
counterstaining was used to provide cytologic detail. The
infarcted heart tissue was stained using Masson’s trichrome
method (HT-15-1KT, Sigma-Aldrich, Beijing, China). The
cornu ammonis 1 (CAl) region of the mouse hippocampus
was specially embedded and cut for analysis. The mouse
hippocampus was located in the temporal lobe below the
cerebral cortex. CAl is the first region in the hippocampal
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circuit, from which a major output pathway goes to layer V
of the entorhinal cortex. In the current study, we focused on
examining the CAl region of the mouse brain.
Immunostaining for determining neuronal cell number
was performed using a rabbit anti-NeulN antibody
(ab177487, Abcam, Dallas, Texas, USA). To measure
neuronal cell loss, NeuN staining was performed and the
density of NeuN+ cells was calculated (cells/mm’) in a
systematic random fashion. To determine AP deposition,
the brain tissue was stained with a specific Ap antibody
(ab201060, Abcam) using DAB (3,3’-diaminobenzidine)
staining method, and the AR+ area was counted. Enzyme-
linked immunoassay (ELISA) for NLRP3 (LS-F32087,
LSBio, Seattle, WA, USA), IL-18 (DY401, R&D System,
Los Angeles, CA, USA), and caspase-1 (LS-F33112, LSBio)

were carried out using specific kits as instructed.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
8.2 (GraphPad Software, San Diego, CA, USA). Analysis
of variance (ANOVA) was conducted by one-way ANOVA
with a Bonferroni correction, followed by Fisher’s exact test
upon necessity. All values are depicted as mean + standard
deviation (SD) and are considered significant if P<0.05.
Non-significance is presented as NS.

Results

MI activates brain inflainmasomes in APP/PS1 mice but
not in APP/PS1/NLRP3"™° mice

Tmem119-2A-CreERT?2 and conditional NLRP3 mutation
mice were first bred to generate microglia-specific NLRP3
knockout mice NLRP3Y™°, and then bred to APP/PS1 mice
to generate APP/PS1/NLRP3"*° mice. WT C57/BL6]J and
APP/PS1 mice were used as controls. The reason that we
generated microglia-specific NLRP3 mutant mice is that
NLRP3 has been reported to be essential for pathogenetic
progression in MI and subsequent reperfusion (16).
The groups were then set up as follows: Group 1: WT
mice that were sham-operated; Group 2: WT mice that
received MI operation; Group 3: APP/PS1 mice that were
sham-operated; Group 4: APP/PS1 mice that received MI
operation; Group 5: APP/PS1/NLRP3"*° mice that were
sham-operated; and Group 6: APP/PS1/NLRP3"*° mice
that received MI operation. All of the mice were operated
on at 2.5 months of age.
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Figure 1 MI activates brain inflammasomes in APP/PSI mice but not in APP/PS1/NLRP3"*” mice. Tmem119-2A-CreERT2 and
conditional NLRP3 mutation mice were first bred to generate microglia-specific NLRP3 knockout mice NLRP3"*° and then bred to APP/
PS1 mice to generate APP/PS1/NLRP3*° mice. Wild-type (WT) C56/BL6J and APP/PS1 mice were used as controls. The groups were
then set up as follows: Group 1: WT mice that were sham-operated; Group 2: WT mice that received MI operation; Group 3: APP/PS1
mice that were sham-operated; Group 4: APP/PS1 mice that received MI operation; Group 5: APP/PS1/NLRP3"™° mice that were sham-
operated; and Group 6: APP/PS1/NLRP3"* mice that received MI operation. All of the mice were operated on at 2.5 months of age. Mice
were sacrificed and their brains were assessed for expression of NLRP3 (A), IL-1B (B), and caspase-1 (C) by ELISA at 3 days after the MI/
sham operation, or at approximately 3 months after all of the experiments were performed when the mice were sacrificed. *, P<0.05. NS,
non-significant. Ad day 3, N=4; at sacrifice, N=9.

Three days after the MI/sham operation, some mice
were sacrificed and their brain was assessed for expression
of NLRP3, IL-1B, and caspase-1. First, microglia from 3
experimental mouse strains were isolated based on their
expression of Tmem119 and examined for NLRP3 levels
by ELISA, which confirmed the knockdown of NLRP3
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specifically in APP/PS1/NLRP3"° mice (Figure S1).
We detected significant increases in brain NLRP3 in
both WT and APP/PS1 mice after MI, compared to the
corresponding sham-operated mice (Figure 14). Brain
NLRP3 levels were extremely low in APP/PS1/NLRP3"*”
mice and did not increase after MI (Figure 14). Similarly, we
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Figure 2 MI causes heart dysfunction in all experimental mice. The behavior of the mice was analyzed over a 2-week period at 2.5 months
after MI, and the mice were then subjected to heart function assessment. Assessment of (A) the slope of ESPVR, (B) LVESP, and (C)
positive maximal pressure derivative (+ dP/dt). (D) Representative Masson’s trichrome staining of the mouse heart 2.5 months after sham/
MI at sacrifice. We found that a similar degree of MI was induced in APP/PS1/NLRP3"*°, APP/PS1, and WT mice. *, P<0.05. N'S, non-
significant. For groups 1 and 2 (WT), N=5. For groups 3-6 (APP/PS1/NLRP3"*°, APP/PS1), N=9. Scale bars are 50 pm.

detected marked increases in brain IL-1p in both WT and
APP/PS1 mice after MI, compared to the corresponding
sham-operated mice (Figure 1B). Brain IL-1p levels were
extremely low in APP/PS1/NLRP3""” mice and did not
increase after MI (Figure 1B). Also, we detected notable
increases in brain caspase-1 in both WT and APP/PS1 mice
after MI, compared to the corresponding sham-operated
mice (Figure 1C). Brain caspase-1 levels were extremely
low in APP/PS1/NLRP3"*° mice and did not increase
after MI (Figure 1C). Interestingly, the expression pattern
was maintained for approximately 3 months after the
experiments when the mice were sacrificed (Figure 14-1C).
These results are consistent with a regulatory axis of
NLRP3/caspase-1/IL-1p, and confirm a microglia-specific
loss of NLRP3 in APP/PS1/NLRP3"*° mice.

© Annals of Translational Medicine. All rights reserved.

MI causes beart dysfunction in all experimental mice

The behavior of the mice was analyzed over a 2-week period
at 2.5 months after MI, and the mice were subsequently
subjected to heart function assessment. We observed that
MI induced significant and similar decreases in the slope
of ESPVR (Figure 2A4), LVESP (Figure 2B), and positive
maximal pressure derivative (+ dP/dt) (Figure 2C) in all WT,
APP/PS1, and APP/PS1/NLRP3"° mice. The MI-induced
pathological changes in the mouse heart were confirmed
by Masson’s trichrome staining at sacrifice (2.5 months +
2 weeks after sham/MI; Figure 2D). These results not only
confirmed microglia-specific loss of NLRP3 in APP/PS1/
NLRP3"*° mice, since global loss of NLRP3 has been

shown to attenuate MI-induced cardiac dysfunction (17),
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but also suggested that a similar degree of MI was induced
in APP/PS1/NLRP3"*° APP/PS1, and WT mice.

APP/PS1/NLRP3"™° does not exhibit MI-induced
aggravated spatial reference memory in APP/PS1 mice

At 2.5 months after sham/MI, the sham- or MI-treated
WT, APP/PS1/NLRP3"°, and APP/PS1 mice underwent
behavioral tests over a 2-week period. The WT did not
exhibit impairment in these tests (Figure 3). In the Morris
water-maze test for assessing spatial reference memory,
MI significantly impaired the time needed by the APP/
PS1 mice to reach the platform (Figure 34). The time
for the mice to reach platform was reduced in APP/PS1/
NLRP3"*® mice and did not increase after MI (Figure 3A).
On the other hand, the swim speed of the mice was not
different between APP/PS1/NLRP3" and APP/PS1
mice, regardless of MI treatment (Figure 3B).

Moreover, MI significantly reduced the route trace for
the APP/PS1 mice to spend in the quadrant where the
platform located (Figure 3C,3D). However, the route trace
for the APP/PS1/NLRP3"° mice to spend in the quadrant
where the platform located was significantly higher and
was not reduced by MI (Figure 3C,3D). Together, these
results suggest that spatial reference memory in APP/PS1/
NLRP3MKO mice was markedly better than that in APP/
PS1 mice, while MI impaired the spatial reference memory
in APP/PS1 mice but not in APP/PS1/NLRP3MKO mice.
In other words, MI-induced impairment of spatial reference
memory was NLRP3-dependent.

APP/PS1/NLRP3"° does not exhibit MI-induced
aggravated motor activity in APP/PS1 mice

In the locomotor test for motor activity, the grip
capability of the mice was not different between APP/
PS1/NLRP3Y ° and APP/PS1 mice, regardless of MI
treatment (Figure 44). MI significantly increased the time
for the APP/PS1 mice to cross the beam (Figure 4B), while
the time for the APP/PS1/NLRP3"*° mice to cross the
beam was significantly reduced and it did not increase
after MI (Figure 4B). Thus, motor activity in APP/PS1/
NLRP3MKO mice was markedly better than that in APP/
PS1 mice, while MI impaired motor activity in APP/PS1
mice but not in APP/PS1/NLRP3MKO mice. In other
words, MI-induced impairment of motor activity was
NLRP3-dependent.

© Annals of Translational Medicine. All rights reserved.
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MI-mediated AP deposition is NLRP3-dependent

Finally, we studied the underlying mechanisms. We
quantified neuronal loss in the hippocampus region of W,
APP/PS1/NLRP3Y° and APP/PS1 mice at sacrifice by
NeuN staining. We found that MI did not significantly
alter neuron density in WT mice (Figure 54,5B). However,
MI significantly reduced the neurons in APP/PS1 mice
(Figure 5A,5B). The neurons in APP/PS1/NLRP3™*° mice
were significantly higher compared to APP/PS1 mice and
did not decrease after MI (Figure 54,5B). We also analyzed
the AP deposition in the mouse hippocampus of these
mice at sacrifice, and found that MI did not increase AP
deposition in WT mice, but significantly increased A levels
in APP/PS1 mice (Figure 5C,5D). The AP levels in APP/
PS1/NLRP3™*° mice were significantly lower than in APP/
PS1 mice and did not decrease after MI (Figure 5C,5D).
Thus, NLRP3-dependent AP deposition may be responsible
for MI-induced neurodegeneration.

Discussion

Previous studies have shown that MI increases the likelihood of
future development of AD in both mice and humans (18-20).
On the other hand, NLRP3-mediated formation of an
inflammasome has been shown to accelerate the progression
of AD patients (11). Thioredoxin-interacting protein-
associated activation of the NLRP3 inflammasome has
been detected in the brains of AD patients (21). Moreover,
NLRP3 was revealed as a regulator of Ap autophagy in a
mouse model of AD (22). Nevertheless, whether MI may
promote development of AD via activation of the NLRP3
inflammasome remains an unanswered question.

"To address this question, we generated microglia-specific
NLRP3 mutation mice, since NLRP3 is activated in the heart
during MI (16). Tmem119-2A-CreERT?2 and conditional
NLRP3 mutation mice were first bred to generate microglia-
specific NLRP3 knockout mice NLRP3"*°, and then bred
to APP/PS1 mice to generate APP/PS1/NLRP3"*° mice.
WT and APP/PS1 mice were used as controls. Numerous
studies have demonstrated that Tmem119 is microglia-
specific (14), and the Tmem119 promoter has been used to
drive microglia-specific gene therapy (23).

In the present study, all of the mice received MI at
2.5 months of age and were kept for another 2.5 months
to be examined for development of AD using a set of
behavior tests. After these tests, the mice were sacrificed for
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Figure 3 APP/PS1/NLRP3"™ does not exhibit MI-induced aggravated spatial reference memory in APP/PS1 mice. At 2.5 months after
sham/MI, the sham- or MI-treated WT, APP/PS1/NLRP3"*°, and APP/PS1 mice underwent a Morris water-maze test over a 2-week
period. In a Morris water-maze test for assessing spatial reference memory, MI significantly impaired the spatial reference memory in APP/
PS1 mice, but MI did not affect it in WT or APP/PS1/NLRP3"*° mice. (A) The time for the mice to reach platform. (B) Swim speed of the
mice. Route trace for the mice to spend in the quadrant where the platform located, by quantification (C) and by representative run curves (D).
* P<0.05. NS, non-significant. For groups 1 and 2 (WT), N=5. For groups 3-6 (APP/PS1/NLRP3"*°, APP/PS1), N=9.
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Figure 4 APP/PS1/NLRP3"” does not exhibit MI-induced aggravated motor activity in APP/PS1 mice. At 2.5 months after sham/MI,
the sham- or MI-treated WT, APP/PS1/NLRP3""°, and APP/PS1 mice underwent a locomotor test before sacrifice. MI significantly
aggravated motor activity in APP/PS1 mice, but MI did not affect motor activity in WT or APP/PS1/NLRP3™*° mice. (A) The grip
capability of the mice; (B) time to cross a beam. *, P<0.05. NS, non-significant. For groups 1 and 2 (WT), N=5. For groups 3-6 (APP/PS1/

NLRP3"*°, APP/PS1), N=9.

histological assessment. This time course was determined
based on the fact that the regular development of AD in
APP/PS1 background is 5-6 months (13), as well as the
typical requirement of more than 2 months for assessing the
outcome of MI (16). We used both female and male mice
in this study, but we did not observe significant differences
in our analysis. Thus, we did not present data on male and
female separately here.

The activation of NLRP3/caspase-1/IL-1p in the mouse
brain immediately after MI suggested that the process of
MI might directly affect inflammasome formation in the
microglia in the brain, rather than affecting it indirectly and
in the long term. The microglia-specific loss of NLRP3
in APP/PS1/NLRP3"*° mice was also validated, as the
MI-induced cardiac dysfunction did not differ between
APP/PS1/NLRP3"*” mice and APP/PS1 mice. On the
other hand, microglia-specific loss of NLRP3 in APP/
PS1/NLRP3™  mice appeared not to affect the severity

© Annals of Translational Medicine. All rights reserved.

of MI-induced cardiac dysfunction, which did not support
presence of a feedback mechanism.

Microglia-specific loss of NLRP3 in APP/PS1/
NLRP3"° mice significantly prevented the development
of spatial reference memory and motor activity defects,
as well as MI-induced aggravation of defects in spatial
reference memory and motor activity. This demonstrates
that MI-induced development of AD requires the activation
of NLRP3 in microglia, which likely induces inflammatory
damage to neurons by facilitating Ap deposit.

Although our study provided strong evidence to indicate
a requirement for NLRP3-dependent AP deposition in
microglia by MI for the future development of AD in
mice, we did not experimentally prove that it could be
same in human AD patients. Indeed, there is a significant
difference in mouse AD models and human AD patients.
AD is too complex to be properly and adequately modeled
in mice. In fact, the “AD mice” only modeled some aspects

Ann Transl Med 2021;9(20):1560 | https://dx.doi.org/10.21037/atm-21-4931
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Figure 5 MI-mediated AB deposition is NLRP3-dependent. (A,B) We quantified the neuronal loss in the CAl region of the hippocampus of W'T,
APP/PS1/NLRP3"°, and APP/PS1 mice at sacrifice by NeuN staining, shown by quantification (A) and by representative images (B). We found
that MI did not significantly alter the neuron density in WT mice. However, MI significantly reduced the neurons in APP/PS1 mice. The neurons
in APP/PS1/NLRP3"™ mice were significantly higher compared to APP/PS1 mice and did not decrease after MI. (C,D) We analyzed the AB
deposition in the CAl region of the hippocampus in these mice at sacrifice, shown by quantification of DAB (3,3’-diaminobenzidine) staining for
AB (C) and by representative images (D). We found that MI did not increase AB deposition in WT mice but significantly increased the AP levels in
APP/PS1 mice. The AB levels in APP/PS1/NLRP3"*° mice were significantly lower than those in APP/PS1 mice and did not decrease after ML *,
P<0.05. NS, non-significant. For groups 1 and 2 (WT), N=5. For groups 3-6 (APP/PS1/NLRP3"*°, APP/PS1), N=9. Scale bars are 50 pum.
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of AD; however, “AD mice” cannot replicate the disease
completely, which is the main limitation of this study.

However, the current study does provide important
information about the role of the NLRP3 inflammasome
in the development of AD in mice, and thus, further
investigation into the role of the NLRP3 inflammasome
in AD patients is warranted. For example, studying the
correlation between the levels of NLRP3 activation in
brain specimens from dead AD patients and their AD
severity levels measured before death could be an attractive
approach. Moreover, exploring of incidence of AD
development in people with or without a NLRP3 mutation
is another interesting topic that could benefit society and/or
the scientific community.
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