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Neuroinflammation is a growing hallmark of perioperative neurocognitive disorders
(PNDs), including delirium and longer-lasting cognitive deficits. We have developed a
clinically relevant orthopedic mouse model to study the impact of a common surgical
procedure on the vulnerable brain. The mechanism underlying PNDs remains unknown.
Here we evaluated the impact of surgical trauma on the NLRP3 inflammasome signaling,
including the expression of apoptosis-associated speck-like protein containing a CARD
(ASC), caspase-1, and IL-1b in the hippocampus of C57BL6/J male mice, adult (3-
months) and aged (>18-months). Surgery triggered ASC specks formation in CA1
hippocampal microglia, but without inducing significant morphological changes in
NLRP3 and ASC knockout mice. Since no therapies are currently available to treat
PNDs, we assessed the neuroprotective effects of a biomimetic peptide derived from the
endogenous inflammation-ending molecule, Annexin-A1 (ANXA1). We found that this
peptide (ANXA1sp) inhibited postoperative NLRP3 inflammasome activation and
prevented microglial activation in the hippocampus, reducing PND-like memory deficits.
Together our results reveal a previously under-recognized role of hippocampal ANXA1
and NLRP3 inflammasome dysregulation in triggering postoperative neuroinflammation,
offering a new target for advancing treatment of PNDs through the resolution
of inflammation.
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INTRODUCTION

Perioperative neurocognitive disorders (PNDs), which include
acute delirium and lingering cognitive impairment following
surgery and hospitalization, are common especially within the
rapidly growing senior population (1). These neurologic
complications are significant problems that can profoundly
alter recovery from routine procedures such as orthopedic
surgery (2). Aside from the implications of a worsened
perioperative course that include prolonged hospital length-of-
stay, higher rates of nursing home placement, and soaring
healthcare costs, PNDs lead to a persistent functional decline,
including dementia, and they also impact mortality rates (3, 4).
Although some strategies, such as unit-based targeted
multifactorial intervention and proactive geriatric consultation
have been implemented to prevent postoperative delirium (5), no
Food and Drug Administration approved drug is currently
available to treat PNDs

Aberrant inflammation is generally considered to be a driver
of PNDs (6). We have developed a clinically relevant mouse
model of PNDs by using a tibial fracture method that mimics
common aspects of orthopedic trauma and repair, and we have
studied its effects on the central nervous system (CNS) (7–9).
Using this model, we have demonstrated a role for systemic
cytokines that promote neuroinflammation and glial activation
in the hippocampus (7, 8). Anti-inflammatory agents can
ameliorate this cytokine storm and thereby prevent
neuroinflammation and the presentation of PND-like
behaviors in rodents. However, the possibility of side effects
that involve overt immunosuppression, raises concerns for
clinical translation (10). Resolution pharmacology has provided
a shift in the approach to treat inflammatory conditions by
focusing on stimulating pro-resolving pathways vs. simply
blocking pro-inflammatory molecules (11). To date several
endogenous pro-resolving pathways have been identified and
these include bioactive lipids, autacoids, and peptides (e.g.,
annexin-A1 or ANXA1) (12). These bioactive mediators are
implicated in arthritis, diabetes, stroke, dementia, and other
inflammatory conditions, yet little is known about their
mechanisms of action and targets in PNDs.

ANXA1 is a glucocorticoid-regulated protein with well-
established effects on the immune system, that involves
regulation of leukocyte trafficking, endothelial integrity, and
microglial activation (13). Several peptides (Ac2-26, Ac2-12,
and Ac2-6) have been derived from the full-length N-terminal
domain of ANXA1 and they have been tested in several
inflammatory conditions (14). We have developed a small
peptide (ANXA1sp) with potent anti-inflammatory effects on
NF-kB signaling and organ-preserving functions (15–17). Based
on preclinical and clinical results on the involvement of
interleukin (IL)-1b signaling in PNDs (7, 18), we have
hypothesized that NLRP3 inflammasome activation
orchestrates postoperative neuroinflammation. Here, we have
tested the ability of ANXA1sp to modulate NLRP3
inflammasome activation. Our data show that orthopedic
surgery downregulates ANXA expression in the hippocampus,
which can be restored by prophylaxis with ANXA1sp both in
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adult and aged mice. Further, we observe that surgery activates
the NLRP3 inflammasome complex, including ASC speck
formation in hippocampal microglial, which may control the
subsequent development of PND-related behavior. Notably,
administration of ANXA1sp reduces NLRP3 inflammasome
activation across ages. Reduction of the postoperative
neuroinflammation resulted in overall improvement of
hippocampal-dependent memory deficits.
MATERIALS AND METHODS

Animals
All experimental procedures were conducted under protocols
approved by the Institutional Animal Care and Use Committee
at Duke University in accordance with the guidelines of the
National Institutes of Health for animal care (Guide for the Care
and Use of Laboratory Animals, Health and Human Services,
National Institutes of Health Publication No. 86-23, revised
1996). Studies were conducted on C57BL6/J male adult mice (3
months; weight 20-26 g) and aged mice (18-22 months; 26-55 g)
(Jackson Laboratories, Bar Harbor, ME). Nlrp3-/- (19), Asc-/- (19),
and ASC-citrine mice (20) (3-4 months; weight 20-26 g) were
bred in house. Mice were housed (3-5 animals/cage) in a 12:12-h
light:dark cycle in a humidity- and temperature-controlled room
with free access to food and water. The animals were acclimated
for at least 1 week before starting any experiment. Note, in the
aged cohort, 14 mice were excluded due to complications after
surgery (tumor, stroke, death), while no mice from any other
cohort were excluded.

Drug Treatments
Peptide preparation and treatment were performed as previously
described (16). Briefly, ANXA1 biomimetic tripeptide (ANXA1sp,
Ac-QAW, or QW-3 (15); Ac = acetyl, MW = 445.47 Da) was
synthesized and purified (> 98% purity) by GenScript (Piscataway,
NJ). The tripeptide was suspended in 100% DMSO and diluted in
saline to a final dose of 1 mg/kg ANXA1sp in 0.5% DMSO. Mice
were injected intraperitoneally with 1 mg/kg ANXA1sp in 0.5%
DMSO and saline 30 min before orthopedic surgery.

Orthopedic Surgery and Sample
Preparation
We performed an open tibial fracture as previously described
(21). Briefly, mice were injected with 0.1 mg/kg buprenorphine
(s.c.) and they underwent orthopedic surgery with 2.1%
isoflurane anesthesia. Mice not exposed to surgical
manipulations served as naïve controls. Mice were euthanized
under isoflurane anesthesia and were perfused with ice-cold PBS
to flush blood from the brain vasculature. Hippocampi were
rapidly (< 2 min) dissected on ice, frozen in liquid nitrogen for
protein assays, and stored at -80°C until assay.

Mice destined for immunostaining were perfused with an ice-
cold solution of 4% paraformaldehyde (PFA) PBS solution.
Whole brains were incubated at 4°C in the 4% PFA solution
overnight. The next day brains were rinsed in ice-cold PBS and
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incubated in 20% and 30% sucrose at 4°C for 24 h, respectively.
The brains were placed into OCT solution and stored at -80°C
for further use.

Western Blot
Mouse hippocampi were lysed in radioimmunoprecipitation
assay (RIPA) buffer (R0278; Sigma) containing Halt Protease
Inhibitors Cocktail (78430; Thermo Scientific). Proteins were
separated on 4%-15% or 4%-20% Criterion TGX precast protein
gels (64134751; Bio-Rad), and transferred to an Immun-Blot
PVDF membrane (1620177; Bio-Rad). After blocking with 5%
nonfat dry milk (170-6404; Bio-Rad), the blot was probed with
the following antibodies (1:1000): NLRP3 (LS-C374964; LSBio),
ASC (67824S; Cell Signaling), Caspase1 (Cleaved Asp210) (LS-
C380449; LSBio), IL-1b (LS-C104813; LSBio), and Annexin-A1
(ANXA1) (3299S; Cell Signaling) or (71-3400; Invitrogen). The
proteins were visualized using SuperSignal West Dura Extended
Duration Substrate (34076; Thermo Scientific) on a ChemiDoc
MP Imaging System (Bio-Rad). Protein loading was assessed
using anti-GAPDH (2118S; Cell Signaling). Bands were
quantified with Fiji software, and analyzed with Prism 8
(GraphPad Software) . Hippocampal leve ls of ATP
were determined using a commercially available assay kit
(ab83355, Colorimetric/Fluorometric) fol lowing the
manufacturer’s instructions.

Immunofluorescence
Immunostaining and analyses of microglial morphology were
performed on the PFA-perfused slices using ionizing calcium-
binding adaptor molecule 1 (Iba1) rabbit antibody (019-19741;
Wako). Briefly, brain slices (30 mm thick) were incubated in 10%
normal donkey or goat serum in PBST [1 x PBS (11189, Gibco) +
0.5% Tween 20 (P1379, Sigma)] containing 0.3% Triton X 100
(T8787, Sigma) for antigen retrieval and to block any background
for 2 h at RT. Slices were incubated with the primary antibody
(1:500) at 4°C overnight. After 3 washes with PBST, slices were
incubated with the secondary antibody conjugated with Alexa
Fluor 488 or Fluor 647 (1:500, Invitrogen) for 2 h at RT. After 5
washes with PBST, the sections were mounted, dehydrated, and
cover-slipped. Images were acquired using Zeiss 880 inverted
confocal Airy scan.

Image Analyses
Imaged tile scans were stitched together and presented as high-
resolution images. Microglial morphology was quantified as
described in Schwarz et al. (22), based on 4 morphologic
subtypes: round/amoeboid microglia (Round), stout microglia
(Stout), microglia with thick long processes (Thick), and
microglia with thin ramified processes (Thin). The number of
Iba1-positive cells was determined in three representative areas
of the hippocampal CA1 region per animal. To determine the
state of microglial activation, we manually traced their branch
lengths using Imaris Filament Tracer to compare branch lengths
from soma and the complexity of individual microglia in the
CA1 region before and after orthopedic surgery.
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Behavioral Assays: “What-Where-When”
Memory and Memory Load
Hippocampal-dependent memory was assessed with two
mnemonic tasks (23, 24). The first task assessed memory for
objects (“what”), their locations (“where”), and the order in
which they were presented (“when”). A second task examined
memory load with seven unique objects. For the What-Where-
When (W-W-W) task, training/testing were conducted in a 65 x
52 x 25 cm arena with complex visual cues on the walls of the
room. Briefly, mice were acclimated to the arena for 5 min and
then were subjected to two 5-min training and a single test trial,
each separated by 55-60 min. In the first training trial, mice were
presented with 4 identical objects (Set A). Three of the objects
were spaced equally along the long axis of one wall with the
fourth object centered along the opposite wall in a triangle
formation. In the second training trial (Set B), a new set of 4
identical objects was presented. Objects 1 and 2 of Set B
overlapped in location with objects 1 and 3 of Set A, while the
two remaining objects of Set B were positioned in corners 3 and
4. At testing two objects each from Sets A and B were used, for a
total of 4 objects. One of the Set A objects was placed in corner 1
(stationary object A). The second Set A object was placed in
corner 3 (displaced Set B object). Set B objects remained in
corners 2 and 4 (“recent” objects). Behavior was filmed for all
trials and scored by blinded researchers subsequently with
Noldus Ethovision 11 (Noldus Information Technologies,
Asheville, NC) using nose-point tracking. An object interaction
was scored when the nose point was within 2 cm of the object
center with the body axis of the mouse oriented toward the
object. All preference scores were calculated from the test trial.
“What” preference was calculated as the time exploring the two
A objects subtracted from the exploration times of the two B
objects (recent objects in corners 2 and 4), divided by the total
times for all of the A and B objects. “When” memory preference
was calculated as the exploration time for stationary A object (in
corner 1) minus the exploration times of the two B objects
(corners 2 and 4), divided by the total times with these three
objects. “Where” preference score was calculated as the
difference between the exploration time for the A object
(which displaced object B in corner 3) minus the time with
stationary A object (corner 1) divided by the total times with
these two objects.

Twenty-four hours after completion of the W-W-W task, the
mice were subjected to a seven-trial memory load test (23, 24).
This test was conducted in the same arena as the W-W-W task,
but without visual cues on the walls. Testing was performed over
7 consecutive test trials, with an approximate 60-90 sec inter-trial
interval. To accommodate the increasing number of objects on
each trial, the first three trials were 3 min, trials 4-5 were 4 min,
and trials 6 -7 were 5 min in length. On trial 1, one object was
presented. With each subsequent trial a novel object (i.e.,
differing in configuration, color, and texture) was added in a
random location to prevent the animal from predicting the new
object based on the previous object’s placement. By the end of
testing, all objects were equally spaced with no object being
May 2022 | Volume 13 | Article 856254
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within 8-10 cm from the nearest object or wall of the test arena.
Once the exploration time for a given trial is over, the mouse was
placed into an empty mouse cage while the next object was
placed in the arena before the mouse was reintroduced into the
arena in the same location as before. Testing was filmed and
scored using Noldus Ethovision 11 as in the W-W-W test.
Exploration time with test objects was expressed as time spent
in contact with the object/min to adjust for the varying lengths of
the test-trials. Preference for the new object in each trial was
expressed as the time spent with the new object minus the time
spent with the remaining objects, divided by the sum of these
times. The preference ratio ranged from -1 to +1, where positive
scores indicated a preference for the new object, negative scores
indicated a preference for the previously introduced objects, and
a score approaching “0” indicated no preference.

Statistical Analysis
The behavioral data were analyzed with SPSS 25 (IBM SPSS,
Chicago, IL), while all other data were analyzed with Prism 8
(GraphPad Software). The preference scores and time interacting
with objects were analyzed with multivariate ANOVA (MANOVA).
In the W-W-W test, the dependent variables were for the 3 different
preference scores that were assessed simultaneously at testing. In the
memory load test, the six different preference scores for trials 2-7
were the dependent variables. In all analyses the treatment condition
was the fixed factor. Post-hoc tests were with Tukey corrected pair-
wise comparisons. The statistics for the behavioral studies are in
Tables 1–4. All non-behavioral data were analyzed by t-tests or
ANOVA followed by Tukey’s multiple comparisons post-hoc tests.
These data are presented as mean ± SEM. In all cases, a P<0.05 was
considered statistically significant.
RESULTS

Postoperative Resolution of CNS
Inflammation and NLRP3
Inflammasome Activation
Failed resolution of CNS inflammation has been proposed as a
driver of this condition in PNDs (25), yet the role of ANXA1 in
postoperative inflammation remains unknown. After orthopedic
surgery, hippocampal expression of the endogenous pro-resolving
mediator ANXA1 was significantly reduced, peaking at 24 h (0.63 ±
0.06) compared to naïve (1.7 ± 0.13, P < 0.001) and almost fully
resolving by 72 h (1.13 ± 0.11, P < 0.01 vs. naïve; Figure 1A). Given
the acute reduction in endogenous ANXA1, we next treated mice
with 1 mg/kg ANXA1sp (i.p.) or vehicle (0.5% DMSO in saline, i.p.)
30 min before surgery. After orthopedic surgery, the NLRP3
Frontiers in Immunology | www.frontiersin.org 4
inflammasome was found to be activated in the CNS of vehicle-
treated animals when compared to naïve controls (1.35 ± 0.05 vs.
0.07 ± 0.01, P < 0.001; Figures 1B, C), including increased ASC
expression (0.89 ± 0.07 vs. 0.08 ± 0.01, P < 0.001; Figures 1B, D),
activation of caspase-1 (1.43 ± 0.06 vs. 0.09 ± 0.02, P < 0.001;
Figures 1B, E), and cleavage of IL-1b (1.33 ± 0.13 vs. 0.06 ± 0.02,
P < 0.001; Figures 1B, F). Notably, NLRP3 inflammasome
activation was effectively reduced in ANXA1sp-treated mice
(0.71 ± 0.05) compared to vehicle-treated mice after surgery (P <
0.001; Figures 1B, C). Hippocampal expression of ASC (0.461 ±
0.03; Figures 1B, D), caspase-1 (0.89 ± 0.04; Figures 1B, E), and IL-
1b (0.81 ± 0.11; Figures 1B, F) were all significantly inhibited in
ANXA1sp-treated mice. Hippocampal levels of ATP were also
upregulated after surgery in vehicle-treated animals compared to
naïve controls (17.81 ± 0.86 vs. 4.14 ± 0.29, P < 0.001; Figure 1G).
However, ATP was not induced in ANXA1sp-treated mice (6.26 ±
1.44) compared to naïve animals, while it was significantly reduced
relative to vehicle-treated mice (P < 0.001; Figure 1G).

Morphologic changes in microglia have been reported in several
models of surgery-induced cognitive impairments, including
orthopedic surgery (26). Indeed, in our model of orthopedic
surgery, we observed postoperative microglial morphologic
changes in the hippocampus, with more stout (13.00 ± 2.1 vs.
1.00 ± 0.45, P < 0.001; Figures 2A, B) and fewer thin Iba-1-postive
cells at 24 h (4.80 ± 0.49 vs. 21.60 ± 2.32, P < 0.001; Figures 2A, B)
TABLE 1 | MANOVA results for “What”, “Where”, and “When” preference scores.

Testa Degrees of freedom F-score P Value

What 2,27 2.762 0.081
When 2,27 5.845 0.008
Where 2,27 5.560 0.010
aN=10 mice/group (naïve, vehicle + surgery, ANXA1sp + surgery).
TABLE 2 | MANOVA results for “What”, “Where”, and “When” time spent
exploring objectsa.

Testb Degrees of freedom F-score P Value

Set A objects 2,27 1.877 0.173
Set B objects 2,27 5.391 0.011
Test 2,27 18.732 0.001
May 2022 | V
olume 13 | Article
aAnalysis is across the two training sessions with Set A and Set B objects and at testing.
bN=10 mice/group (naïve, vehicle + surgery, ANXA1sp + surgery).
TABLE 3 | MANOVA results for memory load preference scores.

Testa Degrees of Freedom F-score P Value

2 Objects 2,27 2.956 0.053
3 Objects 2,27 4.462 0.021
4 Objects 2,27 8.143 0.002
5 Objects 2,27 25.427 0.001
6 Objects 2,27 12.434 0.001
7 Objects 2,27 2.913 0.057
aN=10 mice/group (naïve, vehicle + surgery, ANXA1sp + surgery).
TABLE 4 | MANOVA results for memory load time spent exploring objects.

Testa Degrees of freedom F-score P Value

2 Objects 2,27 17.236 0.003
3 Objects 2,27 0.327 0.724
4 Objects 2,27 1.464 0.249
5 Objects 2,27 3.789 0.035
6 Objects 2,27 8.310 0.002
7 Objects 2,27 2.077 0.145
aN=10 mice/group (naïve, vehicle + surgery, ANXA1sp + surgery).
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A B

D E

F G

C

FIGURE 1 | Decreased ANXA1 expression and induction of the NLRP3 inflammasome in adult mice after orthopedic surgery. Surgery reduced the expression of
endogenous ANXA1 in hippocampal homogenate in a time-dependent manner, with the lowest expression found at 24-h (A). Hence, we treated mice with ANXA1sp (1 mg/
kg, i.p.) 30 min before surgery and evaluated NLPR3 inflammasome activation at this timepoint. Postoperative NLRP3 inflammasome activation was significantly attenuated by
ANXA1sp (B, C), as evidenced by Western blot analysis of ASC (D), cleaved caspase-1 (E), and cleaved IL-1 (F) in hippocampal homogenate. Surgery-induced hippocampal
ATP was also reduced by ANXA1sp treatment (G). Data are presented as mean ± SEM. n = 4/group. *P < 0.05, **P < 0.01, ***P < 0.001; analyzed by one-way ANOVA with
Bonferroni test. Representative data are from two independent experiments.
Frontiers in Immunology | www.frontiersin.org May 2022 | Volume 13 | Article 8562545
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indicating a pathological state compared to naïve controls. Tracing
of these individual microglia further showed this stout morphology
by decreased branch length with increased soma size after
orthopedic surgery compared to thinner cells in naïve controls.
Notably, postoperative microgliosis was improved in adult mice
pretreated with ANXA1sp, with Iba-1 immunoreactivity shifted
toward a more resting and ramified phenotype.

Surgery-Induced Neuroinflammation and
the NLPR3 Inflammasome Activation
To confirm the role of the NLRP3 inflammasome in surgery-
induced neuroinflammation, Nlrp3-/- and Asc-/- adult mouse lines
were used. Nlrp3-/- mice remained protected from surgery-induced
neuroinflammation. In fact, compared to wild-type mice (presented
above), surgery in Nlrp3-/- mice failed to upregulate expression of
ASC (0.59 ± 0.14 vs. 0.92 ± 0.05, P = 0.06) as shown byWestern blot
analysis (Figures 3A, B). Caspase-1 and cleavage of pro-IL-1b are
non-detectable in Nlrp3-/- mice. Further, Nlrp3-/- displayed no signs
of reactive microgliosis at 24 h after surgery, retaining thin and
ramified morphologies (Figures 3C, D).

Next, we evaluatedAsc-/-mice and foundprotection from surgical
trauma thatwas similar to ourfindings inNlrp3-/-mice,withminimal
Frontiers in Immunology | www.frontiersin.org 6
effectsonNLRP3(1.28±0.07vs. 1.22±0.09, P=0.56) andcleavageof
pro-IL-1b (0.83 ± 0.01 vs. 0.80 ± 0.01, P = 0.13; Figures 4A–C). To
further evaluate the role of NLRP3 inflammasome activation in
surgery-induced inflammation, we used ASC-citrine (ASC-cit)
reporter mice. After surgery, ASC-cit mice displayed a significant
increase in ASC speck formation, indicating the activated NLRP3
inflammasomecomplex, at 24h (42.80±5.46vs. 21.60±2.4,P<0.01;
Figures 4D–F). These mice also showed signs of hippocampal
microgliosis similar to C57BL6/J mice, with greater Iba-1
immunoreactivity and more stout cell bodies 24 h after surgery.
Notably, some of these ASC specks were co-localized with Iba-
1-postive microglia (15.00 ± 0.4 vs. 9.60 ± 0.51, P < 0.001;
Figures 4D, F).

PND-Like Behavior in Adult Mice
Pretreated With ANXA1sp
The mice were 3 months of age at the time of behavioral testing. To
study the functional effects of ANXA1sp, we evaluated cognitive
responses that are affected in our PND-like model (Figures 5A, B).
In the “What-Where-When” task (27), mice were given free access
to two sets of four objects. At testing, “What” memory was
examined to determine whether the animal remembered the
A B

FIGURE 2 | Effects of ANXA1sp on microglial morphology after surgery. Microglial morphologic changes were significantly curtailed 24 h after orthopedic surgery in
adult mice pretreated with ANXA1sp (A, B). Microglial morphology was quantified based on four morphologic subtypes: Round, Stout, Thick, and Thin; three
representative areas/mice were used for quantification and one single microglia was represented in the reconstruction (red indicates filament tracing). Data are
presented as mean ± SEM from hippocampal CA1 area. n = 5/group. *P < 0.05, ***P < 0.001. Analyzed by one-way ANOVA with Tukey’s multiple comparisons test.
Scale bar: 20 mm. Representative data are from two independent experiments.
May 2022 | Volume 13 | Article 856254
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replacement of an object with another; “Where” memory analyzed
if the animals recalled where an object had been previously located;
and “When”memory reflected whether the mouse remembered the
objects that were last investigated. For “What” memory, responses
among the three groups (naïve, surgery plus vehicle injection, and
Frontiers in Immunology | www.frontiersin.org 7
surgery plus ANXA1sp treatment) were not statistically
distinguished (Figure 5C; Table 1). Nevertheless, marked
statistical differences in object preferences for the “Where”
(Figure 5D) and “When” (Figure 5E) memory tests were evident
(Table 1). For “Where” memory the vehicle-treated mice with
A B

D

C

FIGURE 3 | Postoperative neuroinflammation in Nlrp3-/- mice. The NLRP3 inflammasome was not activated in the hippocampus of these animals at 24 h post orthopedic
surgery (A, B). Moreover, no changes in microglial morphology were observed in Nlrp3-/- mice after orthopedic surgery, as evidenced by IBA-1 immunostaining (C, D).
Microglial representative filaments are provided from age matched C57BL6/J mice (WT) as comparison. For quantitation of WT data, refer to Figure 2B. Three representative
areas/mice were used for quantification and one single microglia was represented in the reconstruction (red indicates filament tracing) from hippocampal CA1 area of Nlrp3-/-

mice only. Data are presented as mean ± SEM. n = 5-6/group. Scale bar: 20 mm. Representative data are from one experiment.
May 2022 | Volume 13 | Article 856254
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surgery showed a significant reduction in their abilities to identify
the displaced object compared to the naïve control (P<0.011) and
mice given ANXA1sp prior to surgery (P<0.038); these two latter
groups had similar preferences for the displaced object. The “When”
comparison was more difficult for the animals. Both the naïve and
vehicle + surgery mice had similar moderate preference scores. By
contrast, mice treated with ANXA1sp prior to surgery had
significantly higher preference scores than the other two groups
(P-values<0.052). The higher preference scores for the ANXA1sp +
surgery mice cannot be attributed to longer times spent with the
objects or differential locomotor activities since they had some of the
lowest object interaction times across training and testing than any
other group (Table 2). Indeed, no significant group differences in
object interaction times were discerned at training with the set A
objects (Figure 5F). At training with set B objects, mice treated with
the vehicle prior to surgery spent more time interacting with the
objects compared to the naïve mice and those given ANXA1sp prior
to surgery (P-values<0.051). Interestingly, at testing the vehicle +
surgery and ANXA1sp + surgery mice spent less time exploring
objects compared to the naïve animals (P-values<0.001).
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In the memory load test naïve mice and those treated with
ANXA1sp prior to surgery demonstrated an ability to identify the
novel object even as the memory load increased with up to six
objects (Figure 5G; Table 3). By comparison, the mice treated
with the vehicle prior to surgerywere impaired. Here, the vehicle +
surgery mice had significantly reduced preferences for the novel
object compared to naïve group when 2 (P<0.052), 4 (P<0.051), 5
(P<0.001), and 6 (P<0.001) objects were present. Although
performance by the mice in the naïve and ANXA1sp + surgery
groups were similar, the ANXA1sp-treated group performed even
better than the vehicle + surgery mice when 2 (P<0.057), 3
(P<0.018), 4 (P<0.001), 5 (P<0.001), and 6 (P<0.001) objects
were presented. When time spent investigating objects across
trials was examined, few group differences were observed
(Figure 5H; Table 4). However, on the first trial both treatment
groups with surgery engaged in higher object exploration times
than the naïve control (P-values<0.022). When 4 objects were
present, mice in theANXA1sp + surgery group spentmore time in
object exploration than naïve mice (P<0.032). With 5 objects the
naïve animals interactedwith the objects for a longer time than the
May 2022 | Volume 13 | Article 856
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FIGURE 4 | ASC speck formation after surgery. Asc-/- showed no evidence of NLRP3 inflammasome activation in hippocampal lysate (A–C). ASC-cit reporter mice
showed significant speck formation in the hippocampus, including co-expression with IBA-1-positive cells (D–F). Three representative areas/mice were used for
quantification and one single microglia was represented in the reconstruction (red indicates filament tracing) from hippocampal CA1 area. Age matched WT controls
are described in Figures 1 and 2. Data are presented as mean ± SEM. n = 3-5/group. **P < 0.01, ***P < 0.001; analyzed by two-tailed unpaired Student’s t test.
Scale bar: 20 mm. Representative data are from one experiment.
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vehicle + surgery mice (P<0.001). Together these results
demonstrate that vehicle-treated tibia-fracture mice are
markedly impaired in cognitive tasks compared to naïve mice,
and that treatment with ANXA1sp prior to surgery prevents these
cognitive impairments.

Postoperative Neuroinflammation in Aged
Mice Treated With ANXA1sp
Aging is a critical risk factor for many neurologic conditions,
including PND (28). Aged mice showed a heightened, but
similar, curve for NLRP3 activation after surgery, which
peaked at 6 h (2.48 ± 0.06, P < 0.0001), remained elevated at
Frontiers in Immunology | www.frontiersin.org 9
24 h (2.00 ± 0.14, P < 0.0001), and resolved to baseline by 72 h
(0.98 ± 0.05, P = 0.28) compared to adult mice (0.70 ± 0.09).
Notably, more NLRP3 activation was found in aged mice
compared to adult mice after surgery [R2 = 0.98; F(1,3) =
130.5]; P = 0.0014; Figure 6A].

We next administered the same therapeutic regimen of
ANXA1sp in 18- to 22-month-old C57BL6/J mice. Western blot
analysis showed increased levels of NLRP3 in the hippocampus
(1.95 ± 0.16 vs. 0.32 ± 0.11, P < 0.001; Figures 6B–F). This
exacerbated the NLRP3 inflammasome activation which was
significantly blunted in aged mice pretreated with ANXA1sp
(1.39 ± 0.08 vs. 1.95 ± 0.16, P < 0.001; Figure 6C), affecting the
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FIGURE 5 | PND-like cognitive responses in adult mice treated prior to surgery with the vehicle or ANXA1sp. Example of Set A and Set B objects used in the “What-Where-
When” memory task (A). Example of the seven unique objects used in the Memory Load task (B). Preference scores for “What” object recognition memory in the “What-
Where-When” task (C). Preference scores for “Where” recognition memory for the displaced object in the “What-Where-When” task (D). Preference scores for “When”
recognition memory for recent objects to previously investigated objects in the “What-Where-When” task (E). The time (s) spent exploring Set A and Set B objects, and at
testing in the “What-Where-When” task (F). Preference scores for the novel object in the Memory Load test (G). Mean time (adjusted by trial length) that animals explored
objects in the seven consecutive trials in the Memory Load test (H). N = 10 mice/treatment group for all tests. *P < 0.05, compared to vehicle + surgery mice; +P < 0.05,
compared to naïve animals. Results are shown as mean ± SEM and analyzed by MANOVA. Representative data are from one experiment.
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expression of ASC (ANXA1sp vs. vehicle: 0.85 ± 0.23 vs. 1.79 ± 0.34,
P < 0.001; Figure 6D), activation of caspase-1 (ANXA1sp vs.
vehicle: 1.51 ± 0.07 vs. 2.18 ± 0.20, P < 0.001; Figure 6E), and
levels of IL-1b (ANXA1sp vs. vehicle: 1.77 ± 0.15 vs. 2.50 ± 0.36, P <
0.001; Figure 6F). We next evaluated microglial activation at 24 h
after surgery. Surgery triggered more stout (16.4 ± 1.78 vs. 2.4 ±
1.03, P < 0.001) and round (4.20 ± 0.37 vs. 0.60 ± 0.24, P < 0.001)
Iba-1-postive cells in the hippocampus with reduced branch length
compared to naïve controls. The round microglia were hardly
visible in adult mice at the same time point (Figures 6G, H).
Further, hippocampal ATP was retained at baseline levels in aged
mice pretreated with ANXA1sp vs. vehicle (17.56 ± 103 vs. 29.56 ±
2.02, P < 0.001; Figure 6I). Overall, aged mice pretreated with
ANXA1sp showed significantly improved microglial pathology,
especially soma enlargement and swelling, 2 key features of CNS
dyshomeostasis (29).
DISCUSSION

Here, we studied the relationship between resolution agonists,
particularly ANXA1 signaling, and NLRP3 inflammasome
activation in mediating postoperative neuroinflammation and
PND-like behavior. We found that preoperative treatment with
a small peptide derived from the N-terminal region of human
ANXA1 (ANXA1sp) attenuates NLRP3 inflammasome activation
in adult mice after orthopedic surgery, and thereby reduces
microgliosis and behavioral deficits. Notably, these anti-
neuroinflammatory effects were also observed in aged mice,
representing a potential next step toward translating resolution
agonists into perioperative clinical trials.

Dysregulated immunity has become a key pathologic hallmark
of virtually every neurologic disorder including PNDs. Surgical
trauma triggers a systemic inflammatory response that can impair
microglial function, and thus contribute to sickness behavior and
memory decline. This postoperative cytokine storm has been well
documented across several rodent models as well as in surgery
patients. In our earlier work, we discovered a role for IL-1b
signaling in mediating surgery-induced neuroinflammation.
Mice treated with IL-1 receptor antagonist (IL-1RA) or lacking
IL-1R showed no signs of neuroinflammation or microglial
activation (7). Subsequent studies in rats after abdominal
surgery further defined the importance of central IL-1b signaling
in contributing to PND-like behavior. In fact, only intracisternal
administration of IL-1RA was effective in reducing behavioral
impairments and neuroinflammation after surgical trauma (30).
Studies in older adults with delirium after hip fracture repair
confirmed the presence of high levels of IL-1b in cerebrospinal
fluid (CSF), suggesting that IL-1 may represent a valuable
biomarker for identifying and possibly treating patients at risk
for PNDs (18). Indeed, IL-1b signaling has been described as a key
mediator of sickness behavior (fever, HPA axis activation, and
depression) (31) as well as microglial priming during aging, and
overall neuroinflammation [reviewed in (32)]. However, despite
seminal contributions in this field, little is known about the
regulation of mature IL-1b in PNDs.
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IL-1b maturation is critically regulated by the NOD-like
receptor protein 3 (NLRP3) inflammasome. Canonical
activation of the NLRP3 inflammasome involves recruitment
of adapter proteins, including apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC), and
caspase-1, which orchestrate the maturation and secretion of IL-
1b and IL-18 (33). Canonically, generation of mature IL-1b
requires 2 signals, the production of pro-IL-1b by activating
transcription factors, such as NF-kB, and maturation of IL-1b
and its release by pyroptosis induced by NLRP3 inflammasome
activation, stimulated by factors such as ATP (34).

Surgery triggers NF-kB activation via multiple pathways
including danger-associated molecular patterns (DAMPs),
released during the acute-phase response following aseptic
surgical trauma. DAMPs, such as HMGB1, are potent
activators of NF-kB and the subsequent cytokine storm, which
has been well described in this model of orthopedic surgery (8, 9,
35). In fact, disabling NF-kB activation in this model prevents
microglial activation, further highlighting the critical role of this
gene in regulating the innate immune response to surgery (36).
Absence of key immune receptors, such as MyD88 and TLR4,
prevents cytokine release and surgery-induced microglial
activation (8, 37). In the current study, we found that NLRP3
and ASC knock-out mice remained protected from postoperative
neuroinflammation, indicating an upstream mechanism for NF-
kB activation. Treatment with ANXA1sp downregulated the
expression of key inflammasome components, including ASC
and NLRP3, and levels of IL-1b after surgery in both adult and
aged mice (Figure 7).

Notably, we found evidence of NLRP3 inflammasome
activation in microglia after surgery with formation of “ASC
specks”, which result from recruitment and polymerization of
ASC into ∼1-µm structures (38). Specks are not unique to
activation of the NLRP3 inflammasome, but also occur with
activation of NLRP1b, NLRC4, and AIM2 (39). The elevated
ATP that we measured in whole hippocampal homogenate after
surgery may be responsible for the microglial response, thus
leading to speck formation. Indeed, extracellular ATP is a well-
known activator of microglial processes after injury (40) and an
activator of the NLRP3 inflammasome, and surgery may hijack
their neuroprotective functions leading to a neurotoxic
environment and PNDs. Additional work using more detailed
approaches is needed to further characterize the microglial
response and the signaling events following peripheral surgery.

Previous work described a key role for microglial activation in
PNDs. PET imaging provides evidence of microgliosis in
postsurgical patients (41). Here, we found that preoperative
administration of ANXA1sp reduced morphologic changes
associated with microglial activation in the hippocampus.
These effects may result from direct modulation of resident
microglia since ANXA1 is expressed on these cells, and the
small peptide can easily cross the blood-brain barrier (BBB) (14).
Although we did not evaluate BBB opening in the present study,
it is important to note that orthopedic surgery impairs BBB
integrity and the expression of tight junctions such as claudin-5
and aquaporin-1, thus facilitating infiltration of peripherally
May 2022 | Volume 13 | Article 856254
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FIGURE 6 | Effects of ANXA1sp on NLRP3 inflammasome and microglial morphology in aged mice after surgery. The hippocampal NLRP3 inflammasome complex was
significantly activated in a time-dependent manner in aged mice after orthopedic surgery, with older mice showing a significantly higher baseline compared to adult mice (A).
Hippocampal NLRP3 inflammasome activation (B–F) was attenuated in aged mice treated with ANXA1sp (1 mg/kg, ip) 30 min before orthopedic surgery (same dose and
timepoint as in the adult mice). Similarly, microglial activation in the CA1 area was reduced 24 h after surgery (G, H), especially improving ameboidal morphologies (round,
stout, and think). Three representative areas/mice were used for quantification and one single microglia was represented in the reconstruction (red indicates filament tracing).
Hippocampal ATP expression (I) was also restored in aged mice treated with ANXA1sp. Data are presented as mean ± SEM. n = 5. **P < 0.01, ***P < 0.001, compared to
naïve or vehicle controls. Analyzed by one-way ANOVA with Tukey’s multiple comparisons test. Scale bar: 20 mm. Representative data are from two independent experiments.
*P < 0.05.
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injected compounds into the CNS (35, 42). Indeed, this breach
also allows systemic factors such as IgG and fibrinogen as well as
inflammatory myeloid cells such as macrophages to enter the
brain parenchyma and contribute to neuroinflammation (21,
36). Preventing infiltration of CCR2-positive monocytes after
surgery reduces microgliosis and PND-like behavior (43). Given
that ANXA1 is a key regulator of endothelial function and BBB
integrity, it is plausible that these neuroprotective effects are
mediated by limiting leukocyte trafficking at the neurovascular
unit (44). In fact, ANXA1 peptidomimetics such as Ac2-26 exert
potent effects on the vasculature by limiting neutrophil adhesion
and emigration, but without impairing cell rolling (45). The
ANXA1 is also highly expressed on macrophages, facilitating
efferocytosis of apoptotic neutrophils and overall resolution of
Frontiers in Immunology | www.frontiersin.org 12
inflammation (46, 47). The pro-resolving effects of ANXA1sp
may target this critical step at the level of the BBB, although our
peptide also exerts potent anti-inflammatory effects on systemic
cytokines (16). Thus, ANXA1sp effects on the CNS may result
from an overall dampening of the pro-inflammatory milieu
rather than, or in addition to, a direct effect on the BBB.

ANXA1 is a 37-kDA protein that is a member of a larger
annexin superfamily of calcium-dependent phospholipid-
binding proteins that signal via G protein-coupled receptors
and formyl peptide receptor 2 (FPR2) (48), thus inhibiting
phospholipase A2 (PLA2) and downstream production of
bioactive lipid mediators derived from arachidonic acid release
(49). Notably, the tripeptide sequence of ANXA1sp (Ac-Gln-
Ala-Trp) at the N-terminus represents a critical domain for
FIGURE 7 | Proposed NLPR3 signaling mechanism in postoperative neuroinflammation. Aseptic surgical trauma induces a cytokine storm that engages several pattern
recognition receptors (PRRs), including the interlukin-1 (IL-1) receptor. Downstream signaling from these receptors relies on adaptor proteins such as MyD88, which eventually
activates NF-kB to perpetuate the inflammatory response. Parallel to this process, surgery also elevated levels of ATP in the hippocampus. In combination with NF-kB
activation this induced the NLRP3 inflammasome and ASC specks formation in microglia, thus contributing to postoperative neuroinflammation. Surgery also impaired the
expression of hippocampal Annexin-A1 (ANXA1) that is critically involved in inflammation-resolution and can be regulated through our biomimetic peptide. Within this framework
we found that treatment with ANXA1sp regulated NLRP3 expression and levels of IL-1b postoperatively. Given the established elevation of IL-1b in preclinical and clinical
biofluids of subjects with postoperative neurocognitive disorders, harnessing this pathway may provide safer strategies to treat ensuing neuroinflammation.
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signaling via FPR1 and exerts anti-inflammatory effects (50).
Indeed, FPR1 signaling is important in activating the NLRP3
inflammasome as evidenced by reduced inflammation, leukocyte
infiltration, and tissue damage in Fpr-1 KO mice (51), as well as
limiting neuroinflammation following stroke (52). Recent work
by Galvão et al. demonstrated that AnxA1 co-localizes and
directly binds to the NLRP3 (53), thus these anti-inflammatory
effects may involve several pathways in addition to FPR
signaling including modulation of neutrophils and
macrophages (54, 55). ANXA1 also facilitates resolution of
inflammation by acting on the lipoxin A4 receptor (ALXR) to
downregulate polymorphonuclear neutrophil recruitment at the
site of inflammation (56). These actions are important because
they limit the synthesis of eicosanoids such as prostaglandins,
thromboxanes, prostacyclins, and leukotrienes, which are
upregulated in the CNS of patients after peripheral surgery
(57). ANXA1 signaling via ALXR was recently shown to
support regeneration of skeletal muscle after injury (58), which
may translate to the surgical setting. These regulatory effects of
ANXA1 and many other pro-resolving mediators provide unique
opportunities to apply resolution pharmacology to the clinical
setting, given their known safety profile.

In summary, we have found a previously unrecognized
action of an ANXA1 peptidomimetic on the NLRP3
inflammasome complex, which resulted in reduced microglial
activity and PND-like behavior after surgery. Although further
work is needed to determine the specific site of action for
ANXA1sp, our findings provide a novel target for regulating
postoperative neuroinflammation and cognitive disorders
during aging.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
Frontiers in Immunology | www.frontiersin.org 13
ETHICS STATEMENT

All procedures were conducted under protocols approved by the
Institutional Animal Care and Use Committee at Duke
University in accordance with the guidelines of the National
Institutes of Health for animal care (Guide for the Care and Use
of Laboratory Animals, Health and Human Services, National
Institutes of Health Publication No. 86-23, revised 1996).
AUTHOR CONTRIBUTIONS

ZZ and QM performed experiments and analyses. RV performed
confocal microscopy and imaging analyses. WB generated the
transgenic mice and contributed to the interpretation of the data.
WW and RR designed, conducted, and analyzed the behavioral
experiments. TY and MS provided analytical tools and reagents.
ZZ, MS, and NT designed the study. All authors contributed to
the writing. All authors contributed to the article and approved
the submitted version.
FUNDING

This work was in part supported by the National Institutes of
Health (NIH) R01AG057525, a School of Medicine voucher for
studies conducted in the Mouse Behavioral and Neuroendocrine
Analysis Core Facility, and Duke Anesthesiology Departmental
funds. Some of the behavioral experiments were conducted with
equipment and software purchased with a North Carolina
Biotechnology Center grant.
ACKNOWLEDGMENTS

We would like to thank Mr. Christopher Means for his support
in behavioral testing and Kathy Gage, BS (Duke University
Medical Center) for editorial assistance.
REFERENCES

1. Evered L, Eckenhoff RGInternational Perioperative Cognition Nomenclature
Working G. Perioperative Cognitive Disorders. Response to: Postoperative
Delirium Portends Descent to Dementia. Br J Anaesth (2017) 119:1241. doi:
10.1093/bja/aex404

2. Yang T, Velagapudi R, Terrando N. Neuroinflammation After Surgery: From
Mechanisms to Therapeutic Targets. Nat Immunol (2020) 21:1319–26. doi:
10.1038/s41590-020-00812-1

3. Monk TG, Weldon BC, Garvan CW, Dede DE, van der Aa MT, Heilman KM,
et al. Predictors of Cognitive Dysfunction After Major Noncardiac Surgery.
Anesthesiology (2008) 108:18–30. doi: 10.1097/01.anes.0000296071.19434.1e

4. Fong TG, Davis D, Growdon ME, Albuquerque A, Inouye SK. The Interface
Between Delirium and Dementia in Elderly Adults. Lancet Neurol (2015)
14:823–32. doi: 10.1016/S1474-4422(15)00101-5

5. Marcantonio ER. Delirium in Hospitalized Older Adults. N Engl J Med (2017)
377:1456–66. doi: 10.1056/NEJMcp1605501

6. Safavynia SA, Goldstein PA. The Role of Neuroinflammation in Postoperative
Cognitive Dysfunction: Moving From Hypothesis to Treatment. Front
Psychiatry (2018) 9:752. doi: 10.3389/fpsyt.2018.00752
7. Cibelli M, Fidalgo AR, Terrando N, Ma D, Monaco C, FeldmannM, et al. Role
of Interleukin-1beta in Postoperative Cognitive Dysfunction. Ann Neurol
(2010) 68:360–8. doi: 10.1002/ana.22082

8. Terrando N, Monaco C, Ma D, Foxwell BM, Feldmann M, Maze M. Tumor
Necrosis Factor-Alpha Triggers a Cytokine Cascade Yielding Postoperative
Cognitive Decline. Proc Natl Acad Sci USA (2010) 107:20518–22. doi:
10.1073/pnas.1014557107

9. Vacas S, Degos V, Tracey KJ, Maze M. High-Mobility Group Box 1 Protein
Initiates Postoperative Cognitive Decline by Engaging Bone Marrow-Derived
Macrophages. Anesthesiology (2014) 120:1160–7. doi: 10.1097/
ALN.0000000000000045

10. Simone MJ, Tan ZS. The Role of Inflammation in the Pathogenesis of
Delirium and Dementia in Older Adults: A Review. CNS Neurosci Ther
(2011) 17:506–13. doi: 10.1111/j.1755-5949.2010.00173.x

11. Perretti M, Leroy X, Bland EJ, Montero-Melendez T. Resolution
Pharmacology: Opportunities for Therapeutic Innovation in Inflammation.
Trends Pharmacol Sci (2015) 36:737–55. doi: 10.1016/j.tips.2015.07.007

12. Serhan CN, Levy BD. Resolvins in Inflammation: Emergence of the Pro-
Resolving Superfamily of Mediators. J Clin Invest (2018) 128:2657–69. doi:
10.1172/JCI97943
May 2022 | Volume 13 | Article 856254

https://doi.org/10.1093/bja/aex404
https://doi.org/10.1038/s41590-020-00812-1
https://doi.org/10.1097/01.anes.0000296071.19434.1e
https://doi.org/10.1016/S1474-4422(15)00101-5
https://doi.org/10.1056/NEJMcp1605501
https://doi.org/10.3389/fpsyt.2018.00752
https://doi.org/10.1002/ana.22082
https://doi.org/10.1073/pnas.1014557107
https://doi.org/10.1097/ALN.0000000000000045
https://doi.org/10.1097/ALN.0000000000000045
https://doi.org/10.1111/j.1755-5949.2010.00173.x
https://doi.org/10.1016/j.tips.2015.07.007
https://doi.org/10.1172/JCI97943
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. NLRP3 Inflammasome and Perioperative Neurocognitive Disorders
13. Gavins FN, Hickey MJ. Annexin A1 and the Regulation of Innate and
Adaptive Immunity. Front Immunol (2012) 3:354. doi: 10.3389/
fimmu.2012.00354

14. Sheikh MH, Solito E. Annexin A1: Uncovering the Many Talents of an Old
Protein. Int J Mol Sci (2018) 19(4):1045. doi: 10.3390/ijms19041045

15. Zhang Z, Huang L, Zhao W, Rigas B. Annexin 1 Induced by Anti-
Inflammatory Drugs Binds to NF-kappaB and Inhibits Its Activation:
Anticancer Effects In Vitro and In Vivo. Cancer Res (2010) 70:2379–88. doi:
10.1158/0008-5472.CAN-09-4204

16. Zhang Z,MaQ, Shah B,Mackensen GB, Lo DC,Mathew JP, et al. Neuroprotective
Effects of Annexin A1 Tripeptide After Deep Hypothermic Circulatory Arrest in
Rats. Front Immunol (2017) 8:1050. doi: 10.3389/fimmu.2017.01050

17. Ma Q, Zhang Z, Shim JK, Venkatraman TN, Lascola CD, Quinones QJ, et al.
Annexin A1 Bioactive Peptide Promotes Resolution of Neuroinflammation in
a Rat Model of Exsanguinating Cardiac Arrest Treated by Emergency
Preservation and Resuscitation. Front Neurosci (2019) 13:608. doi: 10.3389/
fnins.2019.00608

18. Cape E, Hall RJ, van Munster BC, de Vries A, Howie SE, Pearson A, et al.
Cerebrospinal Fluid Markers of Neuroinflammation in Delirium: A Role for
Interleukin-1beta in Delirium After Hip Fracture. J Psychosom Res (2014)
77:219–25. doi: 10.1016/j.jpsychores.2014.06.014

19. Inoue M, Williams KL, Gunn MD, Shinohara ML. NLRP3 Inflammasome
Induces Chemotactic Immune Cell Migration to the CNS in Experimental
Autoimmune Encephalomyelitis. Proc Natl Acad Sci USA (2012) 109:10480–5.
doi: 10.1073/pnas.1201836109

20. Tzeng TC, Schattgen S, Monks B, Wang D, Cerny A, Latz E, et al. A
Fluorescent Reporter Mouse for Inflammasome Assembly Demonstrates an
Important Role for Cell-Bound and Free ASC Specks During In Vivo
Infection. Cell Rep (2016) 16:571–82. doi: 10.1016/j.celrep.2016.06.011

21. Velagapudi R, Subramaniyan S, Xiong C, Porkka F, Rodriguiz RM, Wetsel
WC, et al. Orthopedic Surgery Triggers Attention Deficits in a Delirium-Like
Mouse Model. Front Immunol (2019) 10:2675. doi: 10.3389/fimmu.
2019.02675

22. Schwarz JM, Sholar PW, Bilbo SD. Sex Differences in Microglial Colonization
of the Developing Rat Brain. J Neurochem (2012) 120:948–63. doi: 10.1111/j.
1471-4159.2011.07630.x

23. Huffman WJ, Subramaniyan S, Rodriguiz RM, Wetsel WC, Grill WM,
Terrando N. Modulation of Neuroinflammation and Memory Dysfunction
Using Percutaneous Vagus Nerve Stimulation in Mice. Brain Stimul (2019)
12:19–29. doi: 10.1016/j.brs.2018.10.005

24. Miller-Rhodes P, Kong C, Baht GS, Saminathan P, Rodriguiz RM,Wetsel WC,
et al. The Broad Spectrum Mixed-Lineage Kinase 3 Inhibitor URMC-099
Prevents Acute Microgliosis and Cognitive Decline in a Mouse Model of
Perioperative Neurocognitive Disorders. J Neuroinflamm (2019) 16:193. doi:
10.1186/s12974-019-1582-5

25. Yang T, Terrando N. The Evolving Role of Specialized Pro-Resolving
Mediators in Modulating Neuroinflammation in Perioperative
Neurocognitive Disorders. Adv Exp Med Biol (2019) 1161:27–35. doi:
10.1007/978-3-030-21735-8_4

26. Eckenhoff RG, Maze M, Xie Z, Culley DJ, Goodlin SJ, Zuo Z, et al.
Perioperative Neurocognitive Disorder: State of the Preclinical Science.
Anesthesiology (2020) 132:55–68. doi: 10.1097/ALN.0000000000002956

27. DeVito LM, Eichenbaum H. Distinct Contributions of the Hippocampus and
Medial Prefrontal Cortex to the "What-Where-When" Components of
Episodic-Like Memory in Mice. Behav Brain Res (2010) 215:318–25. doi:
10.1016/j.bbr.2009.09.014

28. Lucin KM, Wyss-Coray T. Immune Activation in Brain Aging and
Neurodegeneration: Too Much or Too Little? Neuron (2009) 64:110–22.
doi: 10.1016/j.neuron.2009.08.039

29. Streit WJ, Mrak RE, GriffinWS. Microglia and Neuroinflammation: A Pathological
Perspective. J Neuroinflamm (2004) 1:14. doi: 10.1186/1742-2094-1-14

30. Barrientos RM, Hein AM, Frank MG, Watkins LR, Maier SF. Intracisternal
Interleukin-1 Receptor Antagonist Prevents Postoperative Cognitive Decline
and Neuroinflammatory Response in Aged Rats. J Neurosci (2012) 32:14641–
8. doi: 10.1523/JNEUROSCI.2173-12.2012

31. Anforth HR, Bluthe RM, Bristow A, Hopkins S, Lenczowski MJ, Luheshi G,
et al. Biological Activity and Brain Actions of Recombinant Rat Interleukin-
1alpha and Interleukin-1beta. Eur Cytokine Netw (1998) 9:279–88.
Frontiers in Immunology | www.frontiersin.org 14
32. Konsman JP, Parnet P, Dantzer R. Cytokine-Induced Sickness Behaviour:
Mechanisms and Implications. Trends Neurosci (2002) 25:154–9. doi:
10.1016/S0166-2236(00)02088-9

33. Schroder K, Tschopp J. The Inflammasomes. Cell (2010) 140:821–32. doi:
10.1016/j.cell.2010.01.040

34. Bauernfeind FG, Horvath G, Stutz A, Alnemri ES, MacDonald K, Speert D,
et al. Cutting Edge: NF-kappaB Activating Pattern Recognition and Cytokine
Receptors License NLRP3 Inflammasome Activation by Regulating NLRP3
Expression. J Immunol (2009) 183:787–91. doi: 10.4049/jimmunol.0901363

35. Yang T, Xu G, Newton PT, Chagin AS, Mkrtchian S, CarlstromM, et al. Maresin 1
Attenuates Neuroinflammation in aMouseModel of Perioperative Neurocognitive
Disorders. Br J Anaesth (2019) 122:350–60. doi: 10.1016/j.bja.2018.10.062

36. Terrando N, Eriksson LI, Ryu JK, Yang T, Monaco C, Feldmann M, et al.
Resolving Postoperative Neuroinflammation and Cognitive Decline. Ann
Neurol (2011) 70:986–95. doi: 10.1002/ana.22664

37. Lu SM, Yu CJ, Liu YH, Dong HQ, Zhang X, Zhang SS, et al. S100A8
Contributes to Postoperative Cognitive Dysfunction in Mice Undergoing
Tibial Fracture Surgery by Activating the TLR4/MyD88 Pathway. Brain
Behav Immun (2015) 44:221–34. doi: 10.1016/j.bbi.2014.10.011

38. Stutz A, Horvath GL, Monks BG, Latz E. ASC Speck Formation as a Readout
for Inflammasome Activation. Methods Mol Biol (2013) 1040:91–101. doi:
10.1007/978-1-62703-523-1_8

39. Chan AH, Schroder K. Inflammasome Signaling and Regulation of
Interleukin-1 Family Cytokines. J Exp Med (2020) 217(1):e20190314. doi:
10.1084/jem.20190314

40. Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, et al. ATPMediates
Rapid Microglial Response to Local Brain Injury In Vivo. Nat Neurosci (2005)
8:752–8. doi: 10.1038/nn1472

41. Forsberg A, Cervenka S, Jonsson Fagerlund M, Rasmussen LS, Zetterberg H,
Erlandsson Harris H, et al. The Immune Response of the Human Brain to
Abdominal Surgery. Ann Neurol (2017) 81:572–82. doi: 10.1002/ana.24909

42. Wang P, Velagapudi R, Kong C, Rodriguiz RM, Wetsel WC, Yang T, et al.
Neurovascular and Immune Mechanisms That Regulate Postoperative
Delirium Superimposed on Dementia. Alzheimers Dement (2020) 16
(5):734–749. doi: 10.1002/alz.12064

43. Degos V, Vacas S, Han Z, van Rooijen N, Gressens P, Su H, et al. Depletion of
Bone Marrow-Derived Macrophages Perturbs the Innate Immune Response
to Surgery and Reduces Postoperative Memory Dysfunction. Anesthesiology
(2013) 118:527–36. doi: 10.1097/ALN.0b013e3182834d94

44. Cristante E, McArthur S, Mauro C, Maggioli E, Romero IA, Wylezinska-Arridge
M, et al. Identification of an Essential Endogenous Regulator of Blood-Brain
Barrier Integrity, and its Pathological and Therapeutic Implications. Proc Natl
Acad Sci USA (2013) 110:832–41. doi: 10.1073/pnas.1209362110

45. Lim LH, Solito E, Russo-Marie F, Flower RJ, Perretti M. Promoting
Detachment of Neutrophils Adherent to Murine Postcapillary Venules to
Control Inflammation: Effect of Lipocortin 1. Proc Natl Acad Sci USA (1998)
95:14535–9. doi: 10.1073/pnas.95.24.14535

46. Scannell M, Flanagan MB, deStefani A, Wynne KJ, Cagney G, Godson C, et al.
Annexin-1 and Peptide Derivatives are Released by Apoptotic Cells and
Stimulate Phagocytosis of Apoptotic Neutrophils by Macrophages.
J Immunol (2007) 178:4595–605. doi: 10.4049/jimmunol.178.7.4595

47. Dalli J, Jones CP, Cavalcanti DM, Farsky SH, Perretti M, Rankin SM. Annexin
A1 Regulates Neutrophil Clearance by Macrophages in the Mouse Bone
Marrow. FASEB J (2012) 26:387–96. doi: 10.1096/fj.11-182089

48. Walther A, Riehemann K, Gerke V. A Novel Ligand of the Formyl Peptide
Receptor: Annexin I Regulates Neutrophil Extravasation by Interacting With
the FPR. Mol Cell (2000) 5:831–40. doi: 10.1016/S1097-2765(00)80323-8

49. Flower RJ, Blackwell GJ. Anti-Inflammatory Steroids Induce Biosynthesis of a
Phospholipase A2 Inhibitor Which Prevents Prostaglandin Generation.
Nature (1979) 278:456–9. doi: 10.1038/278456a0

50. Movitz C, Brive L, Hellstrand K, Rabiet MJ, Dahlgren C. The Annexin I
Sequence Gln(9)-Ala(10)-Trp(11)-Phe(12) Is a Core Structure for Interaction
With the Formyl Peptide Receptor 1. J Biol Chem (2010) 285:14338–45. doi:
10.1074/jbc.M109.080465

51. D'Amico R, Fusco R, Cordaro M, Siracusa R, Peritore AF, Gugliandolo E, et al.
Modulation of NLRP3 Inflammasome Through Formyl Peptide Receptor 1
(Fpr-1) Pathway as a New Therapeutic Target in Bronchiolitis Obliterans
Syndrome. Int J Mol Sci (2020) 21(6):2144. doi: 10.3390/ijms21062144
May 2022 | Volume 13 | Article 856254

https://doi.org/10.3389/fimmu.2012.00354
https://doi.org/10.3389/fimmu.2012.00354
https://doi.org/10.3390/ijms19041045
https://doi.org/10.1158/0008-5472.CAN-09-4204
https://doi.org/10.3389/fimmu.2017.01050
https://doi.org/10.3389/fnins.2019.00608
https://doi.org/10.3389/fnins.2019.00608
https://doi.org/10.1016/j.jpsychores.2014.06.014
https://doi.org/10.1073/pnas.1201836109
https://doi.org/10.1016/j.celrep.2016.06.011
https://doi.org/10.3389/fimmu.2019.02675
https://doi.org/10.3389/fimmu.2019.02675
https://doi.org/10.1111/j.1471-4159.2011.07630.x
https://doi.org/10.1111/j.1471-4159.2011.07630.x
https://doi.org/10.1016/j.brs.2018.10.005
https://doi.org/10.1186/s12974-019-1582-5
https://doi.org/10.1007/978-3-030-21735-8_4
https://doi.org/10.1097/ALN.0000000000002956
https://doi.org/10.1016/j.bbr.2009.09.014
https://doi.org/10.1016/j.neuron.2009.08.039
https://doi.org/10.1186/1742-2094-1-14
https://doi.org/10.1523/JNEUROSCI.2173-12.2012
https://doi.org/10.1016/S0166-2236(00)02088-9
https://doi.org/10.1016/j.cell.2010.01.040
https://doi.org/10.4049/jimmunol.0901363
https://doi.org/10.1016/j.bja.2018.10.062
https://doi.org/10.1002/ana.22664
https://doi.org/10.1016/j.bbi.2014.10.011
https://doi.org/10.1007/978-1-62703-523-1_8
https://doi.org/10.1084/jem.20190314
https://doi.org/10.1038/nn1472
https://doi.org/10.1002/ana.24909
https://doi.org/10.1002/alz.12064
https://doi.org/10.1097/ALN.0b013e3182834d94
https://doi.org/10.1073/pnas.1209362110
https://doi.org/10.1073/pnas.95.24.14535
https://doi.org/10.4049/jimmunol.178.7.4595
https://doi.org/10.1096/fj.11-182089
https://doi.org/10.1016/S1097-2765(00)80323-8
https://doi.org/10.1038/278456a0
https://doi.org/10.1074/jbc.M109.080465
https://doi.org/10.3390/ijms21062144
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhang et al. NLRP3 Inflammasome and Perioperative Neurocognitive Disorders
52. Li Z, Li Y, Han J, Zhu Z, Li M, Liu Q, et al. Formyl Peptide Receptor 1
Signaling Potentiates Inflammatory Brain Injury. Sci Transl Med (2021) 13
(605):eabe9890. doi: 10.1126/scitranslmed.abe9890

53. Galvao I, de Carvalho RVH, Vago JP, Silva ALN, Carvalho TG, Antunes MM,
et al. The Role of Annexin A1 in the Modulation of the NLRP3
Inflammasome. Immunology (2020) 160:78–89. doi: 10.1111/imm.13184

54. Sanches JM, Branco LM, Duarte GHB, Oliani SM, Bortoluci KR, Moreira V,
et al. Annexin A1 Regulates NLRP3 Inflammasome Activation and Modifies
Lipid Release Profile in Isolated Peritoneal Macrophages. Cells (2020) 9
(4):926. doi: 10.3390/cells9040926

55. Sanches JM, Correia-Silva RD, Duarte GHB, Fernandes A, Sanchez-Vinces S,
Carvalho PO, et al. Role of Annexin A1 in NLRP3 Inflammasome Activation
in Murine Neutrophils. Cells (2021) 10(1):121. doi: 10.3390/cells10010121

56. Perretti M, Chiang N, La M, Fierro IM, Marullo S, Getting SJ, et al.
Endogenous Lipid- and Peptide-Derived Anti-Inflammatory Pathways
Generated With Glucocorticoid and Aspirin Treatment Activate the
Lipoxin A4 Receptor. Nat Med (2002) 8:1296–302. doi: 10.1038/nm786

57. Buvanendran A, Kroin JS, Berger RA, Hallab NJ, Saha C, Negrescu C, et al.
Upregulation of Prostaglandin E2 and Interleukins in the Central Nervous
System and Peripheral Tissue During and After Surgery in Humans.
Anesthesiology (2006) 104:403–10. doi: 10.1097/00000542-200603000-00005

58. McArthur S, Juban G, Gobbetti T, Desgeorges T, Theret M, Gondin J, et al.
Annexin A1 Drives Macrophage Skewing to Accelerate Muscle Regeneration
Frontiers in Immunology | www.frontiersin.org 15
Through AMPK Activation. J Clin Invest (2020) 130:1156–67. doi: 10.1172/
JCI124635

Conflict of Interest: ZZ and QM are co-inventors on patents filed through Duke
University on the therapeutic use of ANXA1sp.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Ma, Velagapudi, Barclay, Rodriguiz, Wetsel, Yang,
Shinohara and Terrando. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
May 2022 | Volume 13 | Article 856254

https://doi.org/10.1126/scitranslmed.abe9890
https://doi.org/10.1111/imm.13184
https://doi.org/10.3390/cells9040926
https://doi.org/10.3390/cells10010121
https://doi.org/10.1038/nm786
https://doi.org/10.1097/00000542-200603000-00005
https://doi.org/10.1172/JCI124635
https://doi.org/10.1172/JCI124635
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Annexin-A1 Tripeptide Attenuates Surgery-Induced Neuroinflammation and Memory Deficits Through Regulation the NLRP3 Inflammasome
	Introduction
	Materials and Methods
	Animals
	Drug Treatments
	Orthopedic Surgery and Sample Preparation
	Western Blot
	Immunofluorescence
	Image Analyses
	Behavioral Assays: “What-Where-When” Memory and Memory Load
	Statistical Analysis

	Results
	Postoperative Resolution of CNS Inflammation and NLRP3 Inflammasome Activation
	Surgery-Induced Neuroinflammation and the NLPR3 Inflammasome Activation
	PND-Like Behavior in Adult Mice Pretreated With ANXA1sp
	Postoperative Neuroinflammation in Aged Mice Treated With ANXA1sp

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


