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Abstract 

Background: Current therapies targeting several neurotransmitter systems are only able to partially mitigate the 
symptoms of stress- and trauma-related disorder. Stress and trauma-related disorders lead to a prominent inflam-
matory response in humans, and in pre-clinical models. However, mechanisms underlying the induction of neuro-
inflammatory response in PTSD and anxiety disorders are not clearly understood. The present study investigated the 
mechanism underlying the activation of proinflammatory NLRP3 inflammasome and IL1β in mouse models of stress.

Methods: We used two mouse models of stress, i.e., mice subjected to physical restraint stress with brief underwater 
submersion, and predator odor stress. Mice were injected with MCC950, a small molecule specific inhibitor of NLRP3 
activation. To pharmacologically inhibit BTK, a specific inhibitor ibrutinib was used. To validate the observation from 
ibrutinib studies, a separate group of mice was injected with another BTK-specific inhibitor LFM-A13. Seven days after 
the induction of stress, mice were examined for anxious behavior using open field test (OFT), light–dark test (LDT), 
and elevated plus maze test (EPM). Following the behavior tests, hippocampus and amygdale were extracted and 
analyzed for various components of NLRP3–caspase 1–IL1β pathway. Plasma and peripheral blood mononuclear cells 
were also used to assess the induction of NLRP3–Caspase 1–IL-1β pathway in stressed mice.

Results: Using two different pre-clinical models of stress, we demonstrate heightened anxious behavior in female 
mice as compared to their male counterparts. Stressed animals exhibited upregulation of proinflammatory IL1β, IL-6, 
Caspase 1 activity and NLRP3 inflammasome activation in brain, which were significantly higher in female mice. Phar-
macological inhibition of NLRP3 inflammasome activation led to anxiolysis as well as attenuated neuroinflammatory 
response. Further, we observed induction of activated Bruton’s tyrosine kinase (BTK), an upstream positive-regulator 
of NLRP3 inflammasome activation, in hippocampus and amygdala of stressed mice. Next, we conducted proof-of-
concept pharmacological BTK inhibitor studies with ibrutinib and LFM-A13. In both sets of experiments, we found BTK 
inhibition led to anxiolysis and attenuated neuroinflammation, as indicated by significant reduction of NLRP3 inflam-
masome and proinflammatory IL-1β in hippocampus and amygdala. Analysis of plasma and peripheral blood mono-
nuclear cells indicated peripheral induction of NLRP3–caspase 1–IL1β pathway in stressed mice.

Conclusion: Our study identified BTK as a key upstream regulator of neuroinflammation, which drives anxiogenic 
behavior in mouse model of stress. Further, we demonstrated the sexually divergent activation of BTK, providing 
a clue to heightened neuroinflammation and anxiogenic response to stress in females as compared to their male 
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Background
Posttraumatic stress disorder (PTSD) is characterized by 

an impaired stress response comorbid with severe anxiety 

among other symptoms [1]. PTSD is a common finding 

after exposure to occupational and personal traumatic 

events leading to immense health and socioeconomic 

ramifications [2]. According to one estimate globally 345 

million adult war survivors are likely to have experienced 

some PTSD symptoms [3], and this statistic does not take 

in to account any other trauma type, including sexual 

violence, which is often as potent a contributor to PTSD 

as war exposure [1, 4]. Present therapies of PTSD are 

often symptomatic, and fall short of treating PTSD and 

preventing relapse in long term [2, 5–7]. It is well doc-

umented that PTSD is associated with a chronic proin-

flammatory state, characterized by an elevated secretion 

of IL1β, IL-6, TNF-α, and other inflammatory mediators 

by the monocytes in the blood and microglia in the brain 

[8–11]. The data on whether existing selective serotonin 

reuptake inhibitors (SSRI) or serotonin–norepinephrine 

reuptake inhibitors (SNRI)-based pharmacological treat-

ment regimens can ameliorate this neuroinflammatory 

phenotype are inconclusive at best [12–14]. However, the 

therapeutic potential of targeting the chronically active 

neuroinflammatory pathways has not yet been investi-

gated thoroughly. Females are more prone to PTSD, and 

symptoms of anxiogenic behavior and neuroinflamma-

tion are more severe in females as compared to males. 

However, mechanisms underlying the sexually divergent 

stress response and neuroinflammation are not under-

stood well in PTSD and anxiety disorders.

In this context, we set out to investigate the potential 

mechanisms underlying the sexually divergent neuroin-

flammation profile in stress disorders. As a first step, we 

looked at the involvement of the multi-protein nucleo-

tide-binding oligomerization domain (NOD) like recep-

tor (NLR) family, pyrin domain containing 3 (NLRP3) 

inflammasome complex in male and female mice in 

stress models. The NLRP3 inflammasome complex is a 

pattern recognition receptor of the innate immune sys-

tem expressed widely in the central nervous system and 

cells of myeloid lineage [15–19]. Inflammasomes evolved 

to act as host sensors to pathogen as well as endog-

enous stress, and work by the way of activating Cas-

pase 1, which leads to the production of the pleiotropic 

cytokine IL1β and further neuroinflammatory sequelae 

[20–22]. IL1β in particular has been previously described 

as a major driver of the proinflammatory response in 

the brain and extensively investigated in the context of 

stroke as well as several neurodegenerative disorders 

[23–26]. The contribution of NLRP3 activation towards 

pathophysiology and behavioral deficits in neurocogni-

tive disorders and psychiatric disorder has emerged as 

an active area of investigation [27–30]. In the present 

study, for the first time, we demonstrate that there is a 

sexually divergent induction of NLRP3  post stress. The 

female stressed mice, as compared to their male coun-

terparts, not only showed heightened anxious behavior, 

but also significantly increased upregulation of NLRP3 in 

hippocampus and amygdala. Inhibition of NLRP3 with a 

small molecule inhibitor MCC950 significantly reduced 

stress-induced anxiety in mice and IL1β as well as Cas-

pase 1 activity. Recent independent observation from 

other groups [31–33] also showed that pharmacological 

inhibition of NLRP3 using MCC950 [34] reduced anxiety 

behavior in rodents.

Thereafter, we focused on our primary goal, i.e., Bru-

ton’s Tyrosine Kinase (BTK), an molecule hitherto unrec-

ognized in literature pertinent to PTSD and other anxiety 

disorder. Recently, BTK was identified as an upstream 

regulator of NLRP3 activation in a few models of inflam-

mation [35, 36]. However, there is no study linking BTK 

to any stress disorders. We hypothesized that activation 

of BTK induces the NLRP3 inflammasome, which initi-

ates the maturation of master regulator cytokines such 

as IL1β, thus driving the vicious cycle of self-synthesis 

and further neuroinflammation. Therefore, we worked 

with the hypothesis that if BTK could be inhibited, then 

we would see a rescue from stress-induced anxiety with 

the reversal of the neuroinflammatory profile. In the pre-

sent study, first we demonstrate the activation of BTK 

in hippocampus and amygdala of stressed mice. The 

female stressed mice exhibited significantly higher activa-

tion of BTK, which potentially provides a clue to higher 

degree of activation of downstream neuroinflammatory 

mediators such as NLRP3 and IL1β in stressed females. 

Thereafter, to inhibit BTK, we employ ibrutinib, a BTK 

inhibitor that is FDA approved for human therapeu-

tic use in certain types of leukemia and lymphomas [37, 

38]. Ibrutinib-treated mice show marked reduction in 

counterparts. Our data from the pharmacological inhibition studies suggest BTK as a novel target for the develop-
ment of potential clinical treatment of PTSD and anxiety disorders. Induction of pBTK and NLRP3 in peripheral blood 
mononuclear cells of stressed mice suggest the potential effect of stress on systemic inflammation.

Keywords: Bruton’s tyrosine kinase, NLRP3 inflammasome, Neuroinflammation, Posttraumatic stress disorder, 
Ibrutinib, LFM-A13, Stress, Predator odor stress, Physical restraint stress, Systemic inflammation
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stress-induced anxiety, IL1β levels and Caspase 1 activ-

ity in the hippocampus and amygdala. We performed an 

orthogonal validation experiment with a second pharma-

cological inhibitor of BTK, LFM-A13, to observe similar 

results. Several clinical and experimental studies in the 

past have demonstrated the induction of systemic inflam-

mation following stress [39–41]. In the present study, we 

observed the induction of IL1β in plasma, and p-BTK, 

NLRP3 and Caspase 1 in peripheral blood mononuclear 

cells (PBMC) from stressed mice. Further, inhibition of 

BTK with ibrutinib in stressed mice attenuated  plasma 

IL1β  levels, suggesting   a  potential role of  BTK in sys-

temic inflammation following stress.

The key finding of the present study is the identification 

of BTK as an upstream regulator of NLRP3 and other 

neuroinflammatory mediators, which contributes to anx-

iogenic behavior in stress disorders.

Material and methods
Experimental animals

Male and female wild-type C57BL/6 mice were obtained 

from Jackson Laboratories (Bar Harbor, ME). They were 

housed in vivarium under standard conditions (12 h: 12 h 

light–dark cycle starting at 7 am; 74°F; 55 ± 10% humid-

ity) in solid-bottomed cages on woodchips bedding and 

had free access to autoclaved water and chow. All stud-

ies were performed according to the National Institute 

of Health guidance using protocols approved by Animal 

Studies Committees at Washington University School 

of Medicine and University of Delhi. Age-matched 

14-week-old male and female C57BL/6 mice were used 

for experiments.

Inhibitors

To pharmacologically inhibit NLRP3 inflammasome, a 

specific inhibitor MCC950 (Sigma-Aldrich, St. Louis, 

MO) was injected (IP: 50  mg/Kg) as reported in [42], 

starting 72 h before the induction of stress in mice, and 

again given at every 24 h until the end of the experiment. 

Control mice were similarly injected with vehicle (0.05% 

DMSO in saline, i.p.).

To pharmacologically inhibit BTK, a specific inhibi-

tor ibrutinib (PCI-32765, Abcam, Cambridge, MA) 

was administered (IP: 3  mg/Kg) starting 72  h before 

the induction of stress in mice, and again given at every 

24 h until the end of the experiment. Control mice were 

injected in parallel with the vehicle (0.05% DMSO in 

saline, i.p.) at the same time points. To validate the obser-

vation from ibrutinib studies, a separate group of mice 

was injected (IP: 50  mg/kg) with another BTK-specific 

inhibitor LFM-A13 (Sigma-Aldrich) at similar time 

points as mentioned above. Control mice were similarly 

injected with vehicle (0.05% DMSO in saline, i.p.).

To determine the potential therapeutic efficacy of ibru-

tinib in post-stress paradigm, mice were injected daily 

with ibrutinib (IP: 3  mg/kg) 2 days after induction of 

stress in mice. Control mice were injected in parallel with 

the vehicle (0.05% DMSO in saline, i.p.) at the same time 

points. Ibrutinib and vehicle were administered daily for 

5 days.

Stress behavioral paradigm

Two weeks before behavioral testing, mice were gently 

handled daily. Mice were picked from the tail and per-

mitted to explore freely on an investigator’s gloved hand 

for 2 min. Mice were subjected to predator odor stress to 

induce psychological stress or restraint stress to induce 

physical stress. All stress induction experiments were 

performed at night between 8  pm and 3 am to avoid 

potential influence from noise and disturbances from day 

time activities.

To induce psychological stress, mice (prey) were placed 

away from the home cage in empty black plexiglass box 

(45 × 45 × 45  cm) containing fresh rat (predator) feces 

for 3  h. The plexiglass box, as well as gloved hands, 

were wiped clean with 70% ethanol solution and let dry 

between tests with each mouse to remove any olfactory 

cues to mice. Since predator smell can come to the test-

ing room and influence other animals; care was taken to 

expose the mice to rat feces under a fume hood.

To induce physical stress, mice were restrained by 

immobilizing them in disposable plastic tubes (4  cm – 

diameter × 12 cm – length) containing perforations near 

the nose for easy breathing and other ends with a hole in 

the closing cap for the tail to come out. Restrained mice 

were placed in a plexiglass box (45 × 45 × 45  cm) under 

the fume hood for 3 h. Thereafter mice were immediately 

placed in a container with ice-cold water and allowed 

to swim for 45 s, and then gently submerged completely 

underwater for 30 s. Restraining plastic tubes were used 

only once for each mouse. The plexiglass box as well as 

gloved hands were carefully cleaned with 70% ethanol 

solution and let dry between each session.

Control mice were placed similarly in separate plexi-

glass boxes (45 × 45 × 45 cm) near the stress experiment 

arena, however, away from the fume hood. Control expo-

sures were completed before starting the stress experi-

ments to avoid any potential disturbance to the control of 

mice from the stress paradigm. As an additional control 

and to see the potential influence of control mice from 

the surrounding in the stress experiment arena, a set of 

control mice were kept in a vivarium away from the stress 

experimental arena.
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Anxiety behavior

Seven days after the induction of predator odor and 

physical stress, the stressed and non-stressed control 

mice were examined for anxious behavior using open 

field test (OFT), light–dark test (LDT), and elevated 

plus maze test (EPM). All behavior assessment experi-

ments were performed at night between 8 pm and 3 am 

when rodents are most active—being nocturnal, and 

also to avoid potential influence from noise and distur-

bances from day time activities. Between tests with each 

mouse, all the behavior tools and hands were thoroughly 

wiped clean with 70% ethanol and dried well to remove 

any olfactory cues from the experimental mice. Behav-

ior tests were performed in the following sequence: open 

field test, light–dark test, and the elevated plus maze with 

1  h interval between each test. These tests represent a 

standard battery utilized for the examination of anxious 

behavior [43, 44].

Open field test

Examination of anxious behavior of stressed and non-

stressed control mice was conducted using an open-aired 

rectangular gray-colored opaque box (30 × 45  cm) sur-

rounded by a 35  cm high wall. At the beginning of the 

test, each mouse was placed into the same left spot at 

one corner of the rectangular arena and allowed to freely 

explore the arena for 7 min. The time spent in the cen-

tral arena – marked by an 8 × 12 cm rectangle was meas-

ured to assess anxiogenic behavior. Stressed animals tend 

to show hesitation to spend time in a central area away 

from the sidewalls of the box [45]. The testing arena was 

cleaned with 70% ethanol before and between each trial.

Light–dark test

This test utilizes a light–dark box to examine the innate 

tendency of mice to avoid the brightly lit area and escape 

to the safety of a dark area, especially when stressed 

[46, 47]. The test box consisted of a rectangular plexi-

glass box (50 × 30 cm) with one-half enclosed with black 

opaque plexiglass sheet to serve as a dark area and the 

other half had a clear plexiglass enclosure to act as a light 

area. These two areas were connected with an opening 

of 8 × 8 cm to enable the mouse to freely move in these 

areas. Mice were let in the box for 10 min and time spent 

in each chamber was counted to assess the anxiety behav-

ior in mice. The light–dark box was cleaned thoroughly 

with 70% ethanol between each trial to remove any olfac-

tory cues for the mice.

Elevated plus maze

After OFT and LDT, mice were subjected to elevated plus 

maze tests based on previously published methods [48, 

49]. Elevated plus maze was made of four perpendicular 

plus-shaped arms of plexiglass (30  cm in length, 7  cm 

in width), extending from the central square  (7cm2) at 

the elevation of 60 cm from the floor. One set of oppos-

ing arms had 15  cm high walls—representing a secure 

area, and the other set of opposing arms were without 

walls—representing an unsafe area. Elevated plus maze 

is based on the innate aversion of mice to open elevated 

unsafe spaces, and uses the conflict between exploration 

and this aversion. Mice were introduced into the central 

square of the elevated maze and allowed to freely explore 

all the arms for 5 min. Anxious behavior was determined 

by the percent time spent in the open arm of the elevated 

plus maze. An arm entry was counted when all the four 

limbs of the mouse enter into the open arm. Increased 

time spent in the open arm denotes a lower degree of 

anxiety in the rodents [49].

Tissue harvesting

Following the behavior tests, mice were anesthetized by 

injection with a mixture of ketamine (100  mg/kg) and 

xylazine (10 mg/Kg) and transcardially perfused with ice-

cold heparinized phosphate-buffered saline (PBS) to clear 

the brain vasculature of blood and peripheral immune 

cells [50, 51]. The brains were quickly extracted, hemi-

dissected, and hippocampus and amygdale isolated under 

the stereomicroscope. Tissues were snap-frozen in liquid 

nitrogen and stored in a − 80 °C freezer for later use.

Collection of peripheral blood mononuclear cells

About 1  ml of mouse blood was collected from cardiac 

puncture. Separation and extraction of mouse peripheral 

blood mononuclear cells (PBMC) were performed using 

density gradient centrifugation using OptiPrep solution 

(Sigma-Aldrich, St. Louis, MO) as previously described 

[52]. In brief, OptiPrep gradient solution was used to sep-

arate PBMC and plasma layers at centrifugation at 300 g 

and 20 °C for 30 min. PBMC were further washed twice 

with Tricine-buffered saline and collected by centrifuga-

tion (150 g at 20 °C for 7 min).

Quantification of IL1β and IL6

The snap-frozen mouse brain tissues were analyzed for 

IL1β and IL6 based on our published studies [53, 54]. 

Briefly, one-half of the hippocampus and amygdala were 

first homogenized with pellet pestle in RIPA buffer con-

taining protease and phosphatase inhibitors (Thermo 

Fisher Scientific, Waltham, MA). These were further 

homogenized by sonication (Mesonix Sonicater 3000) 

using six pluses of 20  s each on ice. The homogenates 

were agitated on ice for 30  min and then centrifuged 

at 14,000 × g at 4  °C for 30  min. The supernatant was 
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immediately used to determine the levels of IL1β and IL6 

using Quantikine Mouse ELISA kits and following the 

manufacturer’s protocols (R&D Systems, Minneapolis).

Immunoblot analysis

Brain tissue homogenates in RIPA buffer containing 

protease and phosphatase inhibitors were mixed with 

NuPAGE LDS sample buffer (Thermo Fisher Scientific) 

and immediately proteins (10 µg) were separated by SDS 

PAGE electrophoresis (Bio-Rad Laboratories, Hercules, 

CA) on 4–12% Bis–Tris gradient gels (Thermo Fisher 

Scientific). The proteins were transferred onto the PVDF 

membrane (Bio-Rad Laboratories). The membranes were 

blocked in 5% w/v bovine serum albumin (IgG-free and 

protease-free BSA, Jackson ImmunoResearch Labora-

tories, West Grove, PA) in 50  mM Tris–HCl (pH 7.4), 

150  mM NaCl and 0.1% Tween 20 (Tris-buffered saline 

with Tween, TBST). The membranes were incubated at 

4  °C overnight with the following mouse-specific pri-

mary antibodies: anti-NLRP3 (D4D8T, rabbit monoclo-

nal antibody, 1:1000, #15101, Cell Signaling Technology, 

Danvers, MA), anti-cleaved Caspase 1 (p20, Asp296, 

E2G2I, rabbit monoclonal antibody,1: 1000, #89332, 

Cell Signaling Technology), anti-phospho-Btk (Tyr223, 

D9T6H, rabbit monoclonal antibody, 1:1000, #8141, Cell 

Signaling Technology), anti-Btk (D3H5, rabbit monoclo-

nal antibody, 1:1000, #8547, Cell Signaling Technology) 

and anti-alpha tubulin for loading control (ab4074, rab-

bit polyclonal antibody, 1:5000, Abcam). The membranes 

were washed five times with TBST and incubated with 

horseradish peroxidase-conjugated goat anti-rabbit IgG 

secondary antibody (adsorbed with mouse and bovine 

to prevent cross-reactivity, 1:10,000, #STAR124P, Bio-

Rad Laboratories) in TBST for 1 h at room temperature. 

The membranes were washed five times with TBST and 

immunoreactivity was detected using SuperSignal West 

Pico PLUS Chemiluminescent substrate (Thermo Fisher 

Scientific).

Caspase 1 activity assay

The activation of Caspase 1 in mouse brain samples were 

determined using Caspase 1 Colorimetric Assay Kit 

(YVAD, Merck Millipore, Burlington, MA) and following 

the manufacturer’s instructions. The assay determines 

the activity of Caspase 1 that recognizes the sequence 

YVAD. In brief, hippocampus and amygdale tissue sam-

ples from one brain hemisphere were homogenized in 

an ice-cold lysis buffer. The lysates were added to a Cas-

pase 1 reaction buffer in a 96-well flat-bottom micro-

plate. A substrate solution containing YVAD conjugated 

to chromophore p-nitroanilide (pNA) was added to each 

well and this was followed by incubation at 37 °C for 2 h. 

The quantification of Caspase 1 activity was carried out 

by the detection of pNA from the cleavage of the pNA-

YVAD substrate by measuring light emission at 405 nm 

using a microplate reader (Molecular Devices, San Jose, 

CA).

Statistical analysis and reporting of data

All analysis was carried out using the open-source pro-

gram JASP (JASP Team 2020, Version 0.14). All main 

effects are reported with eta square (η2) and partial eta 

square (ηp
2) for one-way and factorial ANOVA tests, 

respectively, to provide information about effect sizes 

for each test. In factorial ANOVAs, if interaction terms 

were significant, the main effects were not tested post 

hoc. Instead, interactions were broken down using 

proper Bonferroni-corrected tests. For each post hoc 

comparison, the t values are reported alongside p values, 

rather than Cohen’s d as measures of effect size, since the 

Cohen’s d is not corrected for multiple comparisons in 

JASP. In case of 2X2X2 factorial ANOVAs, for each anal-

ysis, the results are reported with the significant main 

effects and the interaction term that had the largest effect 

size (ηp
2). If, however, the 3-way interaction term was sta-

tistically significant, then this was reported and post hoc 

testing was done accordingly. P < 0.05 was considered sta-

tistically significant for all analysis. Unless specified, all 

data reported in the text are reported as mean ± SD. Plots 

were constructed using GraphPad Prism 8.0 (Graph-

Pad Software, San Diego, CA) and figure layouts created 

using Adobe Creative Suite and Microsoft Office.

Results
Both predator odor stress and physical stress lead 

to hyper‑anxious behavior in mice and elevated 

neuroinflammatory markers in the brain at 1‑week 

post‑stress

We conducted two different stress paradigms, one was 

psychological stress and another was physical stress, as 

described in the methods section. Psychological stress 

was emulated by exposing 14-week-old mice to fresh rat 

feces for three hours away from home cage. Rats are nat-

ural predators for mice and their odor is well known to 

induce anxiety behavior in mice [55, 56].

To impart physical stress, we used a combination of 

physical restraint, forced swim and underwater submer-

sion, as discussed in the methods section. We assessed 

anxious behavior 7  days post-stress and soon after ana-

lyzed the animals’ brains for neuroinflammatory markers. 

To control for stress from the surroundings in the stress 

experiment arena, we used two different sets of control 

mice. The first group of control animals were brought 

into the stress experimental arena to expose them to the 

surroundings, however, kept away from the fume hood 

where stress experiments were carried out to avoid the 
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confound of any vicariously acquired stress. The second 

group of control rodents was kept in the vivarium away 

from the stress experiment arena.

Animals exposed to predator odor and subjected to 

physical stress demonstrated significantly reduced 

crossings of the central field in an open field test, a 

behavior that is associated with increased anxiety in 

rodents (Fig.  1A). A one-way ANOVA revealed a sig-

nificant effect of the experimental stress manipula-

tions [F (3,78) = 42.16, p < 0.001, η2 = 0.619; Fig.  1A]. 

Pairwise comparisons with the Bonferroni correction 

demonstrated that the mice in the physical stress group 

performed worst (mean ± SD: 13.9 ± 5.24), followed 

by the mice exposed to predator odor (21.7 ± 5.18), 

compared to both sets of control mice (p < 0.001). The 

control mice from vivarium (32.67 ± 8.38) or in the 

stress arena with no direct view of the stress paradigms 

(33.57 ± 6.74) were not significantly different from one 

another in the time spent in the central square of the 

field (p > 0.05).

Fig. 1 Physical and psychological stress induces hyper-anxious behavior in mice. A Examination of anxious behavior of stressed and non-stressed 
control mice using open field test (OFT). Mice exposed to predator odor and physical stress exhibited significantly higher anxiety levels when 
compared to the controls (Control-vivarium, and Control-arena), as depicted by their hesitation to explore or spend more time in the central area 
of the OFT. B Light–dark test (LDT) revealed mice exposed to predator odor and restrain stress exhibited significantly higher anxiety levels (dark–
light ratios) when compared to the controls, as explained by their reluctance to spend more time in the light chamber of the LDT, with physically 
stressed mice displaying greater anxious behavior. C Elevated plus maze (EPM) test revealed mice subjected to predator odor, and physical stress 
displayed significantly increased anxiety levels compared to the controls, as evidenced by their hesitation to spend more time in the open arms 
of the EPM. D Examination of Interleukin 1β (IL1β) in the hippocampus of mice exposed to predator odor and physical stress showed aberrantly 
higher IL1β levels compared to the controls. E Examination of Interleukin 6 (IL6) in the hippocampus of mice by ELISA showed that mice exposed 
to predator odor and physical stress showed aberrantly higher IL6 levels relative to the controls. All data are presented as mean with 95% CI 
(n = 20–21/group); ***p < 0.001, ns (not significant); one-way ANOVA followed by Bonferroni post hoc test
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The second behavior test to access the anxiety in 

mice was the light–dark test. Naïve mice spend roughly 

equivalent amount of time exploring both the light and 

the dark compartments of the testing chambers with a 

slight preference on the dark compartment. A tendency 

of spending more time in the dark half of the testing 

chamber is associated with increased anxiety in mice. 

The ratio of the time spent by the mice in the dark to 

the time spent in the lighted half of the testing cham-

ber (D/L ratio) should therefore be approximately 1 or 

slightly above 1 in control mice, and an increase in this 

ratio would reflect increased anxious behavior in mice. 

A one-way ANOVA of the experimental groups revealed 

a significant difference in group means by experimen-

tal status [F (3,78) = 41.54, p < 0.001, η2 = 0.615; Fig. 1B]. 

Bonferroni-corrected post hoc tests were used for pair-

wise comparisons. While both the control groups of 

mice, i.e., one in the vivarium and another exposed to 

the stress experiment arena displayed similar D/L ratios 

(1.19 ± 0.34 and 1.13 ± 0.36; t = 0.37, p < 0.05), mice 

exposed to predator odor exhibit a significant increase 

in the D/L ratio (1.92 ± 0.41) compared to control mice 

in the arena (t = 4.06, p < 0.001) and control mice in the 

vivarium (t = 3.69, p < 0.001). Mice subjected to physical 

stress exhibited the highest D/L ratio (3.03 ± 1.08), signif-

icantly more compared to mice exposed to predator odor, 

(t = 5.72, p < 0.001), control mice in the arena (t = 9.85, 

p < 0.001), and control mice in the vivarium (t = 9.49, 

p < 0.001).

To further evaluate the anxiety behavior in stressed 

mice, we conducted the well-established elevated plus 

maze (EPM) test. Time spent in the open arm of the 

maze was used to measure anxious behavior, with a 

reduction in the time spent in the open arm taken as a 

manifestation of increased anxiety. A one-way ANOVA 

revealed a significant difference among group means [F 

(3,78) = 67.13, p < 0.001, η2 = 0.721; Fig.  1C]. Post hoc 

testing with the Bonferroni correction was used for pair-

wise comparisons. Mice subjected to physical stress spent 

the shortest time in the open arm of the maze in seconds 

(33.05 ± 11.35), compared to both groups of control mice 

in the stress experiment arena (82.54 ± 15.01; t = 12.38, 

p < 0.001) and in the vivarium (80.71 ± 13.07; t = 11.93, 

p < 0.001), as well as the mice exposed to predator odor 

(58.1 ± 9.98; t = 6.2, p < 0.001). Mice exposed to predator 

odor also displayed significantly higher anxiety mani-

fested by the shorter times they spent in the open arm of 

elevated maze, as compared to the control mice near the 

arena (t = 6.114, p < 0.001) and the vivarium (t = 5.661, 

p < 0.001). The two control groups were not significantly 

different from one another in this regard (t = 0.5, p = 1.0).

The above experiments demonstrated that the stress 

paradigms we conducted on mice elicited a robust 

anxiety response, and predictably, a higher response in 

mice subjected to physical stress. Next, we focused on 

the neuroinflammatory markers of the brain, specifically 

the proinflammatory cytokines IL1β and IL6 in the hip-

pocampus. An ELISA assay for IL1β was conducted and 

analyzed by one-way ANOVA. Both physical stress and 

predator odor stress elicited a robust IL1β upregulation 

in the hippocampus of the mice, compared to control hip-

pocampi [F (3,78) = 49. 99, p < 0.001, η2 = 0.658; Fig. 1D]. 

Post hoc analysis (Bonferroni corrected) revealed that 

physical stress led to the most robust upregulation of 

IL1β (pg/ml) in the hippocampus (5.12 ± 1.06), compared 

to both groups of control mice in the stress experimental 

arena (2.58 ± 0.75; t = 10.54, p < 0.001) and in the vivar-

ium (2.64 ± 0.65; t = 10.29, p < 0.001), as well as the mice 

exposed to predator odor (3.92 ± 0.53; t = 4.92, p < 0.001). 

IL1β levels in mice exposed to predator odor were sig-

nificantly higher as compared to the control mice near 

the arena (t = 5.59, p < 0.001) and the vivarium (t = 5.3, 

p < 0.001). IL1β levels were similar between the two con-

trol groups (t = 0.25, p = 1.0).

IL6 levels in the hippocampus followed a very simi-

lar pattern to that of IL1β. A one-way ANOVA revealed 

significant differences in group means based on experi-

mental conditions [F (3,78) = 43. 79, p < 0.001, η2 = 0.599; 

Fig.  1E]. Physical stress upregulated IL6 most robustly 

(7.79  pg/ml ± 1.15), compared to both groups of con-

trol mice in the arena (4.82  pg/ml ± 0.97; t = 8.95, 

p < 0.001) and in the vivarium (4.71 pg/ml ± 1.32; t = 9.29, 

p < 0.001), as well as the mice exposed to predator odor 

(6.43  pg/ml ± 0.69; t = 4.06, p < 0.001).M ice exposed 

to predator odor displayed significantly elevated IL-6 

compared to the control mice near the arena (t = 4.84, 

p < 0.001) and the vivarium (t = 5.18, p < 0.001). The two 

control groups were not significantly different from one 

another in their IL6 expression levels in the hippocampus 

(t = 0.34, p = 1.0).

Taken together, the results of the experiment suggested 

that alongside anxious behavior, our stress models also 

upregulated proinflammatory cytokines IL1β and IL6 

in the brain. Physical stress elicited a more prominent 

response across all behavioral as well as molecular meas-

ures. Since the two control groups had no significant dif-

ference in any of the outcome measures, for the rest of 

this study, we conducted our experiments with control 

mice which were exposed to the stress experiment arena 

without visual access to the area where stress paradigms 

were performed.

Female mice display an exacerbated stress response 

compared to male mice

To understand the gender differences in anxiogenic 

response, we examined the male and female mice under 
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both stress paradigms, i.e., psychological stress (preda-

tor odor) and physical stress (restraint stress followed 

by underwater trauma). We observed that female mice 

had a more pronounced response to stress in both the 

stress models used, across behavioral and molecular 

outcome measures. However, like observed in the ear-

lier experiments, physical stress continued to elicit a 

more robust response in all outcomes assessed com-

pared to predator odor stress. The sex difference is of 

interest and special relevance because this mirrors 

Fig. 2 Female mice display an exacerbated stress response compared to male mice. A Open field test showing physically stressed mice exhibited 
significantly higher anxiety levels when compared to the controls, as illustrated by their reluctance to explore or spend more time in the central 
area of the OFT, with the female stressed mice showing greater anxiety. B Dark–Light test revealed female mice exposed to physical stress exhibited 
significantly higher anxiety levels (higher dark/light ratios) when compared to other groups, as explained by their hesitation to spend more time in 
the light chamber of the LDT. C Elevated plus maze revealed female mice subjected to physical stress displayed significantly increased anxiety levels 
compared to those in stressed males, as evidenced by their hesitation to spend more time in the open arms of the EPM. D Interleukin 1β (IL1β) 
levels in the hippocampus revealed stressed female mice showed aberrantly higher IL1β activity compared to those in stressed male mice. E Female 
mice subjected to physical stress showed aberrantly higher IL6 levels in the hippocampus relative to their male counterparts. All data are presented 
as mean with 95% CI (n = 17/group); ***p < 0.001, ns (not significant); two-way ANOVA followed by Bonferroni post hoc test
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human data on PTSD and stress and anxiety related 

disorders—females demonstrate a higher incidence and 

prevalence and severity of anxious symptoms in these 

disorders [57].

Physically stressed mice, both male and female were 

assessed by the open field test (Fig.  2A), the light–dark 

test (Fig.  2B) and the elevated plus maze test (Fig.  2C). 

We conducted separate analysis between groups using 

factorial ANOVAs for each test, with stress (Control 

mice near the arena vs. physically stressed mice) and 

sex (male vs. female) as factors. For the open field test, 

there was a significant main effect of stress [F (1,64) = 

294.76, p < 0.001, ηp
2 = 0.82] and a significant main effect 

of sex [F (1,64) = 13.97, p < 0.001, ηp
2 = 0.17] on the time 

spent in the central square of the open field. This was 

further qualified by a significant interaction between 

the two factors [F (1,64) = 10.14, p = 0.002, ηp
2 = 0.14; 

Fig. 2A]. Bonferroni-corrected post hoc testing revealed 

that while control male and female mice spent simi-

lar times in the central square of the open field (M: 

34.06 s ± 6.05, F: 33.41 s ± 5.39; t = 0.39, p = 1.00), among 

physically stressed mice, the time spent by female mice 

(9.65 s ± 3.71) in the central square of the open field test 

was significantly less than the male mice (17.77 s ± 3.70; 

t = 4.90, p < 0.001). Between the different experimental 

conditions, control male mice spent a significantly higher 

time in the central square compared to the physically 

stressed male mice (t = 9.83, p < 0.001). Likewise con-

trol female mice spent a much higher time in the cen-

tral square compared to physically stressed female mice 

(t = 14.33, p < 0.001).

In the light–dark test, analysis between subjects 

using factorial ANOVA on the D/L ratio revealed 

a significant main effect of stress [F (1,64) = 64.51, 

p < 0.001, ηp
2 = 0.50], a significant main effect of sex [F 

(1,64) = 15.2, p < 0.001, ηp
2 = 0.19] and a significant inter-

action between stress and sex [[F (1,64) = 15.00, p < 0.001, 

ηp
2 = 0.19; Fig. 2B]. Bonferroni post hoc analysis showed 

that while control male and female mice had similar D/L 

ratios (M: 1.13 ± 0.34, F: 1.14 ± 0.24; t = 0.001, p = 1.00), 

physically stressed female mice had significantly higher 

D/L ratios compared to physically stressed male mice (M: 

2.3 ± 0.56, F: 4.47 ± 2.19; t = 5.48, p < 0.001). Control male 

mice exhibited a significantly lower D/L ratio than physi-

cally stressed male mice (t = 2.94, p = 0.027), as did con-

trol female mice compared to physically stressed female 

mice (t = 8.42, p < 0.001).

Results from the elevated plus maze (time spent in the 

open arm of the maze) was also compared fully between-

subjects using factorial ANOVA, and demonstrated 

a significant main effect of stress [F (1,64) = 390.60, 

p < 0.001, ηp
2 = 0.86], a significant main effect of sex, [F 

(1,64) = 12.85, p < 0.001, ηp
2 = 0.17], and a significant 

interaction between stress and sex, [F (1,64) = 6.519, 

p = 0.013, ηp
2 = 0.09; Fig.  2C]. Once again, control male 

and female mice exhibited a similar amount of time spent 

in the open arm (M: 27.56  s ± 3.295, F: 26.76  s ± 3.82; 

t = 0.88, p = 1.00), but physically stressed female mice 

spent a significantly lower time in the open arm than 

physically stressed male mice (M: 14.12  s ± 2.61, F: 

9.33  s ± 3.03; t = 4.34, p < 0.001). Within the different 

experimental conditions, the control male mice spent 

a significantly higher time in the open arm compared 

to the physically stressed mice (t = 12.17, p < 0.001) as 

did the female control mice compared to the physically 

stressed female mice (t = 15.78, p < 0.001).

Thus far, in all three behavior assessments, stressed 

female mice displayed a hyper-anxious behavior. Next, 

we wanted to investigate proinflammatory cytokines in 

the brain and see if they were consistent with the exag-

gerated anxiety response in the mice. To this end, we per-

formed ELISA assays to test for hippocampal IL1β and 

IL6 in this cohort. In each case, we analyzed the results 

with individual 2(arena control, physical stress) X 2(male, 

female) factorial ANOVAs followed with Bonferroni-

corrected pairwise comparisons for the significant main 

effects and interactions. For hippocampal IL1β, the fac-

torial ANOVA revealed an extremely significant main 

effect of stress, [F (1,64) = 99.24, p < 0.001, ηp
2 = 0.61], a 

significant main effect of sex [F (1,64) = 9.32, p = 0.003, 

ηp
2 = 0.13] and a small yet significant interaction between 

stress and sex [F (1,64) = 9.32, p = 0.011, ηp
2 = 0.09; 

Fig. 2D]. Consistent with the behavioral data, the stressed 

female mice had a significantly higher level of IL1β com-

pared to the stressed male mice (M: 4.37  pg/ml ± 0.64, 

F: 5.69  pg/ml ± 0.91; t = 4.02, p < 0.001), while control 

male and female mice had similar levels of hippocampal 

IL1β (M: 2.68 pg/ml ± 1.21, F: 2.78 pg/ml ± 0.96; t = 0.29, 

p = 1.00). Within the different experimental conditions, 

physically stressed female mice had much higher levels 

than control female mice (t = 8.91, p < 0.001) and a similar 

pattern of difference was also observed between control 

males and stressed males, although the magnitude of the 

difference was less between control and stressed groups 

in the males (t = 5.18, p < 0.001).

For IL6, the factorial ANOVA revealed an extremely 

significant main effect of stress [F (1,64) = 100.79, 

p < 0.001, ηp
2 = 0.61], a significant effect of sex [F 

(1,64) = 11.074, p = 0.001, ηp
2 = 0.15] and a significant 

interaction [F (1,64) = 11.93, p < 0.001, ηp
2 = 0.16; Fig. 2E]. 

Just like IL1β levels, hippocampal IL6 levels (pg/ml) 

were higher in stressed females compared to stressed 

males (M: 6.81 ± 1.10, F: 8.71 ± 1.17; t = 4.80, p < 0.001) 

but not in control males versus females (M: 4.96 ± 1.43, 

F: 4.93 ± 0.86; t = 0.09, p = 1.00). Stressed male and 

well as female mice displayed much higher IL6 in the 



Page 10 of 26Ghosh et al. Journal of Neuroinflammation          (2021) 18:289 

hippocampus than control males and females (t = 4.66, 

p < 0.001; t = 9.451, p < 0.001, respectively). Therefore, 

we discovered a pattern of proinflammatory cytokine 

expression that mirrors the sex difference seen in the 

behavioral data following physical stress, compared to 

control animals. We repeated these experiments with 

animals exposed to predator odor stress and observed 

similar anxiety responses with the three above-men-

tioned behavioral tests as well as elevations in hippocam-

pal IL1β and IL6, as measured with ELISA (Additional 

file 1: Fig. S1A–E). The sex differences were apparent in 

that cohort as well, however, the magnitude of the effects 

was lesser than what was elicited by the physical stress 

model. Keeping in mind the robust responses we saw 

following physical stress, hereafter, for all mechanistic 

investigation, we used the physical stress model and mice 

near stress experiment arena without a direct line of sight 

to the stress experiments as controls.

Signaling pathways that lead to production of IL1β 

are upregulated in the hippocampus and amygdala 

of physically stressed female mice to a greater extent 

than male mice

Next, we focused on molecules that are involved in the 

production of IL1β in two brain areas which always fig-

ure prominently in the literature related to stress and 

anxiety—hippocampus and amygdala. Using immuno-

blot, we probed these brain areas in physically stressed 

mice as well as control mice at one-week post-stress. We 

observed a robust induction of the NLRP3 inflamma-

some, as well as cleaved Caspase 1 (p20), the key mole-

cules responsible for the generation of IL1β.

Consistent with the results shown in Fig. 2, the induc-

tion NLRP3 and cleaved Caspase 1 (p20) were more 

prominent in stressed female mice, in comparison with 

stressed male mice and control group of mice, in both 

the hippocampus (Fig.  3A) and the amygdala (Fig.  3C). 

We normalized the NLRP3 immunoblot band intensities 

against tubulin and compared the relative band intensi-

ties from all groups with 2(control, physical stress) X 2 

(male, female) factorial ANOVAs for hippocampus and 

amygdala each. For samples from hippocampus, the fac-

torial ANOVA demonstrated a significant main effect 

for stress[F (1,20) = 84.89, p < 0.001, ηp
2 = 0.81], a sig-

nificant main effect of sex [F (1,20) = 15.60, p < 0.001, 

ηp
2 = 0.44] on relative band intensities for NLRP3, quali-

fied by significant interaction between stress and sex [F 

(1,20) = 12.90, p = 0.002, ηp
2 = 0.39; Fig. 3B]. The stressed 

female mice had a significantly higher relative NLRP3 

band intensity compared to the stressed male mice (M: 

1.95 ± 0.5, F: 3.23 ± 0.61; t = 5.33, p < 0.001), while control 

male and female mice had similar levels of hippocampal 

NLRP3 (M: 1.0 ± 0.17, F: 1.06 ± 0.2; t = 0.25, p = 1.00). 

Within the different experimental conditions, physically 

stressed female mice had much higher NLRP3 levels than 

control female mice (t = 9. 4, p < 0.001) and a similar pat-

tern of difference was also observed between control 

males and stressed males, although the magnitude of the 

difference was less between control and stressed groups 

in the males (t = 3.96, p = 0.005).

The relative band intensities of immunoblot from amyg-

dala samples also followed a similar pattern (Fig.  3D). 

The factorial ANOVA demonstrated a significant main 

effect for stress [F (1,20) = 84.74, p < 0.001, ηp
2 = 0.82], a 

significant main effect of sex [F (1,20) = 11.91, p < 0.001, 

ηp
2 = 0.37] on relative band intensities for NLRP3 from 

amygdala, qualified by significant interaction between 

stress and sex [F (1,20) = 9.87, p = 0.005, ηp
2 = 0.33; 

Fig. 3D]. Once again, the amygdala samples from stressed 

female mice had a significantly higher relative NLRP3 

intensity as compared to the stressed male mice (M: 

2.19 ± 0.64, F: 3.44 ± 0.61; t = 4.66, p < 0.001). Within the 

different experimental conditions, physically stressed 

female mice had significantly higher NLRP3 levels in 

amygdala than control female mice (t = 8.88, p < 0.001) 

and a similar pattern of difference was also observed 

between control males and stressed males, although the 

magnitude of the difference was less between control 

and stressed groups in the males (t = 4.44, p = 0.002).We 

also observed similar pattern from analysis of Caspase 1 

activity in hippocampus (Fig. 3E) and amygdala (Fig. 3F). 

The physically stressed female mice had higher Caspase 

1 activity as compared to their stressed male counter-

parts and controls. Similarly, the quantification of cleaved 

Caspase 1 relative band intensities from immunoblots 

showed significantly higher band intensities in physically 

stressed females as compared to stressed males and con-

trol groups in both amygdala (Additional file 1: Fig. S2A) 

and hippocampus (Additional file 1: Fig. S2B).

NLRP3 inflammasome play a critical role in the patho-

physiology of neuroinflammation through activation of 

Caspase 1 and IL1β cytokine. Our data until here sug-

gest that physical stress elicits hyper-anxious behavior, 

robust NLRP3 induction in the hippocampus and amyg-

dala, alongside activation of downstream mediators IL1β 

and Caspase 1, and all responses are more pronounced in 

females compared to males.

Pharmacological inhibition of the NLRP3 inflammasome 

with MCC950 attenuates sexually divergent anxious 

behavior in mice as well as IL1β and Caspase 1 activity 

in the hippocampus and amygdala

Next, we carried out a pharmacological NLRP3 

inhibition study, which served as proof-of-concept 

experiments to verify whether targeting NLRP3 phar-

macologically can suppress the IL1β production and 
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rescue the anxious behavior in mice subjected to 

restrained stress and underwater trauma. To this end, 

we selected MCC950, a compound known to inhibit 

NLRP3 and have an excellent blood–brain barrier per-

meability [34, 58]. We injected control as well as physi-

cally stressed mice with vehicle and MCC950 (50  mg/

kg, i.p.) and tested the mice in the three behavioral 

paradigms mentioned before as well as analyzed their 

brains biochemically for IL1β and related markers. For 

each outcome measure we used 2(control, stressed) X 

2(male, female) X 2 (vehicle, MCC950) Factorial ANO-

VAs. Given the pattern of interactions noted in the ear-

lier set of experiments, we hypothesized a priori that 

we will see significant interactions among the factors, 

and the patterns of the interactions were especially 

of interest to us. We also wanted to see if the drug by 

itself influenced behavior and neuroinflammatory cor-

relates in control mice, in addition to the drug’s ability 

to rescue phenotypes in stressed mice, as well as gender 

divergent effects.

When tested on the open field with the time spent in 

the central square of OFT and analyzed by a factorial 

ANOVA (Fig. 4A), there was a significant main effect of 

stress [F (1,168) = 205.44, p < 0.001, ηp
2 = 0.55], a main 

effect of sex [F (1,168) = 4.68, p = 0.032, ηp
2 = 0.03], 

and a significant main effect of drug [F (1,168) = 52.86, 

Fig. 3 Physical stress leads to induction of NLRP3 inflammasome and Caspase 1 activation in hippocampus and amygdala of mice. A Immunoblot 
analysis of NLRP3 and cleaved Caspase 1 from hippocampus homogenates. B The relative densitometry of NLRP3 immunoblots of samples from the 
hippocampus, which shows physical stress-induced higher levels of NLRP3 inflammasome in female mice in comparison to male mice. C Western 
blot analysis of NLRP3 and cleaved Caspase 1 in amygdala homogenates. D The relative densitometry analysis of NLRP3 immunoblots of amygdala 
samples. The analysis showed stressed female mice exhibited increased induction of NLRP3 inflammasome in comparison to male mice. Caspase 1 
activity in the hippocampus E and amygdala (F), as measured in respective brain homogenates using Caspase 1 assay kit. Female mice subjected 
to physical stress showed significantly higher Caspase 1 activation relative to their male counterparts and control mice. All values are presented as 
mean with 95% CI (n = 6–17/group); ***p < 0.001, ns (not significant); two-way ANOVA followed by Bonferroni post hoc test
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p < 0.001, ηp
2 = 0.23]. Two interaction terms were sig-

nificant, namely stress*sex [F (1,168) = 14.41, p < 0.001, 

ηp
2 = 0.08] and stress*drug [F (1,168) = 27.75, p < 0.001, 

ηp
2 = 0.14]. Control mice both vehicle treated (M: 

30.35  s ± 6.04, F: 32.95  s ± 8.69; t = 0.66, p = 1.00) or 

MCC950 treated (M: 33.31  s ± 7.31, F: 34.05  s ± 8.48; 

t = 0.39, p = 1.00) did not exhibit significant difference 

within sex or treatment (M: t = 0.492, p = 0.95). Vehicle-

treated mice subjected to physical stress, however, dis-

played a sharp decline in the time spent in the central 

square of the open field which with the decline being 

sharper in female mice than males (M: 16.64 s ± 4.81, F: 

8.05 s ± 3.14) compared to control animals, both vehicle 

treated (t = 13.86, p < 0.001) as well as MCC950 treated 

(t = 13.86, p < 0.001). Physically stressed mice dosed 

with MCC950 showed a significant rescue from vehicle-

treated stressed mice (M: 26.32 s ± 5.32, F: 23.14 s ± 6.52) 

compared to vehicle-treated stressed mice (t = 8.87, 

p < 0.001).

The light–dark test showed a similar pattern 

(Fig.  4B). The factorial ANOVA conducted on the D/L 

ratios revealed a significant main effect of stress [F 

(1,168) = 191.405, p < 0.001, ηp
2 = 0.53], a main effect of 

sex [F (1,168) = 36.97, p < 0.001, ηp
2 = 0.18], and a sig-

nificant main effect of drug [F (1,168) = 93.43, p < 0.001, 

ηp
2 = 0.36]. This was further qualified by significant inter-

action terms, including a 3-way interaction between 

stress, sex and drug [F (1,168) = 22.058, p < 0.001, 

ηp
2 = 0.12]. Control mice both vehicle treated (M: 

1.15 ± 0.45, F: 1.22 ± 0.55; t = 0.02, p = 1.00) or MCC950 

treated (M: 1.1 ± 0.22, F: 1.11 ± 0.26; t = 0.98, p = 1.00) 

did not exhibit significant difference within sex or drug 

treatment (males, t = 0.29, p = 1.00; Females, t = 0.71, 

p = 1.00). Vehicle-treated mice subjected to physi-

cal stress, however, showed a markedly increased D/L 

ratio, with female ratios being significantly higher (M: 

2.141 ± 0.34, F: 3.89 ± 0.99; t = 10.75, p < 0.001) compared 

to control animals, both vehicle treated (M: t = 6.01, 

p < 0.001; F: t = 16.4, p < 0.001) as well as MCC950 treated 

(M: t = 6.39, p < 0.001; M: t = 17.11, p < 0.001). The D/L 

ratio was restored in physically stressed mice treated with 

MCC950 and showed a significant rescue (M: 1.45 ± 35, 

F: 1.6 ± 0.68, t = 0.93, p = 1.00) and their performance 

was not significantly different from MCC950 treated con-

trol mice (M: t = 0.4, p = 0.957; F: t = 3.04, p = 0.078).

Next, we analyzed the data from elevated plus maze 

(Fig.  4C). We used the time spent by the mice from all 

groups, in the open arms, and calculated percentage 

time spent in the open arm. The factorial ANOVA con-

ducted on the EPM data revealed a significant main 

effect of stress [F (1,168) = 230.08, p < 0.001, ηp
2 = 0.58], a 

main effect of sex [F (1,168) = 6.38, p = 0.012, ηp
2 = 0.04], 

and a significant main effect of drug [F (1,168) = 48.32, 

p < 0.001, ηp
2 = 0.22]. This was further qualified by signifi-

cant interaction terms, with the most significant interac-

tion between stress and drug [F (1,168) = 47.29, p < 0.001, 

ηp
2 = 0.22]. Control unstressed mice, both vehicle treated 

(M: 28.26 ± 5.47, F: 27.24 ± 3.59; t = 0.72, p = 1.00) or 

MCC950 treated (M: 27.35 ± 3.1, F: 28.36 ± 6.29; t = 0.65, 

p = 1.00) spent comparable times in the open arms and 

did not exhibit significant difference within sex or drug 

treatment (t = 0.52, p = 1.00). Vehicle-treated mice sub-

jected to physical stress, however, showed a markedly 

reduced percentage time spent in the open arm, with 

females spending significantly lesser time in the open 

arm of the EPM (M: 15.27 ± 3.9, F: 9.12 ± 2.96; t = 6.15, 

p < 0.001) compared to control animals, both vehicle 

treated (t = 15.59, p < 0.001) as well as MCC950 treated 

(M: t = 15.64, p < 0.001). The percentage time spent in 

the open arm was markedly improved in the physically 

stressed mice treated with MCC950 (M: 22.39 ± 4.4, F: 

21.51 ± 6.37, t = 0.62, p = 1.00).

Thus far, the behavioral data replicated our earlier find-

ings from Fig. 2 with respect to all three behavioral para-

digms used to measure anxious behavior. Our model of 

physical stress produced robust anxious behavior in mice, 

which was significantly more pronounced in the female 

mice. When we inhibited the NLRP3 inflammasome, an 

Fig. 4 Inhibition of NLRP3 inflammasome by MCC950 treatment attenuates anxious behavior and neuroinflammation in stressed mice. Physical 
stress was induced by subjecting mice to restraint and underwater trauma. Control mice were treated with either vehicle or MCC950. Similarly, 
stressed mice were treated with either vehicle or MCC950. A Open field test: as compared to controls, physically stressed mice dosed with MCC950 
exhibited significantly decreased anxiety levels, as illustrated by the increased time spent in the central area of the OFT, in both male and female 
mice. B Light–dark test: physically stressed mice dosed with MCC950 exhibited significant improvement from hyper-anxious behavior, as explained 
by the reduced D/L ratio, i.e., increased exploration time in the light chamber of the LDT. C Elevated plus maze test revealed physical stress mice 
dosed with MCC950 displayed significant rescue from anxiety compared to the vehicle controls, as evidenced by the increased duration of time 
spent in the open arms of the EPM. D Examination of IL1β in hippocampal homogenates by ELISA revealed physically stressed mice dosed with 
MCC950 showed diminished IL1β levels compared to the vehicle controls, denoting significant rescue from anxiety. E Caspase 1 activity in the 
hippocampus: physically stressed mice administered with MCC950 exhibited attenuated Caspase 1 activation relative to their vehicle controls. All 
values are presented as mean with 95% CI (n = 22/group); ***p < 0.001, ns (not significant); 2X2X2 factorial ANOVA followed by Bonferroni post hoc 
test

(See figure on next page.)
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important upstream molecule that mediates the acti-

vation of Caspase 1 and IL1β, using pharmacological 

inhibitor MCC950, mice showed significant rescue from 

heightened anxious behavior in all three behavior tests. 

Thus, it implicates NLRP3–Caspase 1–IL1β pathway in 

anxiogenesis following physical stress.

We then turned to investigating biochemical changes 

in the brain following NLRP3 inhibition by administering 

Fig. 4 (See legend on previous page.)
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MCC950. We measured hippocampal IL1β levels with 

ELISA and analyzed the data with a factorial ANOVA 

(Fig.  4D). The factorial ANOVA conducted revealed 

a significant main effect of stress [F (1,168) = 153.65, 

p < 0.001, ηp
2 = 0.48], a main effect of sex [F (1,168) = 7.77, 

p = 0.006, ηp
2 = 0.04], and a significant main effect of 

drug [F (1,168) = 58.62, p < 0.001, ηp
2 = 0.24]. This was 

further qualified by significant interaction terms, with 

the most significant interaction between stress and drug 

[F (1,168) = 49.24, p < 0.001, ηp
2 = 0.23]. Control mice 

both vehicle treated (M: 2.47  pg/ml ± 0.62, F: 2.39  pg/

ml ± 0.82; t = 0.35, p = 1.00) or MCC950 treated (M: 

2.34 pg/ml ± 0.48, F: 2.44 pg/ml ± 0.72; t = 0.65, p = 1.00) 

had similar levels of IL1β in the hippocampus, did not 

show a sex difference or an upregulation in IL1β pro-

duction just by the drug treatment (M: t = 0.52, p = 1.00; 

F:t = 0.22, p = 1.00). Vehicle-treated mice subjected to 

physical stress, had significantly elevated hippocampal 

IL1β levels, with more prominent increase in females 

(M: 4.24  pg/ml ± 0.62, F: 5.42  pg/ml ± 0.62; t = 4.79, 

p < 0.001) compared to control animals, both vehicle 

treated (M: t = 7.14, p < 0.001; F: t = 12.27, p < 0.001) 

as well as MCC950 treated (M: t = 7.66, p < 0.001; F: 

t = 12.06, p < 0.001). When dosed with MCC950, IL-1β 

levels went down significantly, and abolished the dif-

ference between males and females, although females 

tended to have slightly elevated IL-1β even in treated ani-

mals (M: 2.97 pg/ml ± 0.96, F: 3.15 pg/ml ± 1.16, t = 0.74, 

p = 1.00). Following MCC950 treatment, hippocampal 

IL1β levels in physically stressed animals were not signifi-

cantly higher than vehicle treated (M: t = 1.99, p = 1.00; 

F: t = 3.08, p = 0.07) or MCC950 treated (M: t = 2.52, 

p = 0.36; F: t = 2.86, p = 0.13) control mice.

We also analyzed the activity of Caspase 1 in the hip-

pocampus, to validate our results in this pharmaco-

logical NLRP3 inhibition experiment, and analyzed the 

data with a Factorial ANOVA. Overall, the pattern of 

Caspase 1 activity data (Fig. 4E) mirrored the IL1β data 

closely. Caspase 1 activity rose sharply and significantly 

in stressed mice treated with vehicle, and was signifi-

cantly attenuated in physically stressed mice treated with 

NLRP3 inhibitor MCC950. We confirmed similar pat-

terns of inhibition of IL1β as well as Caspase 1 activity 

in the amygdala of stressed mice treated with MCC950 

(Additional file  1: Fig. S3 A, B). Therefore, this experi-

ment provided evidence that the NLRP3 inflammasome 

activation is a crucial part of the neuroinflammatory 

response seen in this model of physical stress and anxi-

ogenic behavior, with females displaying a more severe 

phenotype compared to males.

Bruton’s tyrosine kinase (BTK) is induced in hippocampus 

and amygdala of mice following physical stress 

in a sexually divergent pattern

To investigate a potential therapeutic avenue, we probed 

further upstream of NLRP3, and focused on BTK acti-

vation, a molecular event that is critical to the assembly 

and functioning of NLRP3 inflammasome. Phosphoryla-

tion of BTK at Tyr223 within the SH3 domain is neces-

sary for the full activation of BTK and its downstream 

signaling, including induction of NLRP3 inflamma-

some. We subjected lysates from the hippocampus and 

amygdala of stressed and control mice to immunoblot 

analysis, using anti-phospho-BTK antibody (Tyr223, 

D9T6H, rabbit monoclonal antibody, 1:1000, #87141, 

Cell Signaling Technology), anti-BTK antibody (D3H5, 

rabbit monoclonal antibody, 1:1000, #8547, Cell Signal-

ing Technology) and anti-alpha tubulin for loading con-

trol (ab4074, rabbit polyclonal antibody, 1:5000, Abcam). 

On conducting a 2X2 ANOVA (stress, sex) of tubulin-

normalized pBTK relative densitometry from the hip-

pocampal lysates revealed a significant main effect of 

stress[F (1,20) = 110.63, p < 0.001, ηp
2 = 0.85]and a sig-

nificant main effect of sex [F (1,20) = 13.03, p = 0.002, 

ηp
2 = 0.4]. This was further qualified by a significant 

interaction between the two factors [F (1,20) = 14.97, 

p < 0.001, ηp
2 = 0.43; Fig.  5A, B]. Bonferroni-corrected 

post hoc testing revealed that physical stress induced an 

approximately 2- and 3-fold increase in phospho-BTK 

in male and female mice, respectively (M: 2.058 ± 0.44, 

F: 3.25 ± 0.56; t = 5.29, p < 0.001), compared to control 

male and female mice (M: 1.00 ± 0.16, F: 0.96 ± 0.28; 

t = 998, p = 1.00). Between the two experimental con-

ditions the upregulation in phospho-BTK was much 

starker in stressed females as compared to control female 

mice (t = 10.17, p < 0.001) than stressed males and con-

trol male mice (t = 4.70, p = 0.002), although both sexes 

demonstrated a significant upshot of phospho-BTK fol-

lowing stress. There was no change in total BTK levels in 

all the groups, as revealed by immunoblots probed with 

BTK antibody. Very similar patterns and effect sizes were 

found in the amygdala samples (Fig. 5C, D). Immunoblot 

analysis of amygdala samples revealed that phospho-BTK 

was upregulated following physical stress, but dispropor-

tionately more significantly in females than male mice. 

Thus far, these experiments provided the evidence that 

BTK, an upstream regular of NLRP3, is activated in hip-

pocampus and amygdala of mice following physical stress 

in sexually divergent pattern.
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Pharmacological inhibition of BTK produces anxiolysis 

and attenuates NLRP3, Caspase 1 and IL1β upregulation 

in hippocampus and amygdala of stressed mice

Several recent studies in different disease models, such 

as ischemic brain injury, cardiac dysfunction, and inflam-

matory diseases have suggested that BTK is an upstream 

positive-regulator of NLRP3 inflammasome, which in 

turn induce downstream proinflammatory molecu-

lar events such as activation of Caspase 1 and IL1β [36, 

59–62]. Utilizing ibrutinib, as an FDA approved BTK 

inhibitor, these studies have suggested BTK as a thera-

peutically relevant NLRP3 regulator. Ibrutinib binds irre-

versibly to BTK and inhibits the phosphorylation of Tyr 

223, thus blocking BTK activity. In a proof-of-concept 

study, we asked if inhibiting BTK with ibrutinib would 

provide protection in physical stress model. We injected 

ibrutinib (3 mg/kg, i.p.) into control groups of mice and 

as well as those subjected to restraint and underwater 

Fig. 5 Physical stress in mice induces the activation of BTK in the hippocampus and amygdala. Mice were subjected to physical stress by restraint 
and underwater trauma. A Immunoblot analysis of the hippocampal homogenates using anti-phospho-BTK (pBTK, Tyr223), BTK, and tubulin 
antibodies. B Relative densitometry analysis of pBTK immunoblots showing physical stress significantly induced the activation of BTK, as revealed 
by increased pBTK levels in stressed mice as compared to controls. C Western blot analysis of pBTK, total BTK, and tubulin as a loading control. D 

The relative densitometry analysis of pBTK immunoblots of amygdala samples. The analysis from both hippocampal and amygdala samples showed 
stressed female mice exhibited significantly increased induction of pBTK relative to their male counterparts and control mice. Data are presented as 
mean with 95% CI (n = 6/group); ***p < 0.001, ns (not significant); two-way ANOVA, followed by Bonferroni post hoc test
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Fig. 6 Pharmacological inhibition of BTK with ibrutinib attenuates hyper-anxious behavior as well as proinflammatory molecules in the 
hippocampus of stressed mice. Mice subjected to restraint stress and underwater trauma was injected with ibrutinib (3 mg/kg, i.p.) or vehicle. 
A Immunoblot analysis of pBTK in hippocampal homogenates. B The relative densitometry of pBTK immunoblots from hippocampal samples 
showing ibrutinib treatment significantly reduced the pBTK levels in physically stressed mice as compared to vehicle-treated stressed mice. All 
values are presented as mean with 95% CI (n = 6/group); ***p < 0.001, **p < 0.01 ns (not significant); 2X2 factorial ANOVA followed by Bonferroni 
post hoc test. C Immunoblot analysis of NLRP3 in hippocampus homogenates D The relative densitometry of NLRP3 immunoblots from 
hippocampal samples showing ibrutinib treatment significantly reduced the NLRP3 inflammasome levels in physically stressed mice as compared 
to vehicle-treated stressed mice. ***p < 0.001, ns (not significant); One way ANOVA, followed by Bonferroni post hoc test E Open field test: physically 
stressed mice dosed with ibrutinib exhibited significantly decreased anxiety levels when compared to the vehicle controls, as illustrated by 
increased exploration time in the central area of the OFT. F Light–dark test: physically stressed mice dosed with ibrutinib exhibited significant 
rescue from hyper-anxiety as explained by the significant increase in their time spent in the light chamber of the LDT (G). Elevated plus maze test: 
physically stress mice injected with ibrutinib displayed significantly reduced anxiety, as evidenced by the increased duration of time spent in the 
open arms of the EPM. H Analysis of IL1β in the hippocampus by ELISA revealed physically stressed mice dosed with ibrutinib showed diminished 
proinflammatory IL1β. I Caspase 1 activity in the hippocampus: administration of ibrutinib in physically stressed mice showed reduced Caspase 
1 activation, elucidating significant rescue from the anxiogenic proinflammatory pathway. All values are presented as mean with 95% CI (n = 22/
group); ***p < 0.001, ns (not significant); 2X2X2 factorial ANOVA, followed by Bonferroni post hoc test



Page 17 of 26Ghosh et al. Journal of Neuroinflammation          (2021) 18:289  

trauma, and assessed them on behavioral and molecular 

end points.

First, we tested if ibrutinib indeed lowers BTK activa-

tion, in the hippocampal lysates of female animals which 

by far show greater pathology and anxious behavior, by 

running anti-phospho-BTK immunoblots and compar-

ing the relative densities of phospho-BTK1 normalized 

to tubulin (Fig.  6A, B). A 2X2 ANOVA with stress and 

drug as factor showed main effects of both [ stress: F 

(1,24) = 95.68, p < 0.001, ηp
2 = 0.8; sex: F (1,24) = 30.67, 

p < 0.001, ηp
2 = 0.56] and a significant interaction [F 

(1,24) = 24.82, p < 0.001, ηp
2 = 0.51]. Ibrutinib treatment 

lowered the levels of phospho-BTK in the hippocampi 

(mean difference: 1.56) of stressed female mice compared 

to vehicle-treated stressed females (t = 7.44, p < 0.001; 

Fig.  6B). Second, we wanted to see if ibrutinib-injected 

stressed animals demonstrated a change in the levels of 

NLRP3 inflammasome, a key mediator for downstream 

inflammatory cascade. To this end we isolated hip-

pocampi from stressed animals treated with vehicle or 

ibrutinib and subjected the hippocampal lysates to West-

ern blot analysis (Fig.  6C). We observed that ibrutinib 

inhibited the induction of NLRP3 in physically stressed 

mice, as compared to control group of mice. We com-

pared the relative density of NLRP3 normalized with 

tubulin and analyzed the groups by a one-way ANOVA 

test (Fig.  6D). The group means were significantly dif-

ferent [F (5,30) = 33.95, p < 0.001, η2 = 0.85]. Bonferroni-

corrected post hoc testing revealed significantly high 

upregulation of NLRP3 in stressed females as compared 

to their male counterparts (p < 0.001). Further, the rela-

tive density of NLRP3 in ibrutinib-treated stressed male 

and female mice was significantly reduced as compared 

to their stressed counterparts administered with only 

vehicle control (p < 0.001).

Next, we carried out behavioral analysis on control 

and stressed animals and analyzed them by sex as well as 

drug treatment. For each experiment, we used separate 

2(stressed, control) X 2 (male, female) X 2(vehicle, ibru-

tinib) Factorial ANOVAs. We used same three behavioral 

tests described above. When the time spent in the cen-

tral square of open field test was analyzed by a factorial 

ANOVA (Fig. 6E), there was a significant main effect of 

stress [F (1,128) = 193. 19, p < 0.001, ηp
2 = 0.6], a main 

effect of sex [F (1,128) = 11.63, p < 0.001, ηp
2 = 0.08], 

and a significant main effect of drug [F (1,128) = 60.654, 

p < 0.001, ηp
2 = 0.32]. The interaction between stress 

and drug was significant with the largest effect size [F 

(1,128) = 21.202, p < 0.001, ηp
2 = 0.14]. Control mice 

both vehicle treated (M: 33.06 s ± 7.24, F: 30.71 s ± 6.45; 

t = 1.16, p = 1.00) or ibrutinib treated (M: 35.71 s ± 9.38, 

F: 34.65  s ± 7.19; t = 0.51, p = 1.00) did not exhibit sig-

nificant difference within sex or treatment (M: t = 1.27, 

p = 1.00; F: t = 1.92, p = 1.00). Vehicle-treated mice sub-

jected to physical stress, however, displayed a sharp 

decline in the time spent in the central square of the open 

field, more prominently in the females (M: 17.12 ± 3.04, 

F: 8.35 ± 2.83; t = 4.235, p < 0.001) compared to control 

animals, both vehicle treated (M: t = 7.703, p < 0.001; F: 

t = 10.8, p < 0.001) as well as ibrutinib treated (M: t = 8.98, 

p < 0.001; F: t = 12.71, p < 0.001). Ibrutinib-treated mice 

subjected to physical stress showed significant rescue 

from hyper-anxious behavior as compared to vehicle-

treated stressed mice in both males (M: 26.53  s ± 4.16, 

t = 4.548, p < 0.001.) and females (F: 24.59  s ± 4.77; 

t = 7.85, p < 0.001). After ibrutinib treatment, physically 

stressed males and females spent similar time in the cen-

tral square of the open field (t = 0.94, p = 1.00).

The light–dark test showed a similar pattern (Fig.  6F) 

in ibrutinib-treated mice. The factorial ANOVA con-

ducted on the D/L ratios revealed a significant main 

effect of stress [F (1,128) = 60.23, p < 0.001, ηp
2 = 0.50], a 

main effect of sex [F (1,128) = 33.98, p < 0.001, ηp
2 = 0.21], 

and a significant main effect of drug [F (1,128) = 56.62, 

p < 0.001, ηp
2 = 0.31]. This was further qualified by sig-

nificant interaction terms, including a 3-way interac-

tion between stress, sex and drug [F (1,128) = 15.81, 

p < 0.001, ηp
2 = 0.11]. Control mice both vehicle treated 

(M: 1.19 ± 0.48, F: 1.16 ± 0.33) or ibrutinib treated (M: 

1.12 ± 0.38, F: 1.15 ± 0.26) did not exhibit significant dif-

ference within sex or drug treatment. Vehicle-treated 

mice subjected to physical stress, however, showed a 

markedly increased D/L ratio, with female ratios being 

significantly higher (M: 2.21 ± 0.54, F: 4.48 ± 1.53; 

t = 9.68, p < 0.001) compared to control unstressed 

animals, both vehicle treated (M: t = 4.36, p < 0.001; 

F: t = 14.17, p < 0.001) as well as ibrutinib treated (M: 

t = 3.49, p = 0.02; F: t = 14.22, p < 0.001). The D/L ratio 

was significantly reduced in physically stressed mice 

treated with ibrutinib, as compared to vehicle-treated 

stressed mice (M: 1.5 ± 0.29, F: 1.86 ± 0.62, t = 1.9, 

p = 1.00). As compared to controls, ibrutinib clearly 

improved the anxious behavior in stressed mice as evi-

dent by increased time spent in light chamber of the 

light–dark test (p < 0.001).

Next, we analyzed the data from elevated plus maze 

test (Fig.  6G). The factorial ANOVA conducted on the 

EPM data revealed a significant main effect of stress [F 

(1,128) = 268.113, p < 0.001, ηp
2 = 0.68], a significant 

main effect of sex [F (1,128) = 11.06, p = 0.001, ηp
2 = 0.08] 

and a significant main effect of drug [F (1,128) = 32.27, 

p < 0.001, ηp
2 = 0.2]. This was further qualified by sig-

nificant interaction terms, with the most significant 

interaction between stress and drug [F (1,128) = 40.33, 

p < 0.001, ηp
2 = 0.24]. Control mice, both vehicle treated 

(M: 28.69 ± 6.21, F: 29.32 ± 4) or ibrutinib treated (M: 



Page 18 of 26Ghosh et al. Journal of Neuroinflammation          (2021) 18:289 

28 ± 3.1, F: 28.36 ± 6.29) spent comparable times in 

the open arms and did not exhibit significant differ-

ence within sex or drug treatment (t = 0.99, p = 1.00). 

Vehicle-treated mice subjected to physical stress, how-

ever, showed a markedly reduced time spent in the 

open arm, with females spending significantly lesser 

time in the open arm of the EPM (M: 15.44 ± 2.82, F: 

8.9 ± 3.04) compared to control animals, both vehicle 

treated (t = 16.07, p < 0.001) as well as ibrutinib treated 

(M: t = 15.59, p < 0.001). Treatment with ibrutinib signifi-

cantly reduced the anxiety in stressed mice, as evident by 

significant increase in exploration time in the open arm 

of EPM, as compared to controls (p < 0.001). The percent-

age time spent in the open arm of EPM was markedly 

improved in both male and female stressed mice treated 

with ibrutinib (M: 23.08 ± 4.33, F: 19.08 ± 2.81).

Thus far, our model of physical stress produced robust 

anxious behavior in mice, which was significantly more 

pronounced in female mice. When we inhibited BTK, 

an upstream regulator of NLRP3 inflammasome, with 

a pharmacological inhibitor, in all three behavior tests 

mice showed significant rescue from heightened anxious 

behavior, validating the implication of BTK pathway in 

anxiogenesis following physical stress.

We then turned to investigating biochemical changes 

in the brain following ibrutinib administration. We meas-

ured hippocampal IL1β levels with ELISA and analyzed 

the data with a factorial ANOVA (Fig. 6H). The factorial 

ANOVA conducted revealed a significant main effect of 

stress [F (1,128) = 153.65, p < 0.001, ηp
2 = 0.59], a main 

effect of sex [F (1,128) = 7.06, p = 0.009, ηp
2 = 0.05], and 

a significant main effect of drug [F (1,128) = 101.88, 

p < 0.001, ηp
2 = 0.44]. This was further qualified by sig-

nificant interaction terms, with the most significant 

interaction between stress and drug [F (1,128) = 94.64, 

p < 0.001, ηp
2 = 0.43]. Control mice both vehicle treated 

(M: 2.58  pg/ml ± 0.73, F: 2.55  pg/ml ± 0.62) or ibruti-

nib treated (M: 2.63  pg/ml ± 0.95, F: 2.41  pg/ml ± 0.55) 

had similar levels of IL1β in the hippocampus, did not 

show a sex difference or an upregulation in IL1β pro-

duction just by the drug treatment (t = 0.99, p = 1.00). 

Vehicle-treated mice subjected to physical stress, had 

significantly elevated hippocampal IL1β levels, with more 

prominent increase in females (M: 4.75  pg/ml ± 0.67, F: 

3.15  pg/ml ± 0.49) compared to control animals, both 

vehicle treated (t = 16.51, p < 0.001) as well as ibrutinib 

treated (t = 14.02, p < 0.001). When dosed with ibruti-

nib, IL1β levels went down significantly in stressed mice, 

and abolished the difference between males and females, 

although females tended to still have slightly elevated 

IL1β in treated animals (M: 2.82 pg/ml ± 0.59, F: 3.15 pg/

ml ± 0.5).

We also analyzed the activity of Caspase 1 in the hip-

pocampus, to validate our results in this pharmacologi-

cal inhibition experiment, and analyzed the data with 

a Factorial ANOVA. Overall, the pattern of Caspase 1 

activity data (Fig. 6I) mirrored the IL1β data closely. Cas-

pase 1 activity rose sharply and significantly in stressed 

mice which were vehicle treated, however, ibrutinib 

treatment significantly attenuated the Caspase 1 activity 

in hippocampus of both male and female stressed mice 

(p < 0.001). Therefore, this experiment provided evidence 

that the BTK inhibition, thus likely reduction of NLRP3 

inflammasome, is crucial part of the neuroinflammatory 

response seen in this model of physical stress and anxi-

ogenic behavior, with females displaying a more severe 

phenotype compared to males.

To further validate our observations with ibrutinib 

treatment, we repeated this experiment with another 

compound, LFM-A13, also known in the literature for its 

ability to specifically suppress BTK [63].

To cross-validate the observations from ibrutinib study, 

control or stressed mice were injected with another BTK-

specific inhibitor LFM-A13 (50  mg/Kg, i.p.) or vehicle 

and subjected to full battery of anxiety behavior tests and 

biochemical analysis. Our findings from LFM-A13 con-

firmed the findings from the ibrutinib study (Additional 

file 1: Fig. S4A–E). Inhibition of BTK with LFM-A13 sig-

nificantly suppressed the anxiety behavior in both male 

and female stressed mice, as compared to control groups 

(p < 0.001). Further, LFM-A13 significantly reduced the 

activation of proinflammatory mediators Caspase 1 and 

IL1β in hippocampus (p < 0.001). In total, our study sug-

gested an important role of BTK in anxiogenic pathway.

So far, the experiments gave us proof-of-concept data 

that inhibition of BTK can lead to a functional rescue of 

stress-induced anxiogenesis. Next, we tested if treatment 

with Ibrutinib post-stress can cause functional recovery. 

Ibrutinib treatment two days after stress led to improve-

ment in anxious behavior at 7 days as shown in Fig. 7A–

C, using all 3 behavioral tests. We hypothesized once 

again that the experimental status (stress vs. control), sex 

(male, female) and drug treatment (vehicle vs. ibrutinib) 

will determine the behavioral outcome in a pattern simi-

lar to as seen with ibrutinib treatment, and there will be 

significant interaction between one or more factors when 

analyzed by a 2X2X2 factorial ANOVA.

The factorial ANOVA for the percent time spent in the 

central quadrant of the open field test revealed significant 

main effects for all three factors [stress: F (1,152) = 238.94, 

p < 0.001, ηp
2 = 0.61; sex: F (1,152) = 30.713, p < 0.001, 

ηp
2 = 0.17; Drug: F (1,152) = 6.68, p = 0.01, ηp

2 = 0.04] 

and significant interactions between stress and sex [F 

(1,152) = 8.46, p = 0.004, ηp
2 = 0.05] as well as stress and 

drug F (1,152) = 32.672, p < 0.001, ηp
2 = 0.18; Fig.  7A]. 
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Overall, the trend was very similar to that observed in 

Fig. 6C–E. Among vehicle-treated animals, stressed ani-

mals spent considerably less time in the central square, 

[mean difference (MD): 21.3; t = 14.97, p < 0.001] com-

pared to vehicle-treated control animals. But in ibruti-

nib-treated animals this difference was considerably less 

(MD: 8.35; t = 5.87, p < 0.001), although the treatment did 

not completely obliterate the difference, which is largely 

driven by female animals, in whom the effects of stress 

were much worse.

The factorial ANOVA for the ratio of time spent 

between the dark and light halves of the appara-

tus also demonstrated a similar pattern [Fig.  7B]. 

There were significant main effects for all three fac-

tors [stress: F (1,152) = 198.41, p < 0.001, ηp
2 = 0.57; 

sex: F (1,152) = 30.82, p < 0.001, ηp
2 = 0.17; drug: F 

(1,152) = 48.1, p < 0.001, ηp
2 = 0.24]. The multi way 

interaction term between stress, sex and drug treat-

ment was also significant [F (1,152) = 5.284, p = 0.02, 

ηp
2 = 0.18]. Again, stressed animals spent more time 

in the dark quadrant compared to vehicle-treated 

animals, with the effect more pronounced in female 

animals (MD: 2.86; t = 13.86, p < 0.001) than males 

(MD: 1.35; t = 6.55, p < 0.001). But in ibrutinib-treated 

animals this difference was not significant in males 

(MD: 0.52; t = 2.52, p = 0.19) and considerably less in 

females, though not obliterated (MD: 1.08; t = 5.24, 

p < 0.001).

Finally, we scored the time spent by vehicle vs ibruti-

nib-treated male and female animals for both stressed 

and control conditions in the open vs closed arms of 

the Elevated Plus Maze [Fig. 7C]. The data showed the 

same pattern. There were significant main effects for 

all three factors [stress: F (1,152) = 444.24, p < 0.001, 

ηp
2 = 0.75; sex: F (1,152) = 13.53, p < 0.001, ηp

2 = 0.08; 

drug: F (1,152) = 20.34, p < 0.001, ηp
2 = 0.03]. There 

were significant interactions between stress and sex [F 

(1,152) = 26.85, p < 0.001, ηp
2 = 0.15] as well as stress 

and drug F (1,152) = 18.55, p < 0.001, ηp
2 = 0.11]. Again, 

stressed animals spent less time in the open arms com-

pared to controls, with the effect more pronounced in 

female animals (MD: 20.53; t = 18.57, p < 0.001) than 

males (MD: 12.43; t = 11.24, p < 0.001). Among stressed 

animals, ibrutinib-treated animals spent significantly 

more time in the open arm compared to vehicle-treated 

animals (MD: 6.89; t = 6.234, p < 0.001), demonstrating 

a functional rescue effect. This leads further credence 

to the idea that ibrutinib can be investigated as a poten-

tial therapeutic tool in treatment of stress-induced 

anxiety.

The peripheral inflammatory response in the current 

model of physical stress

It is well documented that the peripheral response to 

trauma and stress consists of a robust upregulation in 

inflammatory mediators in clinical and animal studies 

[68, 69]. Our immunoblot analysis of peripheral blood 

mononuclear cells (PBMCs) from control and stressed 

animals demonstrated that the markers we have exam-

ined in the brain such as IL-1β, cleaved Caspase 1, 

NLRP3 and phospho-BTK are all upregulated in the 

PMBCs post-physical stress (Fig.  8A). The upregulation 

Fig. 7 Pharmacological inhibition of BTK with ibrutinib after the induction of stress in mice attenuates hyper-anxious behavior. Mice were injected 
daily with ibrutinib (3 mg/kg, i.p.) or vehicle two days after restraint stress and underwater trauma. One week after the induction of stress mice 
were assessed for the hyper-anxious behavior. A Open field test: physically stressed mice dosed with ibrutinib after the induction of stress exhibited 
significantly decreased anxiety levels when compared to the vehicle controls, as illustrated by increased exploration time in the central area of the 
OFT. B Light–dark test: physically stressed mice dosed with ibrutinib after the induction of stress displayed significant rescue from hyper-anxiety as 
explained by the significant increase in their time spent in the light chamber of the LDT. C Elevated plus maze test: physically stress mice injected 
with ibrutinib after the induction of stress exhibited significantly reduced anxiety, as evidenced by the increased duration of time spent in the open 
arms of the EPM. All values are presented as mean with 95% CI (n = 20/group); ***p < 0.001, ns (not significant); 2X2X2 factorial ANOVA, followed by 
Bonferroni post hoc test
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also follows a sexually divergent response, with induc-

tions of all the above-mentioned being stronger in 

females compared to males (Fig.  8B, C). A 2 X 2 facto-

rial ANOVA [experimental status (control vs. physical 

stress), sex (male, female)] analysis of the relative densi-

tometry values from NLRP3 blots demonstrated a main 

effect of stress [F (1,36) = 171.57, p < 0.001, ηp
2 = 0.83] 

and stress [F (1,36) = 26.42, p < 0.001, ηp
2 = 0.42] and 

a significant interaction between stress and sex [F 

(1,36) = 26.16, p < 0.001, ηp
2 = 0.42], consistent with the 

sharper rise in NLRP3 in the plasma of female stressed 

mice, compared to male stressed mice (MD: 0.95; 

t = 5.65, p < 0.001). Phospho-BTK induction post-stress is 

uniform in both sexes, with only a significant main effect 

of Stress [F (1,36) = 40.84, p < 0.001, ηp
2 = 0.53] but not 

sex [F (1,36) = 0.66, p = 0.42] or the interaction term [F 

(1,36) = 0.15, p = 0.705]. Post hoc tests revealed a mean 

difference of 0.47 between controls and stressed ani-

mals (t = 6.39, p < 0.001; Fig.  8C). Treatment with ibru-

tinib reduces the level of Caspase 1 activity and IL-1β 

in PBMCs and the plasma, respectively (Fig.  8D, E). A 

2X2X2 factorial ANOVA comparing the effects of experi-

mental status (control, physical stress), sex (male, female) 

and drug treatment (ibrutinib, vehicle) revealed a main 

effect of all 3 factors [stress: F (1,104) = 131.13, p < 0.001, 

ηp
2 = 0.558; sex: F (1,104 = 15.94, p < 0.001, ηp

2 = 0.04; 

Fig. 8 Physical stress in mice induces the activation of pBTK–NLRP3–Caspase 1–IL1β pathway in the peripheral blood mononuclear cell (PBMC). 
Mice were subjected to physical stress by restraint and underwater trauma. A Immunoblot analysis of the PBMC homogenates using anti-NLRP3, 
cleaved Caspase 1, phospho-BTK (pBTK, Tyr223), BTK, and tubulin antibodies. B The relative densitometry of NLRP3 immunoblots of samples from 
the PBMC homogenates, which shows physical stress-induced higher levels of NLRP3 inflammasome in the PBMC of female mice in comparison to 
male mice. C Relative densitometry analysis of pBTK immunoblots showing physical stress significantly induced the activation of BTK, as revealed 
by increased pBTK levels in PBMC of stressed mice as compared to controls. D Caspase 1 activity in the PBMC homogenates using Caspase 1 assay 
kit: administration of ibrutinib in physically stressed mice showed reduced Caspase 1 activation, elucidating significant rescue of PBMC from the 
anxiogenic proinflammatory pathway. E Interleukin 1β (IL1β) levels in the plasma revealed physically stressed mice dosed with ibrutinib showed 
diminished plasma proinflammatory IL1β. All values are presented as mean with 95% CI (n = 10–14/group); ***p < 0.001, ns (not significant); 2X2X2 
factorial ANOVA followed by Bonferroni post hoc test
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drug: F (1,104) = 82.68, p < 0.001, ηp
2 = 0.08] and a sig-

nificant three-way interaction term [F (1,104) = 7.59, 

p < 0.001, ηp
2 = 0.07]. Physical stress causes an upregula-

tion of Caspase 1 activity, steeper in females (2.5-fold) 

vs. males (1.73-fold). Ibrutinib-treated stressed animals 

demonstrate PBMC activity levels of Caspase 1 compara-

ble to the controls (Fig. 8D). Plasma IL-1β levels mirrored 

the same pattern (Fig. 8E). Overall, our study for the first 

time demonstrates BTK-mediated activation of systemic 

and central NLRP3–IL1β pathway in stress paradigm.

Discussion
The present study investigated the proinflamma-

tory NLRP3–Caspase 1–IL-1β pathway, which recent 

research has indicated as a key mediator of heightened 

inflammatory response in several neuropathological con-

ditions. We have used two different models of stress, first, 

a direct model of single prolonged immobilization stress, 

and forced swim followed by brief submersion underwa-

ter; second, predator odor which was an operationalized 

form of psychological stress. Both are established stress 

models in rodents [64]. For behavioral outcomes, we used 

a set of well validated tests of anxiety in rodents [65–67], 

in addition to biochemical analysis of the brains of ani-

mals. To control for stress on account of relocation to 

stress behavior mouse facility, we consistently used con-

trol animals that were relocated from the animal facility 

and housed in the room where stress experiments were 

conducted, yet to prevent vicarious stress, they had no 

direct view or exposure to the arena or the mice undergo-

ing stress experiments, precluding any olfactory or visual 

cues to stress.

Our study indicates that both models of stress used 

elicits a sharp increase in anxious behavior and neuro-

inflammatory mediators and that this increase in both 

behavior and inflammatory profile is significantly more 

pronounced in females compared to males. The presence 

of a pronounced neuroinflammatory response post-stress 

is well established in several pre-clinical rodent models 

and has been reviewed extensively [68, 69]. Elevation of 

a range of peripheral inflammatory mediators have been 

consistently observed in PTSD patients compared to age 

matched controls, both at protein and genetic levels[41, 

70–73]. The sexually dimorphic patterns of anxious 

behavior and the upregulation of neuroinflammatory 

markers we observed in our model are also consistent 

with three lines of evidence. First, in humans stress-

related disorders affect more women than men [1, 4], as 

do anxiety related disorders [74]. Second, Lasselin and 

colleagues in their review of several human experimental 

stress models has suggested that the neuroinflammatory 

response in discussed models is overall, more robust in 

females than males [75]. Finally, the sexually dimorphic 

neuroinflammatory response with females showing more 

robust neuroinflammation post-stress is noted in several 

rodent models of stress [76–79].

The NLRP3 inflammasome has been recently the tar-

get of intense research as a molecule of therapeutic inter-

est in Alzheimer’s disease [80, 81], amyotrophic lateral 

sclerosis [82], vascular dementia [30], multiple sclerosis 

and experimental autoimmune encephalopathy[83–85], 

stroke [26, 86], bacterial meningitis [22, 87], traumatic 

brain injury [88], cerebral hemorrhage [89], in addition 

to systemic illnesses such as peritoneal fibrosis [90] and 

type-2 diabetes [91], in both clinical and pre-clinical 

studies. The NLRP3 inflammasome has also received 

attention in the literature pertaining to psychiatric dis-

orders [28, 29]. The activation of the NLRP3 inflamma-

some has been observed in the mononuclear blood cells 

from patients with major depressive disorder [92]. Due 

to an established literature on the elevation of inflamma-

tory markers following stress, as well as the documented 

role of the NLRP3 inflammasome activation in the matu-

ration of IL1β, a powerful cytokine that has often been 

regarded as a “master regulator” of the neuroinflamma-

tory response, the NLRP3 activation has also been pro-

posed as a valuable candidate for therapeutic exploitation 

in stress-related disorders [93]. Preclinical models of 

stress-induced depression, or foot-shock based stress 

models have utilized interfering with NLRP3 inflamma-

some activation using genetic knockout[33, 94, 95] as 

well as pharmacological inhibition using several different 

pharmacological inhibitors [96, 97]. The suppression of 

NLRP3 activation has led to alleviation of behavioral def-

icits in the said models. In that, our results are consistent 

with the existing literature. However, while we have vali-

dated the trends in literature in our work, there are sev-

eral novel aspects of our work. We inhibited NLRP3 with 

MCC950, one of the most potent and specific small mol-

ecule inhibitors in the context of a single prolonged stress 

episode as well as psychological stress. We have per-

formed these experiments in both female and male mice, 

which are distinct from considerable bulk of research 

in this field, done exclusively on male animals. For the 

first time, we have demonstrated the sexually diver-

gent induction of NLRP3. We demonstrated the height-

ened activation of proinflammatory NLRP3–Caspase 

1–IL1β pathway in the hippocampus and amygdala of 

stressed mice, which was significantly more pronounced 

in females as compared to their male counterparts. We 

also demonstrated an attenuated neuroinflammatory 

response in terms of IL1β, Caspase 1 activity concomi-

tant to MCC950 based NLRP3 inhibition consistent with 

anxiolysis in both female and male animals.

We further probed upstream of the NLRP3 inflam-

masome and zeroed in on Bruton’s tyrosine kinase that 
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acts as a positive regulator of NLRP3 activation [35, 36, 

60]. These studies demonstrated that BTK is required for 

NLRP3-mediated maturation of IL1β from pro-IL1β in 

macrophages. For the first time, our study provided evi-

dence that stress induces the activation of BTK in both 

hippocampus and amygdala, further in a sexually dimor-

phic way, with female showing much more pronounced 

pBTK levels in brain. Several earlier studies made use of 

ibrutinib, which is known to rapidly penetrate the BBB 

[105, 106], selectively inhibits BTK and is already FDA 

approved for oral clinical use in certain types of lympho-

mas and leukemia [37, 38, 98–100]. It is a highly potent 

small molecule inhibitor that selectively binds to cysteine 

481 residue in the allosteric inhibitory segment of BTK 

kinase domain, thus irreversibly inhibits its full activation 

by blocking its autophosphorylation at tyrosine residue 

223 [107].

Using a murine model of modified middle cerebral 

artery occlusion for 60 min followed by reperfusion, Ito 

and colleagues demonstrated that ibrutinib treatment for 

up to 12  h post-reperfusion minimized infarct volume, 

improved neurological scores at recovery and markedly 

attenuated levels of the proinflammatory cytokines IL1β, 

IL6 and TNF-α [101]. In our study, we observed that 

ibrutinib-treated animals displayed an almost 40–50% 

rescue in anxious behaviors and a concomitant reduction 

in Caspase 1 activity and IL1β, in both hippocampus and 

amygdala, which was more pronounced in female ani-

mals. Since, we wanted to further validate our findings 

with BTK inhibition, we repeated the pharmacological 

inhibition experiment with LFM-A13, a second selective 

BTK inhibitor [102–104] in the single prolonged stress 

model. The results closely mirrored that from the ibru-

tinib experiment, further suggesting a potential role of 

BTK in modulating anxious behavior and proinflamma-

tory pathway. To make the proof-of-concept data more 

relevant to application in a clinical setting, we inhib-

ited BTK with ibrutinib post-stress. We found that sys-

temic injection of ibrutinib at 2 days after the induction 

of stress in mice resulted in attenuation of the anxious 

behavior, as measured by open field test, light–dark tests 

and elevated plus maze test. This indicates that ibrutinib 

could be investigated further as a promising candidate in 

the treatment of stress disorders. Ibrutinib (Imbruvica) 

has been approved for the treatment of certain types of 

cancers, however, there are several side effects, such as 

diarrhea, arterial fibrillation and bleeding, which have 

been partially attributed to off-target effects on the epi-

dermal growth factor receptor and the Tec family pro-

teins other than BTK [108, 109]. Though we could not 

discount the possibility of off-target effects of ibrutinib 

in our study, we also used another small molecular spe-

cific BTK inhibitor LFM-A13 and confirmed that BTK 

inhibition provided protection from hyper-anxious 

behavior following induction of stress in mice.

Several studies in the past have tried to decipher the 

cellular correlates of neuroinflammation associated with 

stress disorders. Jones et  al. [110] demonstrated that 

stress-induced IL1β primarily localized in astrocytes of 

hippocampus and intra-dorsal hippocampal infusion 

of IL1β receptor antagonist inhibited stress-induced 

fear learning. Further, following 48  h after induction of 

stress hippocampal microglial marker Iba-1 was reduced, 

whereas astrocyte marker GFAP was unaltered. In con-

trast to this, Dong et  al. recently reported significant 

increase in Iba-1 microglia numbers in hippocampus 

following 72  h of electric foot shocks [95]. Further, in 

microglia isolated from animals 3-h post-foot shock they 

detected upregulation of IL1β transcripts. Several stud-

ies in past have demonstrated the expression of NLRP3 in 

microglia, astrocytes and neurons [111–113], however, in 

a study of animal models of depressive disorder expres-

sion of NLRP3 was reported only in microglia [114].

A growing body of evidence indicates a significant 

association between peripheral proinflammatory mark-

ers such as plasma IL1β in stress and trauma-related 

disorders [39, 41, 115, 116]. PBMCs isolated from sub-

jects with PTSD also exhibit significantly higher spon-

taneous production of IL1β and other proinflammatory 

cytokines, which correlate well with the severity of the 

PTSD symptoms [40]. We observed that PBMCs isolated 

from stressed mice showed significantly higher levels of 

pBTK, NLRP3 and cleaved caspase 1. In addition, we 

found significantly enhanced level of IL1β in the plasma 

of stressed mice. Identification of transcripts with over-

lapping expression profile between blood and brain in 

stress disorders suggests the importance of peripheral 

inflammation in stress disorders [115, 117]. Recent stud-

ies have shown that increased peripheral inflammation 

can predict altered functional connectivity in the major 

brain regions related to anxiety in the depression and 

PTSD [116, 118]. Through there is a wide consensus that 

a few of the inflammatory markers, especially IL1β, are 

enhanced in blood following stress, however, bi-direc-

tional relationship, i.e., if peripheral inflammation con-

tributes to stress disorders is not well understood [11, 

119, 120]. Since inflammation is also known to alter the 

properties of the blood brain barrier in general, it is quite 

plausible that infiltrating peripheral cells partially drive 

the central effects. Teasing apart the exact contribution 

of the peripheral versus central immune response will 

require more in-depth studies. Nevertheless, our results 

show that the ibrutinib administration in stressed mice 

attenuates the IL1β in plasma and Caspase 1 activity in 

PBMCs, indicating that ibrutinib regulates peripheral 

immune responses in addition to its central effect.
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Conclusion
In summary, we present novel and robust proof-of-

concept findings, and provide the first evidence of BTK 

as a key driver of anxiogenesis and proinflammatory 

NLRP3–IL1β pathway in a rodent model of stress. We 

demonstrated sexually divergent activation of BTK, 

which was significantly more in stressed females as 

compared to their male counterparts. Inhibition of 

BTK with specific inhibitors ibrutinib and LFM-A13 

resulted in significant reduction of proinflammatory 

NLRP3 inflammasome and IL1β, suggesting that BTK 

inhibition interferes with NLRP3 activation and lim-

its Caspase 1 activity, ultimately lowering the levels 

of IL1β. This is also to our knowledge, the first in vivo 

therapeutic application of ibrutinib and LFM-A13 in 

a stress model, which clearly demonstrated anxiolytic 

effect of these BTK inhibitors in stressed mice. Stress 

leads to an exacerbated neuroinflammatory response 

and significantly more anxiety in female mice, and with 

both these BTK inhibitors the rescue in female animals 

were also more pronounced than in males.

Ibrutinib, which is already FDA approved for use 

in certain types of cancers, can be explored further 

as a potential therapeutic molecule, as well as further 

development of LFM-A13 or other BTK inhibitors. 

Especially for ibrutinib, a chemotherapeutic drug, side 

effect and tolerance data have been reviewed exten-

sively [121]. However, the drug has been administered 

in patients of central nervous system lymphoma [99], 

and recently in patients of severe COVID-19 to prevent 

the initiation of the cytokine storm [121], suggesting a 

careful titration of dosage under monitored condition 

can theoretically be conceived for other conditions. 

Trauma and stress-related disorders, comorbid with 

depression and anxiety is a major cause of debilitating 

psychiatric illness, which is already being indicated as 

a massive challenge due to the stressful situations glob-

ally created at the wake of the COVID-19 pandemic 

[122, 123]. Urgent research is needed to find feasible 

therapeutic alternatives beyond the accepted SSRI–

SNRI-based treatment regimens for such disorders. In 

this context, further studies are required to explore the 

potential of BTK as a novel target for the treatment of 

PTSD and anxiety disorders.

Abbreviations

ANOVA: Analysis of variance; BTK: Bruton’s tyrosine kinase; DMSO: Dimethyl 
sulfoxide; ELISA: Enzyme linked immunosorbent assay; EPM: Elevated plus 
maze test; IL1β: Interleukin-1 beta; IL-6: Interleukin-6; LDS: Lithium dodecyl 
sulfate; LDT: Light–dark test; LFMA13: 2-Cyano-N-(2,5-dibromophenyl)-
3-hydroxy-2-butenamide; MCC950: 1,2,3,5,6,7-Hexahydro-s-indacen-
4-ylcarbamoyl-[4-(2-hydroxypropan-2-yl)furan-2-yl]sulfonylazanide; NLRP3: 
Nucleotide-binding oligomerization domain (NOD) like receptor (NLR) family, 
pyrin domain containing protein 3; OFT: Open field test; PAGE: Poly-acrylamide 

gel electrophoresis; PBS: Phosphate-buffered saline; PBMC: Peripheral blood 
mononuclear cells; PTSD: Posttraumatic stress disorder; SSRI: Selective seroto-
nin reuptake inhibitors; SNRI: Serotonin–norepinephrine reuptake inhibitors; 
TBST: Tris-buffered saline with Tween; TNF α: Tumor necrosis factor alpha.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12974- 021- 02322-9.

Additional file 1: Figure S1. Female mice exhibit exacerbated anxiety 
following predator odor stress. Figure S2. Physical stress in mice leads to 
induction of cleaved Caspase 1 in amygdala and hippocampus. Figure 

S3. Inhibition of NLRP3 inflammasome by treating stressed mice with 
MCC950 attenuates IL1β and Caspase 1 activity in amygdala. Figure 

S4. Inhibition of BTK with LFM-A13 in physically stressed mice provided 
protection from hyper-anxious behavior and inhibited the proinflamma-
tory pathway.

Acknowledgements

Authors would like to thank Ms. Ekta Yadav for her technical assistance. 

Authors’ contributions

SG conceived the ideas and designed the experiments. SG and ZM analyzed 
the data. SG and ZM wrote the paper. ZM and IS performed the experi-
ments. SG supervised the research. All authors read and approved the final 
manuscript.

Funding

This study was supported by an intramural research grant from Ashoka Uni-
versity to S.G., Brain Aneurysm Foundation and Ramalingaswamy Fellowship 
to I.S. and a graduate student fellowship from Ashoka University to Z.M.

Availability of data and materials

Not applicable.

Declarations

Ethics approval and consent to participate

All rodent studies were performed according to the National Institute of 
Health guidance using protocols approved by Animal Studies Committees at 
Washington University School of Medicine and University of Delhi.

Consent for publication

Not applicable.

Competing interests

The authors declare no competing interests.

Author details
1 Department of Neurology, Washington University School of Medicine in St. 
Louis, St. Louis, MO, USA. 2 Department of Psychology, Ashoka University, 
Rai, India. 3 Department of Neurosurgery, Washington University School 
of Medicine in St. Louis, St. Louis, MO, USA. 4 Ambedkar Center for Biomedical 
Research, Delhi University, New Delhi, India. 

Received: 21 April 2021   Accepted: 12 November 2021

References

 1. Bryant RA. Post-traumatic stress disorder: a state-of-the-art review of 
evidence and challenges. World Psychiatry. 2019;18(3):259–69.

 2. Krystal JH, Davis LL, Neylan TC, Raskind AM, Schnurr PP, Stein MB, 
et al. It is time to address the crisis in the pharmacotherapy of 
posttraumatic stress disorder: a consensus statement of the PTSD 

https://doi.org/10.1186/s12974-021-02322-9
https://doi.org/10.1186/s12974-021-02322-9


Page 24 of 26Ghosh et al. Journal of Neuroinflammation          (2021) 18:289 

Psychopharmacology Working Group. Biol Psychiatry. 2017. https:// doi. 
org/ 10. 1016/j. biops ych. 2017. 03. 007.

 3. Hoppen TH, Morina N. The prevalence of PTSD and major depression 
in the global population of adult war survivors: a meta-analytically 
informed estimate in absolute numbers. Eur J Psychotraumatol. 2019. 
https:// doi. org/ 10. 1080/ 20008 198. 2019. 15786 37.

 4. Friedman MJ, Resick PA, Bryant RA, Brewin CR. Considering PTSD for 
DSM-5. Depress Anxiety. 2011;28:750–69.

 5. Taylor S, Thordarson DS, Fedoroff IC, Maxfield L, Lovell K, Ogrodniczuk 
J. Comparative efficacy, speed, and adverse effects of three PTSD treat-
ments: Exposure therapy, EMDR, and relaxation training. J Consult Clin 
Psychol. 2003;71(2):330–8.

 6. Watts BV, Schnurr PP, Mayo L, Young-Xu Y, Weeks WB, Friedman MJ. 
Meta-Analysis of the Efficacy of Treatments for Posttraumatic Stress 
Disorder. J Clin Psychiatry. 2013;74(6):541–50.

 7. Friedman MJ, Bernardy NC. Considering future pharmacotherapy for 
PTSD. Neuroscience. 2017;649:181–5.

 8. Diering DJ, van Wijngaarde M, Geyer MA, Powell S, Risbrough VB, et al. 
Role of neuroinflammation and sex hormones in war-related PTSD. Nat 
Immunol. 2016;15(1):266–77. https:// doi. org/ 10. 1038/ nri. 2015.5.

 9. Lindqvist D, Dhabhar FS, Mellon SH, Yehuda R, Grenon SM, Flory JD, 
et al. Increased pro-inflammatory milieu in combat related PTSD—a 
new cohort replication study. Brain Behav Immun. 2017;59:260–4. 
https:// doi. org/ 10. 1016/j. bbi. 2016. 09. 012.

 10. Mellon SH, Gautam A, Hammamieh R, Jett M, Wolkowitz OM. Metabo-
lism, metabolomics, and inflammation in posttraumatic stress disorder. 
Biol Psychiat. 2018;83:866–75.

 11. Sumner JA, Nishimi KM, Koenen KC, Roberts AL, Kubzansky LD. Post-
traumatic stress disorder and inflammation: untangling issues of 
bidirectionality. Biol Psychiatry. 2020. https:// doi. org/ 10. 1016/j. biops 
ych. 2019. 11. 005.

 12. Bonne O, Gill JM, Luckenbaugh DA, Collins C, Owens MJ, Alesci S, et al. 
Corticotropin-releasing factor, interleukin-6, brain-derived neurotrophic 
factor, insulin-like growth factor-1, and substance P in the cerebrospinal 
fluid of civilians with posttraumatic stress disorder before and after 
Treatment with paroxetine. J Clin Psychiatry. 2011;72(8):1124–8.

 13. Sagarwala R, Nasrallah HA. Changes in inflammatory biomarkers 
before and after ssri therapy in ptsd: A review. Ann Clin Psychiatry. 
2019;31:292–7.

 14. Tucker P, Ruwe WD, Masters B, Parker DE, Hossain A, Trautman RP, et al. 
Neuroimmune and cortisol changes in selective serotonin reuptake 
inhibitor and placebo treatment of chronic posttraumatic stress disor-
der. Biol Psychiatry. 2004;56(2):121–8.

 15. Agostini L, Martinon F, Burns K, McDermott MF, Hawkins PN, Tschopp 
J. NALP3 forms an IL-1β-processing inflammasome with increased 
activity in Muckle-Wells autoinflammatory disorder. Immunity. 
2004;20(3):319–25.

 16. Baroja-Mazo A, Martín-Sánchez F, Gomez AI, Martínez CM, Amores-
Iniesta J, Compan V, et al. The NLRP3 inflammasome is released as a 
particulate danger signal that amplifies the inflammatory response. Nat 
Immunol. 2014;15(8):738–48.

 17. Guo H, Callaway JB, Ting JPY. Inflammasomes: mechanism of action, 
role in disease, and therapeutics. Nat Med. 2015;21(7):677–87.

 18. Schroder K, Tschopp J. The Inflammasomes. Cell. 2010;140:821–32.
 19. Martinon F, Burns K, Tschopp J. The Inflammasome: a molecular plat-

form triggering activation of inflammatory caspases and processing of 
proIL-β. Mol Cell. 2002;10(2):417–26.

 20. Halle A, Hornung V, Petzold GC, Stewart CR, Monks BG, Reinheckel 
T, et al. The NALP3 inflammasome is involved in the innate immune 
response to amyloid-β. Nat Immunol. 2008;9(8):857–65.

 21. Jha S, Srivastava SY, Brickey WJ, Iocca H, Toews A, Morrison JP, et al. 
The inflammasome sensor, NLRP3, regulates CNS inflammation 
and demyelination via caspase-1 and interleukin-18. J Neurosci. 
2010;30(47):15811–20.

 22. Geldhoff M, Mook-Kanamori BB, Brouwer MC, Troost D, Leemans JC, 
Flavell RA, et al. Inflammasome activation mediates inflammation and 
outcome in humans and mice with pneumococcal meningitis. BMC 
Infect Dis. 2013. https:// doi. org/ 10. 1186/ 1471- 2334- 13- 358.

 23. Heneka MT, O’Banion MK. Inflammatory processes in Alzheimer’s 
disease. J Neuroimmunol. 2007;184:69–91.

 24. Heneka MT, Kummer MP, Latz E. Innate immune activation in neurode-
generative disease. Nat Rev Immunol. 2014;14:463–77.

 25. He Y, Hara H, Núñez G. Mechanism and regulation of NLRP3 inflamma-
some activation. Trends Biochem Sci. 2016;41(12):1012–21.

 26. Fann DYW, Lee SY, Manzanero S, Chunduri P, Sobey CG, Arumugam TV. 
Pathogenesis of acute stroke and the role of inflammasomes. Ageing 
Res Rev. 2013;12:941–66.

 27. Song L, Pei L, Yao S, Wu Y, Shang Y. NLRP3 inflammasome in neurologi-
cal diseases, from functions to therapies. Front Cell Neurosci. 2017. 
https:// doi. org/ 10. 3389/ fncel. 2017. 00063.

 28. Frank MG, Weber MD, Watkins LR, Maier SF. Stress-induced neuroinflam-
matory priming: a liability factor in the etiology of psychiatric disorders. 
Neurobiol Stress. 2016;4:62–70. https:// doi. org/ 10. 1016/j. ynstr. 2015. 12. 
004.

 29. Kaufmann FN, Costa AP, Ghisleni G, Diaz AP, Rodrigues ALS, Peluffo H, 
et al. NLRP3 inflammasome-driven pathways in depression: clinical and 
preclinical findings. Brain Behav Immun. 2017;64:367–83.

 30. Lénárt N, Brough D, Dénes Á. Inflammasomes link vascular disease with 
neuroinflammation and brain disorders. J Cereb Blood Flow Metab. 
2016;36(10):1668–85.

 31. Dong Y, Li S, Lu Y, Li X, Liao Y, Peng Z, et al. Stress-induced NLRP3 
inflammasome activation negatively regulates fear memory in mice. J 
Neuroinflammation. 2020. https:// doi. org/ 10. 1186/ s12974- 020- 01842-0.

 32. Song AQ, Gao B, Fan JJ, Zhu YJ, Zhou J, Wang YL, et al. NLRP1 inflam-
masome contributes to chronic stress-induced depressive-like 
behaviors in mice. J Neuroinflammation. 2020. https:// doi. org/ 10. 1186/ 
s12974- 020- 01848-8.

 33. Su WJ, Zhang Y, Chen Y, Gong H, Lian YJ, Peng W, et al. NLRP3 gene 
knockout blocks NF-κB and MAPK signaling pathway in CUMS-induced 
depression mouse model. Behav Brain Res. 2017;30(322):1–8.

 34. Coll RC, Robertson AAB, Chae JJ, Higgins SC, Muñoz-Planillo R, Inserra 
MC, et al. A small-molecule inhibitor of the NLRP3 inflammasome for 
the treatment of inflammatory diseases. Nat Med. 2015;21(3):248–57.

 35. Weber ANR, Bittner Z, Liu X, Dang TM, Radsak MP, Brunner C. Bruton’s 
tyrosine kinase: an emerging key player in innate immunity. Front 
Immunol. 2017;8:1–6.

 36. Bittner Z, Liu X, Dickhöfer S, Kalbacher H, Bosch K, Andreeva L, et al. BTK 
operates a phospho-tyrosine switch to regulate NLRP3 inflammasome 
activity. J Exp Med. 2019;9:2305.

 37. Kapoor P, Ansell SM. Acalabrutinib in mantle cell lymphoma. Lancet. 
2018;391(10121):633–4. https:// doi. org/ 10. 1016/ S0140- 6736(17) 
33256-7.

 38. De Claro RA, McGinn KM, Verdun N, Lee SL, Chiu HJ, Saber H, et al. FDA 
approval: Ibrutinib for patients with previously treated mantle cell 
lymphoma and previously treated chronic lymphocytic leukemia. Clin 
Cancer Res. 2015;21(16):3586–90.

 39. Spivak B, Shohat B, Mester R, Avraham S, Gil-Ad I, Bleich A, et al. Elevated 
levels of serum interleukin-1 β in combat-related posttraumatic stress 
disorder. Biol Psychiatry. 1997;42(5):345–8.

 40. Gola H, Engler H, Sommershof A, Adenauer H, Kolassa S, Schedlowski 
M, et al. Posttraumatic stress disorder is associated with an enhanced 
spontaneous production of pro-inflammatory cytokines by peripheral 
blood mononuclear cells. BMC Psychiatry. 2013. https:// doi. org/ 10. 
1186/ 1471- 244X- 13- 40.

 41. Passos IC, Vasconcelos-Moreno MP, Costa LG, Kunz M, Brietzke E, 
Quevedo J, et al. Inflammatory markers in post-traumatic stress 
disorder: a systematic review, meta-analysis, and meta-regression. The 
Lancet Psychiatry. 2015;2(11):1002–12.

 42. Nair A, Jacob S. A simple practice guide for dose conversion between 
animals and human. J Basic Clin Pharm. 2016. https:// doi. org/ 10. 4103/ 
0976- 0105. 177703.

 43. Belovicova K, Bogi E, Csatlosova K, Dubovicky M. Animal tests for 
anxiety-like and depression-like behavior in rats. Interdiscip Toxicol. 
2017. https:// doi. org/ 10. 1515/ intox- 2017- 0006.

 44. Bourin M. Animal models for screening anxiolytic-like drugs: a perspec-
tive. Dialogues Clin Neurosci. 2015. https:// doi. org/ 10. 31887/ DCNS. 
2015. 17.3/ mbour in.

 45. Prut L, Belzung C. The open field as a paradigm to measure the effects 
of drugs on anxiety-like behaviors: a review. Eur J Pharmacol. 2003. 
https:// doi. org/ 10. 1016/ S0014- 2999(03) 01272-X.

https://doi.org/10.1016/j.biopsych.2017.03.007
https://doi.org/10.1016/j.biopsych.2017.03.007
https://doi.org/10.1080/20008198.2019.1578637
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1016/j.bbi.2016.09.012
https://doi.org/10.1016/j.biopsych.2019.11.005
https://doi.org/10.1016/j.biopsych.2019.11.005
https://doi.org/10.1186/1471-2334-13-358
https://doi.org/10.3389/fncel.2017.00063
https://doi.org/10.1016/j.ynstr.2015.12.004
https://doi.org/10.1016/j.ynstr.2015.12.004
https://doi.org/10.1186/s12974-020-01842-0
https://doi.org/10.1186/s12974-020-01848-8
https://doi.org/10.1186/s12974-020-01848-8
https://doi.org/10.1016/S0140-6736(17)33256-7
https://doi.org/10.1016/S0140-6736(17)33256-7
https://doi.org/10.1186/1471-244X-13-40
https://doi.org/10.1186/1471-244X-13-40
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.4103/0976-0105.177703
https://doi.org/10.1515/intox-2017-0006
https://doi.org/10.31887/DCNS.2015.17.3/mbourin
https://doi.org/10.31887/DCNS.2015.17.3/mbourin
https://doi.org/10.1016/S0014-2999(03)01272-X


Page 25 of 26Ghosh et al. Journal of Neuroinflammation          (2021) 18:289  

 46. Crawley J, Goodwin FK. Preliminary report of a simple animal behavior 
model for the anxiolytic effects of benzodiazepines. Pharmacol Bio-
chem Behav. 1980. https:// doi. org/ 10. 1016/ 0091- 3057(80) 90067-2.

 47. Teegarden S. Behavioral Phenotyping in Rats and Mice. Mater Methods. 
2012. https:// doi. org/ 10. 13070/ mm. en.2. 122.

 48. Carobrez AP, Bertoglio LJ. Ethological and temporal analyses of anxiety-
like behavior: the elevated plus-maze model 20 years on. Neurosci 
Biobehav Rev. 2005. https:// doi. org/ 10. 1016/j. neubi orev. 2005. 04. 017.

 49. Carola V, D’Olimpio F, Brunamonti E, Mangia F, Renzi P. Evaluation of the 
elevated plus-maze and open-field tests for the assessment of anxiety-
related behaviour in inbred mice. Behav Brain Res. 2002. https:// doi. org/ 
10. 1016/ S0166- 4328(01) 00452-1.

 50. Deane R, Singh I, Sagare AP, Bell RD, Ross NT, LaRue B, et al. A mul-
timodal RAGE-specific inhibitor reduces amyloid β-mediated brain 
disorder in a mouse model of Alzheimer disease. J Clin Invest. 2012. 
https:// doi. org/ 10. 1172/ JCI58 642.

 51. Bell RD, Winkler EA, Singh I, Sagare AP, Deane R, Wu Z, et al. Apolipopro-
tein e controls cerebrovascular integrity via cyclophilin A. Nature. 2012. 
https:// doi. org/ 10. 1038/ natur e11087.

 52. Mendez-David I, El-Ali Z, Hen R, Falissard B, Corruble E, Gardier AM, et al. 
A method for biomarker measurements in peripheral blood mono-
nuclear cells isolated from anxious and depressed mice: β-arrestin 1 
protein levels in depression and treatment. Front Pharmacol. 2013. 
https:// doi. org/ 10. 3389/ fphar. 2013. 00124.

 53. Ghosh S, Wu MD, Shaftel SS, Kyrkanides S, LaFerla FM, Olschowka JA, 
et al. Sustained interleukin-1β overexpression exacerbates tau pathol-
ogy despite reduced amyloid burden in an Alzheimer’s mouse model. J 
Neurosci. 2013;33(11):5053–64.

 54. Singh I, Sagare AP, Coma M, Perlmutter D, Gelein R, Bell RD, et al. 
Low levels of copper disrupt brain amyloid-β homeostasis by 
altering its production and clearance. Proc Natl Acad Sci U S A. 
2013;110(36):14771–6.

 55. Hebb ALO, Zacharko RM, Dominguez H, Laforest S, Gauthier M, Levac C, 
et al. Changes in brain cholecystokinin and anxiety-like behavior follow-
ing exposure of mice to predator odor. Neuroscience. 2003. https:// doi. 
org/ 10. 1016/ S0306- 4522(02) 00710-8.

 56. Rorick-Kehn LM, Hart JC, McKinzie DL. Pharmacological characterization 
of stress-induced hyperthermia in DBA/2 mice using metabotropic and 
ionotropic glutamate receptor ligands. Psychopharmacology. 2005. 
https:// doi. org/ 10. 1007/ s00213- 005- 0169-2.

 57. Olff M. Sex and gender differences in post-traumatic stress disorder: an 
update. Eur J Psychotraumatol. 2017. https:// doi. org/ 10. 1080/ 20008 198. 
2017. 13512 04.

 58. Zahid A, Li B, Kombe AJK, Jin T, Tao J. Pharmacological inhibitors of the 
nlrp3 inflammasome. Front Immunol. 2019;10:2538.

 59. Franke M, Bieber M, Kraft P, Weber ANR, Stoll G, Schuhmann MK. The 
NLRP3 inflammasome drives inflammation in ischemia/reperfusion 
injury after transient middle cerebral artery occlusion in mice. Brain 
Behav Immun. 2020. https:// doi. org/ 10. 1016/j. bbi. 2020. 12. 009.

 60. Ito M, Shichita T, Okada M, Komine R, Noguchi Y, Yoshimura A, et al. 
Bruton’s tyrosine kinase is essential for NLRP3 inflammasome activation 
and contributes to ischaemic brain injury. Nat Commun. 2015;6:1–11. 
https:// doi. org/ 10. 1038/ ncomm s8360.

 61. O’Riordan CE, Purvis GSD, Collotta D, Chiazza F, Wissuwa B, Al Zoubi S, 
et al. Bruton’s tyrosine kinase inhibition attenuates the cardiac dysfunc-
tion caused by cecal ligation and puncture in mice. Front Immunol. 
2019. https:// doi. org/ 10. 3389/ fimmu. 2019. 02129.

 62. Purvis GSD, Collino M, Aranda-Tavio H, Chiazza F, O’Riordan CE, Zeboudj 
L, et al. Inhibition of Bruton’s TK regulates macrophage NF-κB and 
NLRP3 inflammasome activation in metabolic inflammation. Br J Phar-
macol. 2020. https:// doi. org/ 10. 1111/ bph. 15182.

 63. Ito M, Shichita T, Okada M, Komine R, Noguchi Y, Yoshimura A, et al. 
Bruton’s tyrosine kinase is essential for NLRP3 inflammasome activation 
and contributes to ischaemic brain injury. Nat Commun. 2015. https:// 
doi. org/ 10. 1038/ ncomm s8360.

 64. Verbitsky A, Dopfel D, Zhang N. Rodent models of post-traumatic stress 
disorder: behavioral assessment. Transl Psychiatry. 2020. https:// doi. org/ 
10. 1038/ s41398- 020- 0806-x.

 65. Walf AA, Frye CA. The use of the elevated plus maze as an assay of 
anxiety-related behavior in rodents. Nat Protoc. 2007;2(2):322–8.

 66. Crawley J, Bailey K. Anxiety-Related Behaviors in Mice. CRC Press/Taylor 
& Francis; 2008, p. 77–101. https:// doi. org/ 10. 1201/ NOE14 20052 343. ch5

 67. Solomonow J, Tasker JG. Anxiety behavior induced in mice by acute 
stress. Tulane Undergrad Res J. 2015;2:14–9.

 68. Enomoto S, Kato TA. Involvement of microglia in disturbed fear memory 
regulation: Possible microglial contribution to the pathophysiology of 
posttraumatic stress disorder. Neurochem Int. 2021. https:// doi. org/ 10. 
1016/j. neuint. 2020. 104921.

 69. Mellon SH, Gautam A, Hammamieh R, Jett M, Wolkowitz OM. Metabo-
lism, metabolomics, and inflammation in posttraumatic stress disorder. 
Biol Psychiatry. 2018;83(10):866–75.

 70. Calcia MA, Bonsall DR, Bloomfield PS, Selvaraj S, Barichello T, Howes OD. 
Stress and neuroinflammation: a systematic review of the effects of 
stress on microglia and the implications for mental illness. Psychophar-
macology. 2016;233:1637–50.

 71. Yang JJ, Jiang W. Immune biomarkers alterations in post-traumatic 
stress disorder: a systematic review and meta-analysis. J Affect Disord. 
2020;1(268):39–46.

 72. Zass LJ, Hart SA, Seedat S, Hemmings SMJ, Malan-Müller S. Neuro-
inflammatory genes associated with post-traumatic stress disorder: 
Implications for comorbidity. Psychiatr Genet. 2017. https:// doi. org/ 10. 
1097/ YPG. 00000 00000 000143.

 73. Aliev G, Beeraka NM, Nikolenko VN, Svistunov AA, Rozhnova T, Kostyuk 
S, et al. Neurophysiology and psychopathology underlying PTSD and 
recent insights into the PTSD therapies—a comprehensive review. J 
Clin Med. 2020;9(9):2951.

 74. Donner NC, Lowry CA. Sex differences in anxiety and emotional behav-
ior. Pflugers Arch Eur J Physiol. 2013;465(5):601–26.

 75. Lasselin J, Lekander M, Axelsson J, Karshikoff B. Sex differences in how 
inflammation affects behavior: What we can learn from experimental 
inflammatory models in humans. Front Neuroendocrinol. 2018. https:// 
doi. org/ 10. 1016/j. yfrne. 2018. 06. 005.

 76. Pyter LM, Kelly SD, Harrell CS, Neigh GN. Sex differences in the effects 
of adolescent stress on adult brain inflammatory markers in rats. Brain 
Behav Immun. 2013;1(30):88–94.

 77. Bollinger JL, Bergeon Burns CM, Wellman CL. Differential effects of 
stress on microglial cell activation in male and female medial prefrontal 
cortex. Brain Behav Immun. 2016;52:88–97.

 78. Fonken LK, Frank MG, Gaudet AD, D’Angelo HM, Daut RA, Hampson EC, 
et al. Neuroinflammatory priming to stress is differentially regulated in 
male and female rats. Brain Behav Immun. 2018;1(70):257–67.

 79. Liu LL, Li JM, Su WJ, Wang B, Jiang CL. Sex differences in depressive-like 
behaviour may relate to imbalance of microglia activation in the hip-
pocampus. Brain Behav Immun. 2019;81:188–97.

 80. Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, Vieira-Saecker 
A, et al. NLRP3 is activated in Alzheimer’s disease and contributes to 
pathology in APP/PS1 mice. Nature. 2013;493(7434):674–8.

 81. Dempsey C, Rubio Araiz A, Bryson KJ, Finucane O, Larkin C, Mills EL, 
et al. Inhibiting the NLRP3 inflammasome with MCC950 promotes non-
phlogistic clearance of amyloid-β and cognitive function in APP/PS1 
mice. Brain Behav Immun. 2017;1(61):306–16.

 82. Debye B, Schmülling L, Zhou L, Rune G, Beyer C, Johann S. Neuro-
degeneration and NLRP3 inflammasome expression in the anterior 
thalamus of SOD1(G93A) ALS mice. Brain Pathol. 2018;28(1):14–27.

 83. Barclay W, Shinohara ML. Inflammasome activation in multiple sclerosis 
and experimental autoimmune encephalomyelitis (EAE). Brain Pathol. 
2017;27(2):213–9.

 84. Inoue M, Williams KL, Gunn MD, Shinohara ML. NLRP3 inflammasome 
induces chemotactic immune cell migration to the CNS in experi-
mental autoimmune encephalomyelitis. Proc Natl Acad Sci U S A. 
2012;109(26):10480–5.

 85. Gris D, Ye Z, Iocca HA, Wen H, Craven RR, Gris P, et al. NLRP3 plays 
a critical role in the development of experimental autoimmune 
encephalomyelitis by mediating Th1 and Th17 responses. J Immunol. 
2010;185(2):974–81.

 86. Espinosa-Garcia C, Atif F, Yousuf S, Sayeed I, Neigh GN, Stein DG. Proges-
terone attenuates stress-induced NLRP3 inflammasome activation and 
enhances autophagy following ischemic brain injury. Int J Mol Sci. 2020. 
https:// doi. org/ 10. 3390/ ijms2 11137 40.

 87. Hoegen T, Tremel N, Klein M, Angele B, Wagner H, Kirschning C, et al. 
The NLRP3 inflammasome contributes to brain injury in pneumococcal 

https://doi.org/10.1016/0091-3057(80)90067-2
https://doi.org/10.13070/mm.en.2.122
https://doi.org/10.1016/j.neubiorev.2005.04.017
https://doi.org/10.1016/S0166-4328(01)00452-1
https://doi.org/10.1016/S0166-4328(01)00452-1
https://doi.org/10.1172/JCI58642
https://doi.org/10.1038/nature11087
https://doi.org/10.3389/fphar.2013.00124
https://doi.org/10.1016/S0306-4522(02)00710-8
https://doi.org/10.1016/S0306-4522(02)00710-8
https://doi.org/10.1007/s00213-005-0169-2
https://doi.org/10.1080/20008198.2017.1351204
https://doi.org/10.1080/20008198.2017.1351204
https://doi.org/10.1016/j.bbi.2020.12.009
https://doi.org/10.1038/ncomms8360
https://doi.org/10.3389/fimmu.2019.02129
https://doi.org/10.1111/bph.15182
https://doi.org/10.1038/ncomms8360
https://doi.org/10.1038/ncomms8360
https://doi.org/10.1038/s41398-020-0806-x
https://doi.org/10.1038/s41398-020-0806-x
https://doi.org/10.1201/NOE1420052343.ch5
https://doi.org/10.1016/j.neuint.2020.104921
https://doi.org/10.1016/j.neuint.2020.104921
https://doi.org/10.1097/YPG.0000000000000143
https://doi.org/10.1097/YPG.0000000000000143
https://doi.org/10.1016/j.yfrne.2018.06.005
https://doi.org/10.1016/j.yfrne.2018.06.005
https://doi.org/10.3390/ijms21113740


Page 26 of 26Ghosh et al. Journal of Neuroinflammation          (2021) 18:289 

meningitis and is activated through ATP-dependent lysosomal cathep-
sin B release. J Immunol. 2011;187(10):5440–51.

 88. Ismael S, Nasoohi S, Ishrat T. MCC950, the selective inhibitor of 
nucleotide oligomerization domain-like receptor protein-3 inflamma-
some, protects mice against traumatic brain injury. J Neurotrauma. 
2018;35(11):1294–303.

 89. Feng L, Chen Y, Ding R, Fu Z, Yang S, Deng X, et al. P2X7R blockade 
prevents NLRP3 inflammasome activation and brain injury in a rat 
model of intracerebral hemorrhage: Involvement of peroxynitrite. J 
Neuroinflammation. 2015. https:// doi. org/ 10. 1186/ s12974- 015- 0409-2.

 90. Hishida E, Ito H, Komada T, Karasawa T, Kimura H, Watanabe S, et al. 
Crucial role of NLRP3 inflammasome in the development of peritoneal 
dialysis-related peritoneal fibrosis. Sci Rep. 2019;9(1):1–13.

 91. Masters SL, Dunne A, Subramanian SL, Hull RL, Tannahill GM, Sharp FA, 
et al. Activation of the NLRP3 inflammasome by islet amyloid polypep-
tide provides a mechanism for enhanced IL-1β 2 in type 2 diabetes. Nat 
Immunol. 2010;11(10):897–904.

 92. Alcocer-Gómez E, de Miguel M, Casas-Barquero N, Núñez-Vasco J, 
Sánchez-Alcazar JA, Fernández-Rodríguez A, et al. NLRP3 inflamma-
some is activated in mononuclear blood cells from patients with major 
depressive disorder. Brain Behav Immun. 2014;1(36):111–7.

 93. Alcocer-Gómez E, Castejón-Vega B, Cordero MD. Stress-Induced NLRP3 
Inflammasome in Human Diseases. In: Advances in Protein Chemistry 
and Structural Biology. Academic Press Inc.; 2017. p. 127–62. https:// doi. 
org/ 10. 1016/ bs. apcsb. 2017. 02. 002

 94. Alcocer-Gómez E, Ulecia-Morón C, Marín-Aguilar F, Rybkina T, 
Casas-Barquero N, Ruiz-Cabello J, et al. Stress-induced depressive 
behaviors require a functional NLRP3 inflammasome. Mol Neurobiol. 
2015;53(7):4874–82. https:// doi. org/ 10. 1007/ s12035- 015- 9408-7.

 95. Dong Y, Li S, Lu Y, Li X, Liao Y, Peng Z, et al. Stress-induced NLRP3 
inflammasome activation negatively regulates fear memory in mice. J 
Neuroinflammation. 2020;17(1):1–16.

 96. Zhang Y, Liu L, Liu YZ, Shen XL, Wu TY, Zhang T, et al. NLRP3 inflamma-
some mediates chronic mild stress-induced depression in mice via 
neuroinflammation. Int J Neuropsychopharmacol. 2015;18(8):1–8.

 97. Zhang K, Wang L, Li G, Cao C, Fang R, Liu P, et al. Correlation between 
hypothalamic-pituitary-adrenal axis gene polymorphisms and post-
traumatic stress disorder symptoms. Horm Behav. 2020;1:117.

 98. Wilson WH, Young RM, Schmitz R, Yang Y, Pittaluga S, Wright G, et al. 
Targeting B cell receptor signaling with ibrutinib in diffuse large B cell 
lymphoma. Nat Med. 2015;21(8):922–6.

 99. Lionakis MS, Dunleavy K, Roschewski M, Widemann BC, Butman JA, 
Schmitz R, et al. Inhibition of B Cell Receptor Signaling by Ibrutinib in 
Primary CNS Lymphoma. Cancer Cell. 2017;31(6):833-843.e5.

 100. Grommes C, Pastore A, Palaskas N, Tang SS, Campos C, Schartz D, et al. 
Ibrutinib unmasks critical role of Bruton tyrosine kinase in primary CNS 
lymphoma. Cancer Discov. 2017;7(9):1018–29.

 101. Ito M, Shichita T, Okada M, Komine R, Noguchi Y, Yoshimura A, et al. 
Bruton’s tyrosine kinase is essential for NLRP3 inflammasome activation 
and contributes to ischaemic brain injury. Nat Commun. 2015;10:6.

 102. Bam R, Ling W, Khan S, Pennisi A, Venkateshaiah SU, Li X, et al. Role of 
Bruton’s tyrosine kinase in myeloma cell migration and induction of 
bone disease. Am J Hematol. 2013;88(6):463–71.

 103. Mahajan S, Ghosh S, Sudbeck EA, Zheng Y, Downs S, Hupke M, 
et al. Rational design and synthesis of a novel anti-leukemic agent 
targeting Bruton’s tyrosine kinase (BTK), LFM-A13 [α-cyano-β-
hydroxy-β-methyl-N- (2,5-dibromophenyl)propenamide. J Biol Chem. 
1999;274(14):9587–99.

 104. Uckun FM, Zheng Y, Cetkovic-Cvrlje M, Vassilev A, Lisowski E, Waur-
zyniak B, et al. In vivo pharmacokinetic features, toxicity profile, and 
chemosensitizing activity of α-Cyano-β-hydroxy-β- methyl-N-(2,5-
dibromophenyl)propenamide (LFM-A13), a novel antileukemic agent 
targeting Bruton’s tyrosine kinase. Clin Cancer Res. 2002;8(5):1224–33.

 105. Mason C, Savona S, Rini JN, Castillo JJ, Xu L, Hunter ZR, et al. Ibrutinib 
penetrates the blood brain barrier and shows efficacy in the therapy of 
Bing Neel syndrome. Br J Haematol. 2017;179(2):339–41.

 106. Goldwirt L, Beccaria K, Ple A, Sauvageon H, Mourah S. Ibrutinib brain 
distribution: a preclinical study. Cancer Chemother Pharmacol. 
2018;81(4):783–9.

 107. Honigberg LA, Smith AM, Sirisawad M, Verner E, Loury D, Chang B, et al. 
The Bruton tyrosine kinase inhibitor PCI-32765 blocks B-cell activation 

and is efficacious in models of autoimmune disease and B-cell malig-
nancy. Proc Natl Acad Sci U S A. 2010;107(29):13075.

 108. Burger JA, Tedeschi A, Barr PM, Robak T, Owen C, Ghia P, et al. Ibrutinib 
as initial therapy for patients with chronic lymphocytic leukemia. N Engl 
J Med. 2015;373(25):2425–37.

 109. Wu J, Liu C, Tsui ST, Liu D. Second-generation inhibitors of Bruton tyros-
ine kinase. J Hematol Oncol. 2016;9(1):1–7. https:// doi. org/ 10. 1186/ 
s13045- 016- 0313-y.

 110. Jones ME, Lebonville CL, Paniccia JE, Balentine ME, Reissner KJ, Lysle DT. 
Hippocampal interleukin-1 mediates stress-enhanced fear learning: a 
potential role for astrocyte-derived interleukin-1β. Brain Behav Immun. 
2018;67:355.

 111. Johann S, Heitzer M, Kanagaratnam M, Goswami A, Rizo T, Weis J, 
et al. NLRP3 inflammasome is expressed by astrocytes in the SOD1 
mouse model of ALS and in human sporadic ALS patients. Glia. 
2015;63(12):2260–73.

 112. Kaushal V, Dye R, Pakavathkumar P, Foveau B, Flores J, Hyman B, et al. 
Neuronal NLRP1 inflammasome activation of Caspase-1 coordinately 
regulates inflammatory interleukin-1-beta production and axonal 
degeneration-associated Caspase-6 activation. Cell Death Differ. 
2015;22(10):1676–86.

 113. Zendedel A, Johann S, Mehrabi S, Joghataei M, Hassanzadeh G, Kipp M, 
et al. Activation and regulation of NLRP3 inflammasome by intrathe-
cal application of SDF-1a in a spinal cord injury model. Mol Neurobiol. 
2016;53(5):3063–75.

 114. Pan Y, Chen XY, Zhang QY, Kong LD. Microglial NLRP3 inflammasome 
activation mediates IL-1β-related inflammation in prefrontal cortex of 
depressive rats. Brain Behav Immun. 2014;41(1):90–100.

 115. Muhie S, Gautam A, Chakraborty N, Hoke A, Meyerhoff J, Hammamieh 
R, et al. Molecular indicators of stress-induced neuroinflammation in 
a mouse model simulating features of post-traumatic stress disorder. 
Transl Psychiatry. 2017;7(5):e1135.

 116. Kim J, Yoon S, Lee S, Hong H, Ha E, Joo Y, et al. A double-hit of stress 
and low-grade inflammation on functional brain network mediates 
posttraumatic stress symptoms. Nat Commun. 2020. https:// doi. org/ 10. 
1038/ s41467- 020- 15655-5.

 117. van Heerden JH, Conesa A, Stein DJ, Montaner D, Russell V, Illing N. 
Parallel changes in gene expression in peripheral blood mononuclear 
cells and the brain after maternal separation in the mouse. BMC Res 
Notes. 2009;2(1):1–10. https:// doi. org/ 10. 1186/ 1756- 0500-2- 195.

 118. Mehta ND, Haroon E, Xu X, Woolwine BJ, Li Z, Felger JC. Inflammation 
negatively correlates with amygdala-ventromedial prefrontal functional 
connectivity in association with anxiety in patients with depression: 
Preliminary results. Brain Behav Immun. 2018;73:725–30.

 119. Andrews JA, Neises KD. Cells, biomarkers, and post-traumatic stress 
disorder: Evidence for peripheral involvement in a central disease. J 
Neurochem. 2012;120(1):26–36.

 120. Glaus J, von Känel R, Lasserre AM, Strippoli MPF, Vandeleur CL, Castelao 
E, et al. The bidirectional relationship between anxiety disorders and 
circulating levels of inflammatory markers: Results from a large longitu-
dinal population-based study. Depress Anxiety. 2018;35(4):360–71.

 121. Roschewski M, Lionakis MS, Sharman JP, Roswarski J, Goy A, Monticelli 
MA, et al. Inhibition of Bruton tyrosine kinase in patients with severe 
COVID-19. Sci Immunol. 2020. https:// doi. org/ 10. 1126/ sciim munol. 
abd01 10.

 122. Dubey S, Biswas P, Ghosh R, Chatterjee S, Dubey MJ, Chatterjee S, et al. 
Psychosocial impact of COVID-19. Diabetes Metab Syndr Clin Res Rev. 
2020;14(5):779–88.

 123. Chew NWS, Lee GKH, Tan BYQ, Jing M, Goh Y, Ngiam NJH, et al. A 
multinational, multicentre study on the psychological outcomes and 
associated physical symptoms amongst healthcare workers during 
COVID-19 outbreak. Brain Behav Immun. 2020;88:559–65.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s12974-015-0409-2
https://doi.org/10.1016/bs.apcsb.2017.02.002
https://doi.org/10.1016/bs.apcsb.2017.02.002
https://doi.org/10.1007/s12035-015-9408-7
https://doi.org/10.1186/s13045-016-0313-y
https://doi.org/10.1186/s13045-016-0313-y
https://doi.org/10.1038/s41467-020-15655-5
https://doi.org/10.1038/s41467-020-15655-5
https://doi.org/10.1186/1756-0500-2-195
https://doi.org/10.1126/sciimmunol.abd0110
https://doi.org/10.1126/sciimmunol.abd0110

	Bruton’s tyrosine kinase drives neuroinflammation and anxiogenic behavior in mouse models of stress
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Material and methods
	Experimental animals
	Inhibitors
	Stress behavioral paradigm
	Anxiety behavior
	Open field test
	Light–dark test
	Elevated plus maze
	Tissue harvesting
	Collection of peripheral blood mononuclear cells
	Quantification of IL1β and IL6
	Immunoblot analysis
	Caspase 1 activity assay
	Statistical analysis and reporting of data

	Results
	Both predator odor stress and physical stress lead to hyper-anxious behavior in mice and elevated neuroinflammatory markers in the brain at 1-week post-stress
	Female mice display an exacerbated stress response compared to male mice
	Signaling pathways that lead to production of IL1β are upregulated in the hippocampus and amygdala of physically stressed female mice to a greater extent than male mice
	Pharmacological inhibition of the NLRP3 inflammasome with MCC950 attenuates sexually divergent anxious behavior in mice as well as IL1β and Caspase 1 activity in the hippocampus and amygdala
	Bruton’s tyrosine kinase (BTK) is induced in hippocampus and amygdala of mice following physical stress in a sexually divergent pattern
	Pharmacological inhibition of BTK produces anxiolysis and attenuates NLRP3, Caspase 1 and IL1β upregulation in hippocampus and amygdala of stressed mice
	The peripheral inflammatory response in the current model of physical stress

	Discussion
	Conclusion
	Acknowledgements
	References


