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ABSTRACT
BACKGROUND: The mechanisms underlying stress-induced inflammation that contribute to major depressive
disorder are unknown. We examine the role of the adenosine triphosphate (ATP)/purinergic type 2X7 receptor
(P2X7R) pathway and the NLRP3 (nucleotide-binding, leucine-rich repeat, pyrin domain containing 3) inflammasome
in interleukin (IL)-1β and depressive behavioral responses to stress.
METHODS: The influence of acute restraint stress on extracellular ATP, glutamate, IL-1β, and tumor necrosis factor
alpha in hippocampus was determined by microdialysis, and the influence of acute restraint stress on the NLRP3
inflammasome was determined by western blot analysis. The influence of P2X7R antagonist administration on IL-1β
and tumor necrosis factor alpha and on anxiety and depressive behaviors was determined in the chronic unpredictable
stress rodent model. The role of the NLRP3 inflammasome was determined by analysis of Nlrp3 null mice.
RESULTS: Acute restraint stress rapidly increased extracellular ATP, an endogenous agonist of P2X7R; the
inflammatory cytokine IL-1β; and the active form of the NLRP3 inflammasome in the hippocampus. Administration
of a P2X7R antagonist completely blocked the release of IL-1β and tumor necrosis factor alpha, another stress-
induced cytokine, and activated NLRP3. Moreover, P2X7R antagonist administration reversed the anhedonic and
anxiety behaviors caused by chronic unpredictable stress exposure, and deletion of the Nlrp3 gene rendered mice
resistant to development of depressive behaviors caused by chronic unpredictable stress.
CONCLUSIONS: These findings demonstrate that psychological “stress” is sensed by the innate immune system in
the brain via the ATP/P2X7R–NLRP3 inflammasome cascade, and they identify novel therapeutic targets for the
treatment of stress-related mood disorders and comorbid illnesses.
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Approximately 17% of the population is affected by major
depressive disorder (MDD), resulting in devastating personal,
social, and economic consequences. Imaging studies dem-
onstrate decreased volume of brain regions implicated in
depression, including the hippocampus and prefrontal cortex
(PFC), whereas atrophy of neurons and glia has been reported
in postmortem samples from depressed subjects and rodent
chronic stress models (1). Although the mechanisms under-
lying these effects are not well known, these findings indicate
that protection against these damaging effects of stress and
depression could have therapeutic benefit. There is strong
evidence that MDD is associated with inflammation, demon-
strated by high levels of proinflammatory cytokines in blood
samples of patients with MDD (2). There are also high rates of
comorbidity of MDD with systemic inflammatory diseases,
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including diabetes, cancer, stroke, and rheumatoid arthritis (3).
Psychological stress can increase peripheral inflammation in
humans (4,5), including elevated levels of interleukin (IL)-1β in
blood of patients with MDD (6).

Preclinical studies have demonstrated that chronic stress
leads to activation of the peripheral and central innate immune
system and that increased inflammatory cytokines contribute
to depressive behaviors (7–10). We have shown that stress
and IL-1β decrease neurogenesis in the adult hippocampus,
and this effect is associated with the development of anhe-
donia (11). Administration of an IL-1β receptor antagonist
abolishes both the antineurogenic and the anhedonic behav-
ioral effects of chronic unpredictable stress (CUS) (11,12), and
IL-1 receptor deletion mutant mice display reduced anxiety
(13). However, the mechanisms underlying the ability of stress
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to increase IL-1β and inflammatory responses in brain have
not been determined. Studies of peripheral immune cells
demonstrate that the inflammatory response to danger sub-
stances involves two major steps: 1) toll-like receptor medi-
ated induction of NLRP3 (nucleotide-binding, leucine-rich
repeat, pyrin domain containing 3) expression and 2) adeno-
sine triphosphate (ATP)/purinergic type 2X7 receptor (P2X7R)–
induced oligomerization of NLRP3 with an adaptor protein
(ASC [apoptosis-associated speck-like protein containing a
CARD]) and pro-caspase-1 (14,15). The resulting multiprotein
complex termed the inflammasome cleaves pro-caspase-1 to
mature caspase-1, which cleaves pro-IL-1β to mature IL-1β
(16); in brain, this occurs primarily in resident microglia as well
as invasive macrophages. P2X7R is an ionotropic receptor
located predominantly on microglia and macrophages and is
activated in response to cellular danger signals, such as ATP
(16). The P2X7R gene is located within a region on chromo-
some 12q24.31, which has been identified as a susceptibility
locus for affective disorders (17).

In the present study, we used rodent models of stress and
depression to identify the pathways by which psychological
stress increases IL-1β and the resulting neurogenic and
anhedonic responses. We show that stress rapidly increases
glutamate, which releases ATP as a gliotransmitter from
astrocytes. ATP activates P2X7R and releases IL-1β with
subsequent induction of tumor necrosis factor alpha (TNFα)
via activation of the NLRP3 inflammasome. We confirmed that
these biological responses result in cellular and behavioral
deficits by showing that a P2X7R antagonist, which blocks the
release of IL-1β and TNFα, blocks the cellular and behavioral
deficits caused by stress.
METHODS AND MATERIALS

Animals

Male Sprague Dawley rats (Charles River Laboratories, Wil-
mington, Massachusetts) and male Nlrp3 deletion mutant mice
(obtained from Dr. N. Fasel, University of Lausanne, Switzer-
land) (18) were used. All procedures were approved by the
Yale University Animal Care and Use Committee.

Reagents

The P2X7R antagonist A-804598 (10 mg/kg, intraperitoneal)
(provided by Lundbeck Research USA, Paramus, New Jersey)
was dissolved in 10% dimethylsulfoxide and 90% polyethylene
glycol 400; bromodeoxyuridine (BrdU) (150 mg/kg, intraperitoneal;
Sigma-Aldrich, St. Louis, Missouri) was dissolved in saline. C28 is
a mouse IgG1 anti-IL-1β antibody (provided by Eli Lilly and
Company, San Diego, California) that neutralizes mouse IL-1β;
C28 was administered subcutaneously at a dose of .2 mg/mouse
every 4 days. Rats display mild transient discomfort after admin-
istration of 10% dimethylsulfoxide/90% polyethylene glycol 400.

Immobilization Stress

Rats were restrained in tapered plastic film tubes (Decapi-
Cones; Braintree Scientific, Inc., Braintree, Massachusetts) for
1 hour.
Biolog
CUS Model

The CUS model is a rodent model of depression in which rats
(19) or mice (20) were exposed to a variable sequence of two
mild and unpredictable stressors per day preventing habitu-
ation as previously described (19,20). The stressors include
cage tilt, light off, light on, crowd, odor, cold stress, no
bedding, wet bedding, isolation, food and water deprivation,
stroboscope, forced swim, cage rotation, and immobilization
(IMM) stress (Supplemental Tables S1 and S2). These stres-
sors were adapted from our previous study. Control rats were
handled every day.
Astrocyte Culture

Astrocyte primary cell cultures were prepared from neonatal
rats, as described by Kajitani et al. (21).

Stereotactic Surgery and Microdialysis

Animals were anesthetized with isoflurane and held in a
stereotactic frame, and a guide cannula was implanted into
the hippocampus (coordinates: anteroposterior 25.3, dorso-
lateral 24.8 from bregma, ventral 24.0 from the skull surface)
or PFC (coordinates: 13.4, 2.8, 21.0). After 7 days of
recovery, a microdialysis probe was inserted. We used a 4-
mm-long microdialysis probe (polyarylethersulphone, 100 kDa
molecular weight cutoff; BrainLink B.V., Groningen, The Neth-
erlands) for collecting ATP and glutamate, and high cutoff
probe (polyethylene, 3 MDa molecular weight cutoff) for
collecting IL-1β and TNFα, equipped with an infusion syringe
pump (PHD 2000; Harvard Apparatus, Holliston, Massachu-
setts) and refrigerated fraction collector (CMA 470; CMA
Microdialysis AB, Solna, Sweden). Probes were attached to
microbore tubing traveling through a microdialysis swivel and
head tether assembly (Instech Laboratories, Inc., Plymouth
Meeting, Pennsylvania) that allowed animal movement around
the cage. The microdialysis perfusion fluid consisted of
artificial central nervous system fluid (Harvard Apparatus),
which was delivered at a rate of 3 μL/min, 15-minute intervals
for ATP and glutamate analysis, and 1.5 μL/min, 60-minute
intervals for IL-1β and TNFα analysis.

ATP Bioluminescence Assay and Liquid
Chromatography/Tandem Mass Spectrometry
for Glutamate

The ATP levels were measured by the ATP Bioluminescence
Assay Kit CLS II (Roche Diagnostics, Mannheim, Germany)
according to the manufacturer’s instruction. Concentrations of
glutamate were determined by high-performance liquid chro-
matography combined with tandem mass spectrometry detec-
tion using an internal standard.

Multiplex Electrochemiluminescence Assay

A multiplex electrochemiluminescence assay was performed
using custom multiplex plates for detection of IL-1β and TNFα
(Meso Scale Discovery, Rockville, Maryland) according to the
manufacturer’s standard protocol. The signal was detected by
a SECTOR Imager 6000 (Meso Scale Discovery) with DIS-
COVERY WORKBENCH software (Meso Scale Discovery).
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Analysis of BrdU Incorporation: DNA Dot Blot Assay

DNA dot blot assay is an approach described by Wu and
Castren (22) to detect the concentration of DNA that incorpo-
rates BrdU as a marker of cell proliferation.

Co-immunoprecipitation

The NLRP3 inflammasome was co-immunoprecipitated using
Dynabeads Co-Immunoprecipitation Kit (Life Technologies
Corporation, Grand Island, New York) according to the
manufacturer’s instructions. Anti-ASC antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, California) or control IgG
(Santa Cruz Biotechnology, Inc.) was incubated with Dyna-
beads M-270 Streptavidin (Life Technologies Corporation).
Anti-ASC antibody was supposed to immunoprecipitate
ASC, NLRP3, and caspase-1.

Western Blotting

Western blotting was conducted in our laboratory as previ-
ously described (23). The positive and negative controls for
NLRP3 were, respectively, HEK293 cell lysate transfected and
untransfected with mouse NLRP3 (Novus Biologicals, LLC,
Littleton, Colorado). Immunoblotting was performed with anti-
NLRP3 antibody (1:1000; Adipogen Corporation, San Diego,
California).

Behavioral Tests

Animals were subjected to behavioral testing using vehicle-
controlled experiments and were analyzed by experimenters
blinded to the identity of the groups. The sucrose preference
test (24), novelty suppressed feeding test (NSFT) (24), elevated
plus maze (EPM) (25), open field test (OFT) (23), sucrose
consumption test (20), and forced swim test (FST) (24) were
conducted as previously described in our laboratory. Briefly, in
the sucrose preference test, animals were habituated for 48
hours to 1% sucrose; following a 4-hour deprivation period,
preference for sucrose or water was determined for 1 hour.
The NSFT was performed after 24 hours of food deprivation.
Rats were placed in an open field (76.5 cm 3 76.5 cm) with a
small amount of food in the center, and latency to feed was
determined. The EPM consisted of two open arms (50 cm 3

10 cm for rats, 30 cm 3 5 cm for mice) and two closed arms
(50 cm 3 10 cm 3 40 cm for rats, 30 cm 3 5 cm 3 30 cm for
mice). The frequency and time spent in the open arms and
closed arms were measured. In the OFT, animals were placed
in the open field (76.5 cm 3 76.5 cm for rats, 50 cm 3 50 cm
for mice) and allowed to explore for 10 minutes. Time and
distance in the center zone were measured using the ANY-
maze tracking system (Stoelting Co., Wood Dale, Illinois). In
the sucrose consumption test, mice were habituated to 1%
sucrose for 48 hours, then overnight sucrose intake was
measured. In the FST, rats were placed for 10 minutes in a
clear cylinder with water (241C, 45 cm deep). Video-recorded
sessions were scored for immobility time.

Statistical Analyses

Statistical differences were determined by analysis of variance
(StatView 5.0; SAS Institute, Inc., Cary, North Carolina) followed
by Fisher’s protected least significant difference post hoc
14 Biological Psychiatry July 1, 2016; 80:12–22 www.sobp.org/journa
analysis (three or more groups) or Student t test (two groups).
Using pre-established guidelines, values were excluded from
analysis if they were .2 SD from the mean. Statistical signifi-
cance was set at p , .05. For microdialysis results, GraphPad
Prism version 4.02 (GraphPad Software, Inc., San Diego,
California) or MATLAB (The Mathworks, Inc., Natick, Massachu-
setts) was used for statistical analysis. All data sets were tested
for normality using the Lilliefors test. In cases where data were
normally distributed, outliers were eliminated using Peirce’s
criterion (26). In cases where data were not normally distributed,
significance testing was conducted using the Kruskal-Wallis
nonparametric analysis of variance with Holm-Bonferroni cor-
rected Mann-Whitney U post hoc tests where appropriate.

RESULTS

Psychological Stress Increases Extracellular ATP in
Hippocampus: Role of Glutamate

One of the main sources of ATP acting on microglial P2X7R is
damaged or dying cells, but ATP is also a neurotransmitter
(27). However, it is unknown whether psychological stress
increases extracellular ATP in the brain. To address this
question, we examined the influence of IMM stress (1 hour)
on extracellular ATP in the hippocampus using in vivo micro-
dialysis (see Supplemental Figure S1A for location of probe).
The results show a biphasic ATP response with extracellular
ATP rapidly increasing within the first 15 minutes of stress,
falling, and then increasing again at the end of stress exposure
(Figure 1A). The release of ATP from glia could be controlled
by the excitatory neurotransmitter glutamate, which is stimu-
lated by stress (28–30). In vivo microdialysis demonstrates that
IMM stress rapidly increases glutamate in the hippocampus
(Figure 1B). To directly test the ability of glutamate to stimulate
astrocytes to release ATP, we used rat astrocyte primary cell
cultures. The results demonstrate that glutamate (100 μmol/L)
rapidly stimulates ATP release into the media (20–60 seconds)
(Figure 1C), consistent with our hypothesis that astrocytes
respond to glutamate by stimulating ATP release.

Psychological Stress Increases Extracellular IL-1β
and TNFα: Blockade by ATP/P2X7R Antagonist

We established an in vivo microdialysis approach to assess
extracellular levels of IL-1β and TNFα (Supplemental Figure
S1A) and analyzed cytokine levels using a multiplex electro-
chemiluminescence assay (31) (Supplemental Figure S2A, B).
The results demonstrate that IMM stress significantly
increases IL-1β release in the hippocampus, peaking at 2
hours, a delayed time course relative to ATP (Figure 1D). The
return to basal levels could be due to negative feedback
mechanisms (32) or to depletion of IL-1β (16). In vitro studies
demonstrate a similar rapid ATP induction of IL-1β release that
is maximal within 10–20 minutes and no further release with
continuous ATP exposure (33). The role of ATP and P2X7R in
the regulation of IL-1β was directly tested using a potent and
selective P2X7R antagonist, A-804598 (2-cyano-1-[(1S)-1-
phenylethyl]-3-quinolin-5-ylguanidine) (34). A-804598 pene-
trates the brain, and pharmacokinetic studies show that drug
concentrations are sufficiently high in both blood and brain
tissue to significantly block P2X7R (Supplemental Figure S3A, B).
l
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Figure 1. (A–F) Immobilization
stress increases levels of glutamate,
adenosine triphosphate (ATP), inter-
leukin (IL)-1β, and tumor necrosis fac-
tor alpha (TNFα) in hippocampus
microdialysates. Blockade by admin-
istration of a P2X7 receptor antago-
nist. (A) Rats were exposed to
immobilization stress for 60 minutes
as indicated (red line), and samples
were collected by microdialysis and
analyzed for levels of ATP (n 5 18), (B)
glutamate (n 5 19), (D) IL-1β (Vehicle,
n 5 7; A-804598, n 5 3; Vehicle 1

Stress, n 5 24; A-804598 1 Stress,
n 5 9), and (E) TNFα (Vehicle, n 5 7,
A-804598, n 5 3; Vehicle 1 Stress,
n 5 24; A-804598 1 Stress, n 5 9)
using a multiplex electrochemilumi-
nescence assay, bioluminescence,
and high-performance liquid chroma-
tography combined with tandem
mass spectrometry as described in
Methods and Materials. Arrows indi-
cate administration time of vehicle
(polyethylene glycol 400 1 dimethyl-
sulfoxide) or P2X7 receptor antago-
nist, A-804598. The mean of three
pretreatment microdialysis samples
was used to define the baseline for
each animal. (F) Immobilization stress
increases levels of IL-1β and TNFα in
microdialysates from hippocampus.
The combined time course for each
cytokine demonstrates that the
increase in IL-1β precedes the
increase in TNFα. In addition, levels
of IL-1β immediately returned to base-
line, whereas the increased TNFα
levels persisted longer (n 5 24 per
group). (C) ATP levels in astrocyte cell
culture stimulated by glutamate (n 5 9
per group). Results are expressed as
mean 6 SEM. *p , .05 compared with
control (vehicle) (Kruskal-Wallis non-

parametric analysis of variance with Holm-Bonferroni corrected Mann-Whitney U post hoc tests where appropriate).
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The results demonstrate that A-804598 (10 mg/kg) pretreat-
ment (1 hour) completely suppresses the release of IL-1β
(Figure 1D), confirming that IL-1β release in response to IMM
stress occurs via ATP/P2X7R activation.

We also found that IMM stress significantly increases
hippocampal levels of TNFα, another proinflammatory cyto-
kine implicated in depression (7,35,36), and this effect is also
blocked by pretreatment with A-804598 (Figure 1E). TNFα is
not directly controlled by ATP/P2X7R, although it is possible
that the blockade by A-804598 occurs indirectly via inhibition
of IL-1β, which can stimulate the release of TNFα (37).
Comparison of the time courses for levels of these two
cytokines demonstrates that the release of IL-1β precedes
the release of TNFα (Figure 1F).

The IMM stress also caused similar effects in the PFC,
another region implicated in depression, including increased
levels of ATP, IL-1β, and TNFα (Supplemental Figures S1B and
S4A–C). The results are similar to the hippocampus, although
there is a time lag in the release of ATP, suggesting that the
Biolog
induction of ATP and IL-1β in PFC may be secondary to the
effects in hippocampus (Supplemental Figure S4A). The
induction of IL-1β and TNFα in PFC is also blocked by
pretreatment with A-804598 (Supplemental Figure S4B, C).

P2X7R Antagonist Treatment Blocks Cellular and
Behavioral Effects of Stress

We next determined the influence of P2X7R antagonist
administration on depression and anxiety behaviors, first in
naïve, nonstressed rats. Administration of A-804598 did not
significantly influence behavioral immobility in the FST or
anxiety in the OFT and EPM (Supplemental Figure S5A–C).
The lack of effect of P2X7R blockade could be due to the
short-term, mild stress in these behavioral models, suggesting
that more long-term stress activation of the inflammasome is
required to cause depressive and anxiety behaviors. To
address this issue, we used a CUS model (Figure 2A), which
causes anhedonia and anxiety, core symptoms of MDD that
are reversed by long-term administration of a typical
ical Psychiatry July 1, 2016; 80:12–22 www.sobp.org/journal 15
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Figure 2. Influence of P2X7 receptor (P2X7R) antagonist administration on anxiety and depressive behaviors. (A–E) Influence of A-804598 on behavioral
deficits caused by chronic unpredictable stress (CUS). (A) Experimental paradigm. Rats were exposed to CUS, two stressors per day for 28 days, and were
then administered A-804598 (5 mg/kg, twice daily) for an additional 28 days. Behavioral tests were then conducted, including (B) sucrose preference test
(SPT) (F3,25 5 3.162, p , .05; n 5 7–8 per group), (C) novelty suppressed feeding test (NSFT) (F3,25 5 4.544, p , .05; n 5 7–8 per group), and (D, E) elevated
plus maze (EPM), time in open arm (D) and open/total entries (E) (time in open arm [F3,26 5 8.522, p , .01]; open/total entries [F3,27 5 4.971, p , .01]; n 5 7–8
per group for both). All data are expressed as mean 6 SEM. *p , .05 and **p , .01.
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antidepressant (19,24). In this study, we found that CUS
increased anhedonia, measured in the sucrose preference
test, increased latency to feed in the NSFT, and reduced time
in the open arms in the EPM (Figure 2B–E). Long-term (28
days) administration of A-804598 significantly reversed these
effects of CUS on anhedonia in the sucrose preference test
and anxiety in the NSFT (decreased latency) and the EPM
(increased open arm time) (Figure 2B–E).

Stress causes a rapid downregulation of neurogenesis in
the adult hippocampus (38) that is blocked by administration
of an IL-1β receptor antagonist (11). To test the role of ATP/
P2X7R, A-804598 was administered 1 hour before IMM stress,
and the levels of hippocampal neurogenesis were assessed.
Immediately after IMM stress, BrdU was injected to label
newborn neurons, and a hippocampus sample was collected
2 hours later for analysis of BrdU incorporation (22)
(Supplemental Figures S6A, C and S7A–C). Pretreatment with
A-804598 resulted in a dose-dependent blockade of the BrdU
reduction caused by IMM stress (Supplemental Figure S6B).

Stress Activates NLRP3 Inflammasome: Nlrp3 Null
Mice Are Resilient to Chronic Stress

The NLRP3 inflammasome complex, which consists of NLRP3,
ASC, and pro-caspase-1, can detect diverse danger signals and
produce the accompanying immune-inflammatory reactions,
most importantly, the processing and release of IL-1β (8). NLRP3
has attracted particular attention because it can detect not only
16 Biological Psychiatry July 1, 2016; 80:12–22 www.sobp.org/journa
pathogen-associated molecules, but also cell damage–associ-
ated molecules such as ATP. This ability led us to hypothesize
that the NLRP3 inflammasome may be a central mediator by
which psychological and physical stressors can contribute to
the development of depression as well as systemic diseases (8).
ATP/P2X7R activation triggers NLRP3 oligomerization to form
an active inflammasome complex. We investigated whether IMM
stress increases the active form of NLRP3, using a combination
of co-immunoprecipitation with an anti-ASC antibody and
NLRP3 western blotting methods (Figure 3A, B). Co-
immunoprecipitated NLRP3 was significantly increased in the
stress group relative to the control group, whereas total NLRP3
levels were unchanged (Figure 3C, D), and this effect was
reversed by A-804598 administration (Figure 3D). The results
indicate that stress increases levels of the active form of the
NLRP3 inflammasome complex via P2X7R stimulation.

The NOD-like receptors serve as sensors for internal and
external danger signals, and the NLRP3 inflammasome has
been implicated in diverse systemic illnesses (39–41). Based
on our findings, we hypothesized that the NLRP3 inflamma-
some is a key mediator of the stress response in brain. This
hypothesis was directly tested in Nlrp3 null mutant mice
(Supplemental Figure S8A, B) (18). We found that under basal
nonstressed conditions, the Nlrp3 null mice exhibit decreased
anxiety and depressive-like behaviors in the EPM and OFT
(Figure 3E–H). In addition, the Nlrp3 null mice are resilient to
CUS compared with their wild-type littermates. We found that
l
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Figure 3. Immobilization (IMM) stress activates the NLRP3 inflammasome. Nlrp3 deletion mutant mice exhibit behavioral resilience to chronic unpredictable stress
(CUS). (A) Experimental paradigm for IMM stress showing that rats were sacrificed after 1 hour of stress. (B) Co-immunoprecipitation of NLRP3 using anti-ASC
antibody coupled beads or IgG control and western blotting; the anti-ASC enriched fraction represents the activated form of NLRP3. Influence of IMM stress on (C)
total protein levels of NLRP3 and (D) anti-ASC co-immunoprecipitated NLRP3; reversal by administration of A-804598 (10 mg/kg, i.p.). Results are expressed as mean
6 SEM. *p , .05 compared with control mice. (E) Experimental paradigm for anxiety behavioral studies in nonstressed Nlrp3 null mice. Results are shown for the
elevated plus maze (EPM), including (F) open arm time (t18 5 4.322, p , .01; n5 10 per group), open arm entries (t18 5 5.013, p, .01; n5 10 per group), (G) closed
arm time (t18 5 4.026, p , .01; n 5 10 per group), and closed arm entries (t18 5 .306, p 5 not significant; n 5 10 per group). Results in the open field test (OFT)
include (H) time in center (t18 5 3.444, p , .01; n 5 10 per group) and center distance traveled (t18 5 3.209, p , .01; n 5 10 per group). (I) Experimental paradigm
for CUS in mice. After 7 days of acclimation, mice are exposed to two stressors per day for 21 days, and anhedonia-like deficits are then measured in the (J) sucrose
consumption test (SCT) (F3,31 5 5.418, p, .01; n5 8–10 per group) and (K) water consumption that served as a control (F3,31 5 1.226, p5 not significant; n5 8–10
per group). *p , .05 and **p , .01. Ctrl, control; i.p., intraperitoneal; KO, knockout; Sac, sacrifice; WT, wild-type; Veh, vehicle.
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wild-type control mice that have been exposed to CUS show a
reduction in the consumption of a sweetened solution,
whereas there is no effect of CUS in the Nlrp3 null mice
(Figure 3I, J); there was no effect on water consumed
(Figure 3K). There is a small, nonsignificant difference in
locomotor activity and no difference in body weight between
wild-type and knockout mice (Supplemental Figure S8C, D).

Blockade of Peripheral IL-1β Blocks Behavioral
Deficits Caused by Chronic Stress

Previous studies demonstrated that blockade of IL-1β in the
central nervous system (via intracerebroventricular infusion of
IL-1β receptor antagonist) blocks the effects of CUS on
anhedonic behavior, consistent with our studies of the P2X7
antagonist and Nlrp3 null mice. However, whether blockade of
peripheral IL-1β can produce an antidepressant response, as
reported for peripheral blockade of TNFα (42,43), is unknown.
This possibility was directly examined by peripheral admin-
istration of an IL-1β neutralizing antibody (Figure 4A–D). An
anti-IL-1β antibody (.2 mg/mouse) was administered subcuta-
neously every 4 days, the approximate half-life of the antibody,
and behavioral responses to CUS were examined. The IL-1β
antibody administration completely blocked the deficit in
sucrose consumption as well as increased anxiety behavior
in the EPM caused by CUS exposure relative to the control
IgG group.

We also found that subacute peripheral administration of
the IL-1β antibody (1–3 days after infusion) was sufficient to
produce antidepressant and anxiolytic behavioral effects in
nonstressed mice (Figure 4E–H). A single dose of IL-1β anti-
body decreased immobility time in the FST, particularly during
the last 5 minutes of the test, and increased the ratio of
distance in open field relative to total distance. There was no
significant difference in latency to feed in the NSFT. A single
dose of the IL-1β antibody, but not the P2X7R antagonist, may
produce an antidepressant/anxiolytic response because of the
more long-term blockade of IL-1β by the antibody during the
2- to 3-day period of behavioral testing or because there is
P2X7R-independent peripheral IL-1β.
DISCUSSION

In the present study, we show that psychological stress
causes a rapid increase in extracellular ATP and glutamate
that precedes the release of extracellular IL-1β in the hippo-
campus. The release of IL-1β is blocked by pretreatment with
a P2X7R antagonist, confirming that ATP activates P2X7R to
stimulate the processing and release of IL-1β (Figure 5).
Astrocytes express glutamate receptors that regulate intra-
cellular Ca21 (44,45), which could then stimulate the release of
ATP, a “warning molecule” for microglial activation (44–48).
Extracellular ATP from astrocytes is essential for both the
rapid baseline dynamics and the injury-induced responses of
microglia (49). We found that glutamate stimulates release of
ATP from astrocytes, consistent with the hypothesis that these
cells are the source of stress/glutamate-induced ATP release.
Further studies are needed to test this hypothesis, as there is
also evidence of neuronal release of ATP (50), and to identify
the glutamate receptor subtype that mediates this response. In
18 Biological Psychiatry July 1, 2016; 80:12–22 www.sobp.org/journa
addition, studies to identify other danger substances that
facilitate the transcription of pro-IL-1β, NLRP3, and other
components of the inflammasome in response to psycholog-
ical stress are needed.

These results appear to conflict with a recent study
reporting that chronic social defeat stress decreases basal
levels of ATP in the hippocampus and that ATP administration
produces an antidepressant response in rodents (51), but
there are several major differences from the present study.
First, we analyzed real-time levels of ATP during stress
exposure, whereas the previous study analyzed samples 24
hours after social defeat stress. Second, we perfused the
inserted probe for 18 hours before sample collection, whereas
the previous study started collection 1 hour after probe
insertion, and analysis could be confounded by acute tissue
damage, activated microglia, and reactive astrocytes around
the insertion site (52,53). In addition, the dose of ATP used in
the previous report would selectively activate the P2X2R
subtype, not P2X7R, based on receptor affinities (P2X2 is
100-fold . P2X7). These and other differences explain the
results of these studies and indicate that both P2X2R and
P2X7R are potential targets for drug development.

We also found that IMM stress increases the release of
TNFα with a time course that is slightly delayed relative to IL-
1β. Pretreatment with the P2X7R antagonist also blocked the
release of extracellular TNFα in the hippocampus. Release of
TNFα is not directly regulated by ATP/P2X7R and inflamma-
some activation (54–57) [however, see Hide et al. (58)], but it is
possible that the elevation of IL-1β stimulates TNFα release.
Although the mechanisms are unclear, the results indicate that
P2X7R blockade produces a more generalized inhibition of the
stress-induced inflammatory responses.

Although P2X7R antagonist rapidly blocks the induction of
IL-1β by acute stress, it did not produce a response in acute
behavioral models. This finding is consistent with a report
that a nonselective P2X7R antagonist decreases immobility
in the FST only after repeated testing (59). Similar effects
have been reported in P2x7r null mice (60), although there is
an earlier report of decreased immobility in P2x7r null mice
during the first FST (61). These studies indicate that P2X7R
blockade is more effective under conditions of repeated
stress exposure, which we tested using the CUS model
of depression (19,24). We found that P2X7R antagonist
treatment completely blocked the anhedonic and anxiety
behaviors resulting from CUS. These findings indicate that
chronic stress causes greater, sustained activation of the
inflammasome consistent with previous reports that chronic
stress serves as a “priming” stimulus for inflammatory agents
(62,63). However, additional studies are needed to determine
the relationship between ATP, the NLRP3 inflammasome,
and behavioral responses to P2X7R blockade under chronic
stress conditions.

The possibility that the behavioral deficits caused by CUS
occur via the NLRP3 inflammasome was tested in Nlrp3 null
mutant mice. Compared with wild-type littermates, we found
that the Nlrp3 null mice displayed decreased anxiety and
anhedonic behaviors even under basal, unstressed conditions
and were resilient to the behavioral deficits caused by CUS
exposure. These results are consistent with our findings that
stress activates the NLRP3 inflammasome and demonstrate
l
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Figure 4. Peripheral administration of interleukin (IL)-1β antibody blocks the effects of chronic unpredictable stress (CUS). (A) Experimental paradigm of 14
days of CUS for mice. IL-1β antibody .2 mg/mouse is injected subcutaneously (s.c.) every 4 days. Behavioral tests included (B) sucrose consumption test
(SCT) (F3,25 5 2.996, p , .05; n 5 21–22 per group); (C) elevated plus maze (EPM), time in open arm (F3,77 5 4.026, p , .05; n 5 21–22 per group); and (D)
EPM, open arm entries (F3,78 5 2.818, p , .05; n 5 21–22 per group). (E) Experimental paradigm of subacute administration of IL-1β antibody. (F)
Immobilization time in the forced swim test (FST) (t14 5 2.662, p , .05; n 5 8 per group). (G) The ratio of center to total distance in the open field test (OFT) (t13
5 2.648, p , .05, n 5 7–8 per group). (H) The latency to feed in novelty suppressed feeding test (NSFT) (t14 5 .746, p 5 not significant; n 5 8 per group).
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that blockade of the inflammasome either by blockade of the
P2X7R or null mutation blocks the behavioral effects of CUS.

We also demonstrate that peripheral neutralization of IL-1β is
sufficient to block the behavioral deficits caused by CUS, extending
Biolog
previous studies of central IL-1β blockade (11). Stress can activate
the peripheral immune system, including increased immune cell
production and cytokine release (64), and can lead to increased
monocyte trafficking to the brain (65). Administration of the IL-1β
ical Psychiatry July 1, 2016; 80:12–22 www.sobp.org/journal 19
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Figure 5. Scheme of the relation-
ship between psychological stress
and inflammation. Adenosine tripho-
sphate (ATP) is released in response
to psychological stress and binds to
the P2X7 receptor (P2X7R). The efflux
of K1 caused by ATP induces NLRP3
activation and recruits adaptor protein
ASC and pro-caspase-1, which makes
a large multiprotein complex termed
the inflammasome. Mature caspase-1
is cleaved from pro-caspase-1, which
cleaves pro-interleukin (IL)-1β to make
mature IL-1β. Released IL-1β is
thought to induce tumor necrosis fac-
tor alpha (TNFα) release because
P2X7R antagonist administration
blocks not only IL-1β release but also
TNFα release, which is not directly
regulated by P2X7R. Evidence pre-
sented in this study demonstrates
several approaches that block the
behavioral deficits caused by chronic
stress, including 1) P2X7R antagonist
treatment, 2) Nlrp3 deletion, and 3) IL-
1β neutralization. These approaches
could influence peripheral and central
immune responses. Together, these

studies provide evidence to support new therapeutic strategies that reduce excess release of IL-1β for the treatment of stress-related mood disorders
such as depression. NFκB, nuclear factor kappa B.
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antibody would neutralize these peripheral effects of stress as well
as indirectly influence central nervous system immune responses
(e.g., via the vagus nerve or prostaglandin diffusion). We would also
expect that P2X7R antagonist administration or Nlrp3 mutation
would block peripheral and central immune responses (Figure 5).
Together with previous reports of central IL-1β blockade (11), the
results indicate that both the peripheral and the central IL-1β/
immune responses contribute to depressive/anxiety behaviors.
Further studies are needed to determine the contribution of the
peripheral and central systems, including IL-1β and ATP, to the
antidepressant actions of these treatments.

In conclusion, the inflammasome has become the focus of a
wide range of medical research areas because it is a critical
sensor for diverse diseases (e.g., diabetes, cardiovascular disor-
ders, cancer), many of which have high rates of comorbidity with
MDD (3). Because psychological stressors and systemic diseases
cause elevation of inflammatory cytokines, notably IL-1β, NLRP3
may represent a common mediator for the development of
depression by other systemic diseases as well as by chronic or
traumatic psychological stress (8). The results also demonstrate
several different approaches for blocking the deleterious effects of
chronic stress on depressive and anxiety behaviors, including
blockade of P2X7R, null mutation of Nlrp3, and IL-1β neutraliza-
tion. Together, the characterization of these stress and disease
signaling pathways and blocking strategies represent a rich area
for development of novel therapeutics for the treatment of
depression caused by stress as well as other comorbid illnesses.
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