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Abstract

Anxiety is one of the most commonly reported psychiatric conditions, but its pathogenesis is

poorly understood. Ailments associated with activation of the innate immune system, however, are

increasingly linked to anxiety disorders. In adult male mice, we found that adenosine doubled

caspase-1 activity in brain by a pathway reliant on ATP-sensitive potassium (KATP) channels,

protein kinase A (PKA) and the A2A adenosine receptor (AR). In addition, adenosine-dependent

activation of caspase-1 increased interleukin (IL)-1β in the brain by two-fold. Peripheral

administration of adenosine in wild-type (WT) mice led to a 2.3-fold increase in caspase-1 activity

in the amygdala and to a 33% and 42% reduction in spontaneous locomotor activity and food

intake, respectively, that were not observed in caspase-1 knockout (KO), IL-1 receptor type 1

(IL-1R1) KO and A2A AR KO mice or in mice administered a caspase-1 inhibitor centrally.

Finally, adenosine administration increased anxiety-like behaviors in WT mice by 28% in the

open field test and by 55% in the elevated zero-maze. Caspase-1 KO mice, IL-1R1 KO mice, A2A

AR KO mice and WT mice treated with the KATP channel blocker, glyburide, were resistant to

adenosine-induced anxiety-like behaviors. Thus, our results indicate that adenosine can act as an

anxiogenic by activating caspase-1 and increasing IL-1β in the brain.
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Introduction

With a lifetime prevalence of nearly 18% (Kessler et al., 2005), anxiety disorders including

generalized anxiety disorder (GAD), obsessive-compulsive disorder (OCD), panic disorder

and post-traumatic stress disorder (PTSD) are among the most common psychiatric

conditions suffered by Americans and Europeans (Kessler et al., 2005, WHO 2000). In

humans, the pathogenesis of anxiety is poorly understood but recently new triggers of

anxiety have been described including oxidative stress (Rammal et al., 2008) and

inflammation (Pitsavos et al., 2006).

Common to these intertwined physiologic processes is the generation of the pleotropic

cytokine IL-1β (Buttke & Sandstrom, 1994, Donath et al., 2008). IL-1β is not only a

regulator of innate immunity, angiogenesis and hematopoiesis but also influences brain-

based processes including cognition, locomotion, anorexia and anxiety (Johnson et al., 2007,

Dantzer et al., 2008, Pugh et al., 2001). Canonically, IL-1β exists intracellularly as a pro-

form that is cleaved to its mature secretable polypeptide by caspase-1, as part of the

multiprotein inflammasome (Damiano et al., 2004, Bauernfeind et al., 2009). Signals that

activate the inflammasome are varied but potassium (K+) efflux is a key event that is

especially relevant to the oligomerization and activation of the NLRP3 inflammasome

(Pétrilli et al., 2007).

The amygdala is central to emotive learning (Hamann et al., 1999) and appears critical to the

aversive state that characterizes anxiety (Davis, 1992). Recently, we demonstrated that the

purine nucleoside, adenosine, released from cells during oxidative stress activates caspase-1

in the amygdala (Chiu et al., 2012). There are four described ARs that respond to

extracellular adenosine (Fredholm et al., 2001) with the A2A AR being preferentially

expressed in the amygdala when compared to the hippocampus (Rosin et al., 1998). As a

stimulatory G protein-coupled receptor (GPCR), the A2A AR is a well described inducer of

K+ efflux. In the brain, A2A AR-dependent K+ efflux has been linked to KATP channels

downstream of PKA (Kleppisch & Nelson, 1995), as part of a hyperpolarization protection

mechanism that guards against neuronal excitotoxicity (Popoli et al., 2002). Therefore, this

mechanism that helps guard against neuronal damage and death may also be an early

activator of the neuroimmune system.

Adenosine is tied to certain behaviorally-related functions including the regulation of sleep

(Portas et al., 1997), arousal (Lin et al., 1997) and memory (Pereira et al., 2005). Normally,

the cerebral concentration of extracellular adenosine is highest during wakefulness (30 nM)

than during sleep (24 nM) (Porkka-Heiskanen, 1997, Huston et al., 1996). However, in

instances of an inflammatory response induced by ischemia, hypoxia and sepsis (Martin et

al., 2000, Robertson et al., 2001, Gorlach, 2005), the extracellular concentration of

adenosine can easily exceed 50 μM, upwards of 1000-fold increase from physiological

levels (Hagberg et al., 1987). Therefore, we examined the mechanism by which adenosine

activates caspase-1 in the brain and if adenosine triggers anxiety-like behavior via a

mechanism reliant on IL-1β.
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Methods

Materials

All reagents and chemicals were purchased from Sigma-Aldrich (St Louis, MO) except as

noted. All qPCR assays were purchased from Applied Biosystems (Foster City, CA).

Animals

Animal use was conducted in accordance with Institutional Animal Care and Use

Committee approved protocols at the University of Illinois. C57BL/6J (C57 WT) and

BALB/cJ (BALB/c WT), IL-1R1 knock-out (IL-1R1 KO) on a C57BL/6J background and

A2A AR KO mice on a BALB/cJ background were originally purchased from The Jackson

Laboratory (Bar Harbor, ME). Caspase-1 KO (Casp-1 KO) mice on a C57BL/6J background

were kindly provided by Dr. Richard Flavell (Yale University School of Medicine (Kuida et

al., 1995)). Mice were group housed (×8 cage) in standard shoebox cages (length 46.9 cm;

width 25.4 cm; height 12.5 cm) and allowed water and food ad libitum. Housing temperature

(72 °F) and humidity (45–55%) were controlled, as was a 12/12 h reversed dark-light cycle

(2200–1000 h). Video recording of animal behavior was performed under red light using a

Sony HDR-XR500V Night Shot capable video camera (Tokyo, Japan). Except for

locomotor activity which was performed as a repeated measure, all treatments and time

points represent separate cohorts of mice. Mice were between 8 and 14 weeks of age and the

total number of mice utilized was 434.

Perfusions

As we have described (Chiu et al., 2012), mice were euthanized via CO2 asphyxiation and

the left ventricle immediately was pieced with a BD 23 gage 1.25 inch needle (Franklin

Lakes, NJ) attached to a BD 30 mL syringe. Mice, as indicated, were perfused with 30 mL

of PBS (3 mM KCl, 138 mM NaCl, 8 mM dibasic sodium phosphate, 2 mM monobasic

potassium phosphate, pH of 7.4) with or without 50 μM adenosine, 1 μM 8-(3-

chlorostyryl)caffeine (CSC), 100 nM KT5720 or 200 μM glyburide. For studies in which

mice were perfused with a high concentration of K+, PBK (130 mM KCl, 3.5 mM NaCl, 1.5

mM dibasic sodium phosphate, 2 mM monobasic potassium phosphate, pH of 7.4) was

substituted for PBS, as indicated.

Caspase-1 activity

As we have described (Chiu et al., 2012), perfused whole brains were frozen in liquid

nitrogen then freeze fractured in a reaction buffer containing 50 mM NaCl (Fisher Scientific,

Fair Lawn, NJ), 10% glycerol, 1 mM DTT, 1 mM EDTA, 1 mM bestatin, 1 mM pepstatin

(EMD4Bioscience, Darmstadt, Germany), 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride

hydrochloride and 50 mM HEPES, pH 7.4 (USB Corporation, Cleveland, OH) using a

Qiagen TissueLyser II (Valencia, CA). Lysates were clarified at 16,000 × g for 15 min at 4°

C and the supernatant protein concentrations determined using the Bio-Rad DC Protein

Assay (Hercules, CA) and a BioTek ELx800 Absorbance Microplate Reader (Winooski,

VT). Supernatant protein concentrations were normalized to 10 mg/ml with reaction buffer.

Caspase-1 activity was determined colorimetrically in the clarified lysates using the
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caspase-1 substrate Ac-YVAD-p-nitroaniline (p-NA) (Enzo Life Science, Farmingdale, NY)

at a final concentration of 4 mM. Substrate incubation was at 37° C for the times indicated.

Moles of p-NA liberated was determined by a standard curve ranging from 0.075 mM to 0.3

mM p-NA (Enzo Life Science, Farmingdale, NY). Caspase-1 activity was calculated as

(Δ[p-NA]/Δ time)/(total protein). Results are expressed as relative change from control.

PKA activity

Perfused whole brains were frozen in liquid nitrogen then freeze fractured in reaction buffer

containing 50 mM NaF, 50 mM β-glycerolphosphate, 2 mM EDTA, 1 mM NaVO4, 5 mM

EGTA, 1 mM DTT, 1 mM benzamidine, 10% glycerol, 1:200 Calbiochem Protease Inhibitor

Cocktail III (Darmstadt, Germany), 1 mM phenylmethysulfonyl fluoride (PMSF) and 50

mM HEPES, pH 7.4 using the TissueLyser II. Lysates were clarified and supernatant protein

concentrations normalized to 10 mg/ml with reaction buffer, as above. PKA activity was

determined using the Enzo Life Science PKA Kinase Activity Kit. In brief, samples were

incubated with the kit-provided substrate coated plate for 90 min and phosphorylated

tetramethylbenzidine measured spectrophotometrically at 450 nm. Results are expressed as

relative change from control.

cAMP concentration

Perfused whole brains were frozen in liquid nitrogen then freeze fractured in reaction buffer

containing 138 mM NaCl, 8 mM Na2HPO4, 2 mM KH2PO4, 3 mM KCl, 50 mM NaF, 50

mM β-glycerolphosphate, 2 mM EDTA, 1 mM NaVO4, 5 mM EGTA, 1 mM benzamindine,

10% glycerol, 1:200 Calbiochem Protease Inhibitor Cocktail III, 1 mM PMSF, 500 μM 3-

isobutyl-1-methylxanthine, 100 μM RO201724 and 50 mM HEPES, pH 7.4 using the

TissueLyser II. Lysates were clarified and supernatant protein concentrations normalized to

10 mg/ml with reaction buffer, as above. cAMP concentration was determined using the

Promega cAMP-Glo Assay (Madison, WI). In brief, samples were incubated for 30 min and

the methyl ester luciferin/luciferase reaction quantified using a Fuji LAS-4000 Imaging

System (Tokyo, Japan).

IL-1β concentration

As above, perfused whole brains and livers were frozen in liquid nitrogen then freeze

fractured in a homogenization buffer containing 50 mM NaCl, 10% glycerol, 1:200

Calbiochem Protease Inhibitor Cocktail III and 50 mM HEPES, pH 7.4 using the

TissueLyser II. Lysates were clarified and supernatant protein concentrations measured as

above. IL-1β was measured in 50 μL of lysate using the Bio-Rad Bio-Plex Promouse

Cytokine Group I Cytokine Assay and the Milliplex Mouse Cytokine/Chemokine Magnetic

Bead Panel on a Luminex 100 System (Austin, TX) by methods similar to those we have

described (Chiu et al., 2012). The Luminex 100 System was validated and calibrated using

the Bio-Plex validation Kit 4.0 on the day of assay. Results are expressed as relative change

from control.

Chiu et al. Page 4

Brain Behav Immun. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Quantitative PCR (qPCR)

As we have described (Chiu et al., 2012, York et al., 2012), RNA was isolated from

perfused whole brains. RNA was reverse transcribed using the Applied Biosystems High-

Capacity cDNA Reverse Transcription Kit (PN 4368813). The Applied Biosystems TaqMan

Gene Expression primers used were: A2A AR (Mm00802075_m1), IL-1α

(Mm99999060_m1), IL-1β (Mm99999061_mH), IL-1 receptor type 1 (IL-1R1)

(Mm01226959_m1), IL-1 receptor type 2 (IL-1R2) (Mm00439622_m1), IL-1 receptor

antagonist (Il-1RA) (Mm01337566_m1) and caspase-1 (Mm00438023_m1). qPCR was

performed on a Applied Biosystems 7900 HT Fast Real-Time PCR System using Applied

Biosystems TaqMan Universal PCR Master Mix. To compare gene expression, a parallel

amplification of endogenous RPS3 (Mm00656272_m1) was performed. Reactions with no

reverse transcription and no template were included as negative controls. Relative

quantitative evaluation of target gene to RPS3 was performed by comparing ΔCts, where Ct

is the threshold concentration determined automatically by SDS software (Applied

Biosystems, version 2.4). ΔCts are determined by Ct Target gene - Ct RPS3. ΔΔCt Target gene is

determined by subtracting ΔCt sample by average ΔCt of control. Relative fold change is

determined by the equation 2−ΔΔCt. The upper fold error bar is determined by the equation

2−ΔΔCt-standard error – relative fold change. Statistical analysis was determined by using ΔΔCt.

Serum adenosine

500 μL of blood was mixed 1:2 with 138 mM NaCl, 8 mM Na2HPO4, 2 mM KH2PO4, 3

mM KCl, 5.9 mM NaHCO3, 5.6 mM dextrose, 2.15 mM CaCl2, 1% DMSO, and 120 μM

dipyridamole. Samples were centrifuged at 3650 × g for 10 min at 4° and proteins

precipitated by addition of 2% v/v of 70% (12N) perchloric acid with re-centrifuged at 3650

× g for 10 min at 4°C. Adenosine was determined on a 5500 QTRAP LC/MS/MS (AB

Sciex, Foster City, CA) with a 1200 series HPLC (Agilent Technologies, Santa Clara, CA).

LC separation was performed on a Phenomenex Kinetex 2.6 u PFP column (4.6 × 100mm)

(Torrence, CA). Mobile phase A was 0.1% formic acid in water. Mobile phase B was 0.1%

formic acid in acetontrile. Flow rate was 0.3 mL/min and the linear gradient was: 0-1 min,

100% A; 5 min, 90% A; 10 min, 80% A; 12-18 min, 0% A; and 18.5-25 min, 100% A with

an auto-sampler temperature of 5°C. The injection volume was 5 μL. Mass spectra were

acquired with positive electrospray ionization with an ion spray voltage of 5500 V at a

source temperature of 450 °C. The curtain gas, ion source gas 1 and ion source gas 2 were

35, 50, and 65, respectively. Multiple reaction monitoring was used to quantify adenosine

m/z 268.1 --> m/z 136.1, inosine m/z 269.1 --> m/z 137.1 and internal standard caffeine m/z

195.1 --> m/z 138.1.

Injectables

Adenosine (Akorn, Lake Forest, IL) in PBS was administered IP at a dose of 2 mg/kg/

mouse. Glyburide in 2%DMSO/PBS was administered IP at a dose of 6.6 mg/kg/mouse. Ac-

YVAD-CMK (Bachem, Torrance, CA) was administered ICV, as we have described

(Johnson et al., 2007, Chiu et al., 2012), at a dose of 50 ng/uL/mouse, 30 min prior to IP

adenosine injection.
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ICV cannulation

As we have described (Johnson et al., 2007, Chiu et al., 2012), mice were anesthetized with

an IP injection of sodium ketamine hydrochloride/xylazine hydrochloride solution delivering

80 mg/kg ketamine and 12 mg/kg xylazine. Animals were placed in a David Kopf

Instruments stereotaxic instrument (Tujunga, CA), Plastics One mouse-specific brain

infusion cannulas (Roanoke, VA) were placed 0.6 mm posterior, 1.5 mm lateral to the

bregma and to extend 2.5 mm ventral from the surface of the skull. Cannulas were fixed to

the skull with Plastics One cyanoacrylate gel adhesive and protected by a Plastics One

guard. Mice were allowed 7 days to recover prior to treatment. Injection site was stained

with 0.4% trypan blue to ensure proper cannula placement.

Locomotion

Spontaneous locomotor activity was measured by continuous videography followed by

analysis with automated video tracking software (Noldus Information Technology

EthoVision XT 7 (Leesburg, VA)), as we have described (York et al., 2013). Immediately

after treatment, mice were video recorded in their home cage for 60 min. Distance moved

was binned into consecutive 15 min intervals. Results are presented as percent control.

Food intake

Immediately after adenosine injection, mice were allowed ad libitum access to food in a 6

cm diameter × 1.5 cm glass bowl for 60 min. As we have described (York et al., 2012), food

consumption was calculated as the difference in weight of food before and after. Results are

presented as percent control.

Open field test

Open field testing was performed as we have described (York et al., 2012). In brief, mice

were placed in a novel open field arena (66 cm length × 45.7 cm width × 22.9 cm height) 30

min after adenosine injection. Lighting was positioned to create a 9 cm shadow from each

side wall. Mice were video recorded for the times indicated. Total distance traveled, time

spent in the non-shadowed and shadowed areas of the arena were determined using Noldus

Information Technology EthoVision XT 7. Percent of time (sec) in the non-shadowed area

(center) was calculated by dividing time spent in the center by total time (300 sec) in the

arena. Results are presented as percent control.

Elevated zero-maze

Elevated zero-maze testing was performed as we have described (York et al., 2012). In brief,

30 min after adenosine injection mice were placed in a circular elevated zero-maze (22.5 cm

in diameter, track width of 2.75 cm, elevated 33 cm above the floor). The maze was divided

into two open quadrants and two enclosed quadrants. Mice were video recorded for 5 min.

Total distance traveled, time spent in the open and closed arms of the maze were determined

using Noldus Information Technology EthoVision XT 7. Percent of time (sec) in the open

area was calculated by dividing time spent in the center by total time (300 sec) in the arena.

Results are presented as percent control.
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Statistics

All data are presented as mean ± SEM. Data was analyzed using Sigma Plot 11.2 (Systat

Software, Chicago, IL). To test for statistical differences, a one-way or two-way ANOVA

was with repeated measurements where needed. Tukey’s test was used for post-hoc pair-

wise multiple comparison procedures. Where indicated, raw data was transformed to attain

equal variance. Statistical analysis included testing for time × treatment interactions when

needed. Statistical significance was denoted at p<0.05.

Results

Inhibition of potassium efflux prevents adenosine-dependent activation of caspase-1 in
the brain

Mice were perfused with or without 50 μM adenosine as indicated. Fig.1A demonstrates that

activation of caspase-1 by adenosine is prevented when adenosine is coperfused with 130

mM K+ (PBK) when compared to 3 mM K+ (PBS). Main effect of interaction, p < 0.001

(PBK vs. adenosine + PBK, 1.07 ± 0.10 vs. 0.93 ± 0.09, p = 0.563: PBS vs. adenosine +

PBS, 1.00 ± 0.06 vs. 2.29 ± 0.32, p < 0.001: PBS vs. PBK, 1.00 ± 0.06 vs. 1.07 ± 0.10, p =

0.776: adenosine +PBS vs. adenosine + PBK, 2.29 ± 0.32 vs. 0.93 ± 0.09, p < 0.001). {Raw

values: PBS (30.43 ± 3.24 μM/hr), PBK (32.70 ± 4.06μM/hr), adenosine + PBS (67.58 ±

6.88) μM/hr, adenosine + PBK (28.23 ± 3.96 μM/hr)}. Fig. 1B shows that activation of

caspase-1 by adenosine is blocked when adenosine is co-perfused with the KATP channel

blocker, glyburide. Main effect of adenosine, p = 0.008 (glyburide vs. adenosine +

glyburide, 1.06 ± 0.26 vs. 1.29 ± 0.16, p = 0.427: PBS vs. adenosine + PBS, 1.00 ± 0.14 vs.

1.88 ± 0.18, p = 0.003: PBS vs. glyburide (1.00 ± 0.14 vs. 1.06 ± 0.26, p = 0.806: adenosine

vs. adenosine + glyburide, 1.88 ± 0.18 vs. 1.29 ± 0.16, p = 0.036). {Raw values: PBS (50.65

± 14.07μM/hr), adenosine + PBS (88 ± 18.23 μM/hr), glyburide (59.68 ± 24.81 μM/hr),

adenosine + glyburide (59.14 ± 24.48 μM/hr)}.

The PKA inhibitor KT5720 blocks activation of caspase-1 by adenosine

Mice were perfused with or without 50 μM adenosine as indicated. Fig.2A shows that

activation of caspase-1 by adenosine is blocked when adenosine is co-perfused with

KT5720. Main effect of interaction, p = 0.004 (KT5720 vs. adenosine + KT5720, 1.07 ±

0.20 vs. 1.15 ± 0.13, p = 0.701: PBS vs. adenosine, 1.00 ± 0.07 vs. 2.13 ± 0.17, p < 0.001:

PBS vs. KT5720, 1.00 ± 0.07 vs. 1.07 ± 0.20, p = 0.755: adenosine vs. adenosine + KT5720,

2.13 ± 0.17 vs. 1.15 ± 0.13, p < 0.001). {Raw values: PBS (91.98 ± 6.29μM/hr), adenosine

(196.02 ± 16.18 μM/hr), KT5720 (98.43 ± 18.89 μM/hr), adenosine + KT5720 (105.91 ±

11.84 μM/hr)}. Fig.2B&C demonstrate that PKA activity and the concentration of cAMP are

increased in the brain after adenosine perfusion, respectively (saline vs. adenosine, 1.00 ±

0.11 vs. 1.69 ± 0.29, p = 0.037: saline vs. adenosine, 1.00 ± 0.02 vs. 1.64 ± 0.19, p = 0.015).

{Raw values: PKA activity: saline (0.00056 ± 0.00011 405 nm/μg of protein), adenosine

(0.00091 ± 0.00028 405 nm/μg of protein), cAMP: saline (32532.07 ± 803.17 AU),

adenosine (20538.62 ± 2037.11 AU)}.
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Activation of caspase-1 by adenosine is blocked by selective A2A AR antagonism and in
A2A AR KO mice

Mice were perfused with or without 50 μM adenosine as indicated. Fig.3A shows that

activation of caspase-1 by adenosine is prevented when adenosine is co-perfused with the

selective A2A AR antagonist CSC. Main effect of interaction, p < 0.001 (CSC vs. adenosine

+ CSC, 1.23 ± 0.15 vs. 1.08 ± 0.06, p = 0.196: PBS vs. adenosine, 1.00 ± 0.05 vs. 1.77 ±

0.05, p < 0.001: PBS vs. CSC, 1.00 ± 0.05 vs. 1.23 ± 0.15, p = 0.05: Adenosine vs.

adenosine + CSC, 1.77 ± 0.05 vs. 1.08 ± 0.06, p < 0.001). {Raw values: PBS (49.20 ± 4.89

μM/hr), CSC (76.75 ± 9.09 μM/hr), adenosine (75.45 ± 3.46 μM/hr), adenosine + CSC

(46.03 ± 2.94 μM/hr)}. Fig.3B demonstrates that A2A AR KO mice are protected from

adenosine-dependent activation of caspase-1. Main effect of interaction, p = 0.015 (A2A AR

KO vs. adenosine in A2A AR KO, 0.90 ± 0.21 vs. 1.01 ± 0.19, p = 0.610: WT vs. adenosine

in WT, 1.00 ± 0.08 vs. 1.83 ± 0.29, p < 0.001: WT vs. A2A AR KO, 1.00 ± 0.084 vs. 0.90 ±

0.21, p = 0.553: adenosine in WT vs. adenosine in A2A AR KO, 1.83 ± 0.29 vs. 1.01 ± 0.19,

p = 0.001). {Raw values: WT (124.4 ± 19.03 μM/hr), adenosine in WT (259.13 ± 59.56 μM/

hr), A2A AR KO (73.07 ± 9.37 μM/hr), adenosine in A2A AR KO (84.25 ± 9.23 μM/hr)}.

Fig.3C demonstrates that caspase-1 KO mice have a 72% reduction in caspase-1 activity in

the caspase-1 activity assay utilized (WT vs. caspase-1 KO, 1.00 ± 0.17 vs. 0.28 ± 0.09, p =

0.01). {Raw values: WT (106.18 ± 17.87 μM/hr), Casp-1 KO (30.25 ± 9.74 μM/hr)}.

Adenosine increases IL-1β protein in the brain but not the liver

Table 1 demonstrates increased IL-1β protein in the brain {Raw values: Control (0.53 ± 0.14

pg/mg/protein), Adenosine (1.24 ± 0.24 pg/mg/protein)} but not the liver {Raw values:

Control (1.52 ± 0.45 pg/mg/protein), Adenosine (0.98 ± 0.23 pg/mg/protein)}, after

adenosine perfusion. Adenosine did not induce gene transcripts for IL-1β, IL-1α, IL-1R1,

IL-1R2, IL-1RA or caspase-1 (data not shown). Table 2 shows that relative gene expression

of A2A ARs is greater in the amygdala than hippocampus.

Adenosine activates caspase-1 in the brain while reducing locomotor activity and food
intake

Mice were IP administered 2 mg/kg adenosine as indicated. Fig.4A demonstrates that whole

brain caspase-1 activity is increased by 33% 15 min after IP injection of adenosine (saline

vs. adenosine, 1.00 ± 0.07 vs. 1.33 ± 0.02, p < 0.001). {Raw values: saline (106.55 ± 9.04

μM/hr), adenosine (141.79 ± 7.72 μM/hr)}. Fig.4B demonstrates that caspase-1 activity

isolated from the amygdala is increased by 232% 15 min after IP injection of adenosine

(saline vs. adenosine, 1.00 ± 0.10 vs. 2.32 ± 0.43, p = 0.018). {Raw values: saline (2.13 ±

0.21 μM/hr), adenosine (4.93 ± 0.92 μM/hr)}. Concordantly, Fig.4C shows that the serum

adenosine concentration is increased by two-fold 15 min after IP injection of adenosine and

returns to basal levels 75 min after injection (saline vs. adenosine, 0 min: 1.21 ± 0.35 μM vs.

1.11 ± 0.27 μM, p = 0.896; 15 min: 1.30 ± 0.11 μM vs. 2.18 ± 0.41 μM, p = 0.05; 45 min:

1.30 ± 0.24 μM vs. 2.33 ± 0.47 μM, p = 0.03; 75 min: 1.54 ± 0.32 μM vs. 1.75 ± 0.45 μM, p

= 0.716). Fig.4D shows that in C57 WT mice adenosine decreases locomotor activity by

30% from 30 through 75 min post-injection (saline vs. adenosine: 0-15 min, 100.00 ± 6.24

vs. 98.32 ± 4.33, p = 0.823; 15-30 min, 100.00 ± 9.05 vs. 94.78 ± 8.05, p = 0.669; 30-45
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min, 100.00 ± 15.94 vs. 67.48 ± 5.57, p = 0.05; 45-60 min, 100.00 ± 12.00 vs. 69.49 ± 6.97,

p = 0.05, 60-75 min, 100.00 ± 8.96 vs. 64.93 ± 5.16, p = 0.006; 75-90 min, 100.00 ± 11.30

vs. 72.75 ± 8.32, p = 0.079; 90-105 min, 100.00 ± 11.76 vs. 112.01 ± 16.92, p = 0.590).

{Raw values: saline: 0-15 min (1514.46 ± 94.48 cm), 15-30 min (1070.55 ± 96.87 cm),

30-45 min (826.00 ± 131.70 cm), 45-60 min (884.26 ± 106.16 cm), 60-75 min (1701.28 ±

383.92 cm), 75-90 min (1143.27 ± 319.01 cm), 90-105 min (1212.35 ± 421.00 cm),

adenosine: 0-15 cm (1489.00 ± 65.62 cm), 15-30 cm (1015.64 ± 86.03 cm), 30-45 min

(557.34 ± 46.00 cm), 45-60 min (614.46 ± 61.59 cm), 60-75 min (1688.21 ± 208.10 cm),

75-90 min (1432.31 ± 344.19 cm), 90-105 min (1595.24 ± 365.36 cm)}. Figs.4E&F

demonstrate that caspase-1 KO and IL-1R1 KO mice are resistant to adenosine-dependent

reductions in locomotor activity ((caspase-1 KO) saline vs. adenosine: 0-15 min, 100.00 ±

4.83 vs. 92.98 ± 4.56, p = 0.312; 15-30 min, 100.00 ± 9.00 vs. 109.76 ± 8.78, p = 0.454;

30-45 min, 100.00 ± 8.06 vs. 94.49 ± 13.48, p = 0.719; 45-60 min, 100.00 ± 11.41 vs. 89.95

± 7.14, p = 0.596; (IL-1R1 KO) saline vs. adenosine: 0-15 min, 100.00 ± 8.64 vs. 113.26 ±

9.22, p = 0.319; 15-30 min, 100.00 ± 17.34 vs. 149.49 ± 21.96, p = 0.108; 30-45 min,

100.00 ± 22.57 vs. 149.48 ± 33.27, p = 0.298; 45-60 min, 100.00 ± 22.64 vs. 114.82 ±

22.20, p = 0.650). {Raw values: caspase-1 KO: saline: 0-15 min (1704.09 ± 82.32 cm),

15-30 min (1095.87 ± 98.64 cm), 30-45 min (857.56 ± 85.77 cm), 45-60 min (1097.17 ±

160.4 cm), adenosine: 0-15 min (1584.45 ± 77.64 cm), 15-30 min (1202.79 ± 96.33 cm),

30-45 min (810.28 ± 115.63 cm), 45-60 min (986.96 ± 78.32 cm), IL-1R1 KO: saline: 0-15

min (1532.48 ± 132.36 cm), 15-30 min (980.30 ± 169.96 cm), 30-45 min (881.31 ± 198.93

cm), 45-60 min (901.32 ± 204.04 cm), adenosine: 0-15 min (1735.62 ± 141.28 cm), 15-30

min (1465.49 ± 215.27 cm), 30-45 min (1317.40 ± 293.23 cm), 45-60 min (1034.92 ±

200.05 cm)}. Figs.4G&H show, respectively, that in BALB/c WT mice adenosine decreases

locomotor activity by 50% 45 min after injection and that A2A AR KO mice are resistant to

adenosine-dependent reductions in locomotor activity ((BALB/c WT) saline vs. adenosine:

0-15 min, 100.00 ± 20.94 vs. 83.31 ± 13.51, p = 0.455; 15-30 min, 100.00 ± 23.04 vs. 97.53

± 13.09, p = 0.914; 30-45 min, 100.00 ± 17.70 vs. 105.83 ± 19.92, p = 0.803; 45-60 min,

100.00 ± 13.34 vs. 50.25 ± 18.87, p = 0.015; (A2A AR KO) saline vs. adenosine: 0-15 min,

100.00 ± 14.45 vs. 81.96 ± 10.97, p = 0.420; 15-30 min, 100.00 ± 11.45 vs. 102.00 ± 13.62,

p = 0.931; 30-45 min, 100.00 ± 10.77 vs. 92.27 ± 15.19, p = 0.741; 45-60 min, 100.00 ±

4.41 vs. 95.48 ± 10.79, p = 0.808). {Raw values: WT: saline, 0-15 min (2347.96 ± 491.58

cm), 15-30 min (2247.11 ± 517.65 cm), 30-45 min (1887.45 ± 334.11 cm), 45-60 min

(2197.83 ± 293.12 cm), adenosine, 0-15 min (1956.04 ± 317.23 cm), 15-30 min (2191.58 ±

294.05 cm), 30-45 min (1997.52 ± 376.03 cm), 45-60 min (1104.38 ± 414.78 cm), A2A AR

KO: saline: 0-15 min (3026.65 ± 437.48 cm), 15-30 min (2676.35 ± 306.52 cm), 30-45 min

(2545.34 ± 274.12 cm), 45-60 min (2619.78 ± 115.44 cm), adenosine: 0-15 min (2480.77 ±

331.92 cm), 15-30 min (2729.93 ± 364.46 cm), 30-45 min (2348.65 ± 386.54 cm), 45-60

(2501.48 ± 282.56 cm)}. Figs.4I&J demonstrate that caspase-1 KO mice, IL-1R1 KO mice

and A2A AR KO mice are resistant to adenosine-dependent reductions in food intake ((C57

WT) saline vs. adenosine, 100.00 ± 10.91 vs. 58.33 ± 10.11, p = 0.006; (caspase-1 KO)

saline vs. adenosine, 100.00 ± 9.45 vs. 150.00 ± 18.26, p = 0.029; (IL-1R1 KO) saline vs.

adenosine, 100.00 ± 12.60 vs. 86.67 ± 15.07, p = 0.499; (BALB/c WT) saline vs. adenosine,

100.00 ± 12.48 vs. 61.14 ± 7.87, p = 0.006; (A2A AR KO) saline vs. adenosine, 100.00 ±

6.79 vs. 102.08 ± 9.13, p = 0.875). {Raw values: C57 WT: saline (0.20 ± 0.02 g), adenosine
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(0.12 ± 0.02 g), IL-1R1 KO: saline (0.30 ± 0.04 g), adenosine (0.26 ± 0.05 g), caspase-1

KO: saline (0.20 ± 0.02 g), adenosine (0.30 ± 0.04 g), BALB/c WT: saline (0.60 ± 0.07 g),

adenosine (0.38 ± 0.06 g), A2A AR KO: saline (0.52 ± 0.04 g), adenosine (0.53 ± 0.05 g)}.

Central administration of the caspase-1 inhibitor Ac-YVAD-CMK blocks adenosine-induced
reductions in locomotor activity and food intake

Mice were IP administered 2 mg/kg adenosine as indicated with or without co-

administration of ICV Ac-YVAD-CMK. Figs.5A&B show that C57 WT administered Ac-

YVAD-CMK ICV are protected from adenosine-induced decreases in locomotor activity

and food intake, respectively ((locomotion) saline vs. adenosine: 0-15 min, 100.00 ± 10.92

vs. 61.14 ± 2.61, p = 0.013; 15-30 min, 100.00 ± 45.41 vs. 73.64 ± 5.48, p = 0.468; 30-45

min, 100.00 ± 31.94 vs. 36.08 ± 7.75, p = 0.009; 45-60 min, 100.00 ± 21.41 vs. 40.32 ±

5.42, p = 0.018; Ac-YVAD-CMK vs. adenosine: 0-15 min, 100.00 ± 13.50 vs. 74.39 ± 6.53,

p = 0.080; 15-30 min, 100.00 ± 24.51 vs. 69.02 ± 10.93, p = 0.395; 30-45 min, 100.00 ±

12.09 vs. 93.17 ± 7.40, p = 0.868; 45-60 min, 100.00 ± 18.50 vs. 137.96 ± 14.10, p = 0.109;

(food intake) saline vs. adenosine, 100.00 ± 9.62 vs. 53.33 ± 9.72, p = 0.012; Ac-YVAD-

CMK vs. adenosine, 100.00 ± 21.25 vs. 104.17 ± 26.90, p = 0.905). {Raw values: saline:

0-15 min (2217.66 ± 242.14 cm), 15-30 min (2067.88 ± 939.06 cm), 60-45 min (2547.17 ±

813.48 cm), 45-60 min (2192.62 ± 469.49 cm), saline + adenosine: 0-15 min (1355.82 ±

57.88 cm), 15-30 min (1522.72 ± 113.31 cm), 30-45 min (919.12 ± 197.28 cm), 45-60 min

(883.95 ± 118.85 cm), Ac-YVAD-CMK: 0-15 min (1708.85 ± 230.68 cm), 15-30 min

(1332.14 ± 326.44 cm), 30-45 min (718.82 ± 86.93 cm), 45-60 min (935.94 ± 173.11 cm),

Ac-YVAD-CMK + adenosine: 0-15 min (1271.14 ± 111.65 cm), 15-30 min (919.43 ±

145.56 cm), 30-45 min (669.72 ± 53.23 cm), 45-60 min (1291.23 ± 132.01 cm)}. Fig.5C

demonstrates the location of ICV injection into the ventricle.

Adenosine causes anxiety-like behavior

Mice were IP administered 2 mg/kg adenosine as indicated. Fig.6A shows that mice

administered adenosine 30 min prior to open field testing exhibited a 28% decrease in

percentage of time spent in the center area while caspase-1 KO, IL-1R1 KO and A2A AR

KO mice were resistant ((C57 WT) saline vs. adenosine: 100.00 ± 7.46% vs. 72.45 ± 6.86%,

p = 0.02; (caspase-1 KO) 100.00 ± 27.61% vs. 88.75 ± 14.63%, p = 0.714; (IL-1R1 KO)

saline vs. adenosine: 100.00 ± 18.56% vs. 88.24 ± 11.91%, p = 0.646; (BALB/c WT) saline

vs. adenosine: 100.00 ± 3.81% vs. 66.75 ± 7.47%, p = 0.007; (A2A AR KO) saline vs.

adenosine: 100.00 ± 14.36% vs. 108.82 ± 10.43%, p = 0.630). {Raw values: C57 WT: saline

(94.17 ± 6.54 sec), adenosine 68.37 ± 6.67 sec), caspase-1 KO: saline (87.49 ± 24.07 sec),

adenosine (79.01 ± 13.40 sec), IL-1R1 KO: saline (75.29 ± 20.04 sec), adenosine (72.69 ±

9.75), BALB/c WT: saline (93.33 ± 3.56 sec), adenosine (62.30 ± 6.97 sec), A2A AR KO:

saline (55.12 ± 7.92 sec), adenosine (59.99 ± 5.75 sec)}. Fig.6B demonstrates that adenosine

did not curtail mouse locomotion within the open field testing arena ((C57 WT) saline vs.

adenosine: 100.00 ± 6.12% vs. 115.58 ± 10.05%, p = 0.231; (caspase-1 KO) saline vs.

adenosine: 100.00 ± 9.60% vs. 115.02 ± 6.33%, p = 0.210; (IL-1R1 KO) saline vs.

adenosine: 100.00 ± 12.91% vs. 108.02 ± 4.40%, p = 0.632; (BALB/c WT) saline vs.

adenosine: 100.00 ± 12.43% vs. 107.98 ± 12.84%, p = 0.671; (A2A AR KO) saline vs.

adenosine: 100.00 ± 9.26% vs. 97.20 ± 7.43%, p = 0.821). {Raw values: C57 WT: saline
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(2426.30 ± 148.51 cm), adenosine (2804.21 ± 243.73 cm), Casp-1 KO: saline (1462.56 ±

140.33 cm), adenosine (1682.27 ± 92.55 cm), IL1-R1 KO: saline (2331.98 ± 301.10 cm),

adenosine (2518.95 ± 102.68 cm), BALC/c WT: saline (1742.40 ± 216.63 cm), adenosine

(1881.52 ± 223.67 cm), A2A AR KO: saline (2006.42 ± 185.71 cm), adenosine (1950.31 ±

149.12 cm)}. Fig.6C shows that mice administered adenosine 30 min prior to open field

testing exhibited a 43% decrease in time spent in the center area when extended testing (30

min of observation) was performed (saline vs. adenosine: 100.00 ± 14.03% vs. 57.69 ±

10.04%, p = 0.027). {Raw values: saline (304.82 ± 42.77 sec), adenosine (175.86 ± 30.60

sec)}. Fig.6D demonstrates that adenosine did not curtail mouse locomotion within the open

field testing arena during extended testing (30 min of observation) (saline vs. adenosine:

100.00 ± 23.41% vs. 72.15 ± 4.41%, p = 0.234). {Raw values: saline (17994.31 ± 4212.76

cm), adenosine (12983.18 ± 794.43 cm)}. Fig.6E shows a time course of thigmotaxis during

the extended observation period (saline vs. adenosine: 0-5 min, 100.00 ± 9.90% vs. 67.17 ±

5.61%, p = 0.011; 5-10 min, 100.00 ± 11.02% vs. 62.38 ± 9.29%, p = 0.021; 10-15 min,

100.00 ± 17.48% vs. 80.37 ± 24.93%, p = 0.542; 15-20 min, 100.00 ± 18.65% vs. 64.59 ±

26.30%, p = 0.305; 20-25 min, 100.00 ± 16.88% vs. 46.26 ± 8.03%, p = 0.010; 25-30 min,

100.00 ± 42.03% vs. 28.79 ± 8.83%, p = 0.100). {Raw values: saline: 0-5 min (45.95 ± 4.55

sec), 5-10 min (69.62 ± 7.67 sec), 10-15 min (45.44 ± 7.94 sec), 15-20 min (45.32 ± 8.45

sec), 20-25 min (42.45 ± 7.17 sec), 25-30 min (56.04 ± 23.55 sec), adenosine: 0-5 min

(30.86 ± 2.58), 5-10 min (43.43 ± 6.47 sec), 10-15 min (36.52 ± 11.33 sec), 15-20 min

(29.28 ± 11.92 sec), 20-25 min 919.64 ± 3.41 sec), 25-30 min (16.14 ± 4.95 sec)}. Fig.6F

demonstrates that mice co-administered glyburide and adenosine 30 min prior to open field

testing were protected from adenosine-induced thigmotaxis (vehicle: saline vs. adenosine,

100.00 ± 8.57% vs. 67.11 ± 5.60%, p = 0.006; glyburide: saline vs. adenosine, 100.00 ±

8.99% ± 145.38 ± 28.01%, p = 0.164). {Raw values: vehicle: saline (45.99 ± 3.94 sec),

adenosine (30.86 ± 2.58 sec), glyburide: saline (28.12 ± 2.53 sec), adenosine (40.87 ± 7.87

sec)}. Fig.6G shows that neither glyburide nor adenosine curtailed locomotion within the

open field testing arena (vehicle: saline vs. adenosine, 100.00 ± 12.13% vs. 90.19 ± 4.46%,

p = 0.460; glyburide: saline vs. adenosine, 100.00 ± 4.42% vs. 100.41 ± 5.54%, 9 = 0.956).

{Raw values: vehicle: saline (3913.51 ± 474.56 cm), adenosine, 3529.49 ± 174.40 cm),

glyburide: saline (3225.63 ± 142.55 cm), adenosine (3238.75 ± 178.77 cm)}. Fig.6H shows

that mice administered adenosine 30 min prior to elevated zero-maze testing exhibited a

55% decrease in percentage of time spent in the open arms of the elevated zero-maze while

caspase-1 KO, IL-1R1 KO and A2A AR KO mice were resistant ((C57 WT) saline vs.

adenosine: 100.00 ± 21.23% vs. 45.25 ± 13.74%, p = 0.05; (caspase-1 KO) 100.00 ± 15.30%

vs. 101.47 ± 15.05%, p = 0.947; (IL-1R1 KO) saline vs. adenosine: 100.00 ± 22.91% vs.

139.16 ± 27.19%, p = 0.296; (BALB/c WT) saline vs. adenosine: 100.00 ± 18.5% vs. 41.69

± 7.82%, p = 0.027; (A2A AR KO) saline vs. adenosine: 100.00 ± 45.18% vs. 92.99 ±

14.44%, p = 0.887). {Raw values: C57 WT: saline (88.10 ± 17.59 sec), adenosine (39.34 ±

10.85 sec), caspase-1 KO: saline (85.96 ± 13.05 sec), adenosine (88.10 ± 10.16 sec), IL-1R1

KO: saline (61.11 ± 13.44 sec), adenosine (83.41 ± 14.58 sec), BALB/c WT: saline (99.85 ±

18.48 sec), adenosine (41.62 ± 7.80 sec), A2A AR KO: saline (115.77 ± 52.30 sec),

adenosine (107.65 ± 16.72 sec)}. Fig.6I demonstrates that adenosine did not curtail mouse

locomotion within the elevated zero-maze ((C57 WT) saline vs. adenosine: 100.00 ± 4.45%

vs. 106.65 ± 5.52%, p = 0.371; (caspase-1 KO) saline vs. adenosine: 100.00 ± 2.89% vs.
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119.70 ± 10.68%, p = 0.222; (IL-1R1 KO) saline vs. adenosine: 100.00 ± 3.08% vs. 103.72

± 4.76%, p = 0.818; (BALB/c WT) saline vs. adenosine: 100.00 ± 17.37% vs. 108.53 ±

8.45%, p = 0.674; (A2A AR KO) saline vs. adenosine: 100.00 ± 5.18% vs. 113.77 ±

11.38%, p = 0.313). {Raw values: C57 WT: saline (657.45 ± 44.63 cm), adenosine (698.52

± 44.06 cm), caspase-1 KO: saline (595.84 ± 19.03 cm), adenosine (700.69 ± 52.93 cm),

IL-1R1 KO: saline (640.31 ± 24.16 cm), adenosine (665.57 ± 39.87 cm), BALB/c WT:

saline (443.72 ± 77.05 cm), adenosine (481.57 ± 37.49 cm), A2A AR KO: saline (499.92 ±

25.88 cm), adenosine (568.77 ± 56.90 cm)}.

Discussion

The novel data that we present show for the first time that the increase in anxiety

(thigmotaxis), decrease in food intake and decrease in locomotor activity caused by

adenosine are absent in mice with defects in the A2A AR, caspase-1, IL-1ß to IL-1R1

pathway. These data strongly implicate the induction of IL-1ß protein maturation as a causal

mechanism for adenosine-linked behaviors. Our ex vivo data indicate that adenosine initiates

the behavioral cascade by engaging the A2A AR, increasing intracellular cAMP, activating

PKA and triggering K+ efflux. This signaling pathway is the initiating event for caspase-1

activation, IL-1ß protein elevation and subsequent behavioral changes, including anxiety.

Anxiety disorders and pro-inflammatory Th1-like responses have long been linked (Maes et

al., 1998), but the pathways involved have remained elusive. Recently, adenosine receptors

have been postulated to have a role in anxiety due to a variety of anecdotal accounts tying

consumption of caffeinated drinks to self-perceived anxious/jittery behaviors (Braun et al.,

2011, Lara et al., 2010, Maximino et al., 2011, Lee et al., 1985). However, as a competitive

pan-AR blocker, caffeine appears to afford protection against some neuroinflammatory/

neurodegenerative diseases like Alzheimer’s disease (AD) (Arendash et al., 2006, Arendash

& Cao, 2010, Eskelinen & Kivipelto, 2010) indicating that adenosine in the brain can act as

a proinflammatory agent (Chiu et al., 2012, Yu et al., 2004). Since IL-1 is a well described

anxiogenic (Connor et al., 1998, Koo & Duman, 2009), the proinflammatory actions of

adenosine might, in fact, promote an anxious phenotype. Support for this contention is seen

in Fig.1 where we show that perfused adenosine doubles brain caspase-1 activity confirming

our recent finding that adenosine is an activator of caspase-1 in the brain (Chiu et al., 2012).

As part of the multiprotein inflammasomes, caspase-1 is a critical generator of mature IL-1β

(Bauernfeind et al., 2009). How danger signals are recognized by the inflammasome is not

entirely known but K+ efflux is an important trigger in caspase-1 activation (Gross et al.,

2011). Our data demonstrate that an excess of extracellular potassium prevents adenosine-

dependent activation of caspase-1 as does the use of the KATP channel blocker glyburide

(Lamkanfi et al., 2009). Thus, adenosine-dependent activation of caspase-1 appears

dependent on KATP channel mediated potassium efflux in a manner similar to

lipopolysaccharide (LPS)-treated macrophages where NLRP3 inflammasome-dependent

activation of caspase-1 can be prevented by raising the extracellular K+ concentration above

70 mM (Pétrilli et al., 2007, Fernandes-Alnemri et al., 2007) or by antagonizing KATP

channels with sulfonylureas (Fig.1) (Lamkanfi et al., 2009, Lamkanfi & Dixit, 2009).
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How LPS, which interacts with Toll-like receptor 4 (TLR4), causes K+ efflux is still unclear

(Scheel et al., 2006, Jo et al., 2011), but for GPCRs, like the ARs, the mechanisms by which

K+ efflux is triggered is much better defined (Kleppisch & Nelson, 1995, Mathie, 2007).

Importantly, the A2A AR is a well described inducer of K+ efflux through a pathway reliant

on increased intracellular cAMP, activation of PKA and opening of KATP channels

(Kleppisch & Nelson, 1995). Fig.1&2 show that the competitive PKA inhibitor KT5720

prevents adenosine-dependent-activation of caspase 1 and that caspase-1 activation is reliant

on the A2A AR. These findings were not unexpected in light of our previous work showing

that that an A1/A2A AR inhibitor cocktail blocked adenosine-dependent activation of

caspase-1 (Chiu et al., 2012). Since the A1 AR is a Gi-linked GPCR that inhibits

intracellular cAMP production (Stiles, 1986), it was unlikely that the A1 AR was the

upstream receptor responsible for adenosine-dependent caspase-1 activation in the brain. In

general, ligand bound A2A ARs increase intracellular cAMP concentration (Wu et al.,

2013). Therefore, adenosine-dependent activation of caspase-1 in the brain leading to

increased brain IL-1β (Table 1) appears reliant on A2A ARs, PKA and KATP channel

mediated K+ flux. It is important to note that ATP, the precursor to adenosine, is a known

activator of the inflammasome. However, in the extracellular space, ATP is rapidly

metabolized to adenosine (Zimmermann, 1996; Zimmermann & Braun, 1996; Latini &

Pedata, 2001). Furthermore, ATP stimulates the P2 receptors, which are not G-protein

coupled receptors, and do not appear to directly affect cAMP or PKA (Ralevic & Burnsotck,

1998).

Central IL-1, especially in rodents, promotes anxiety-like behavior as first demonstrated in

rats administered ICV IL-1β (Connor et al., 1998). Most studies examining the behavioral

effects of IL-1 have been developed from the sickness behavior paradigm in which

peripheral infection, often modelled by IP LPS administration, triggers brain-based

production of IL-1. Our results indicate that IP administration of adenosine increases brain-

based caspase-1 activity. Interestingly, this induction of caspase-1 activity appears to have

some brain region specificity, especially when the amygdala is compared to the whole brain

(Fig.4A vs. Fig.4B). In addition, adenosine did not increase caspase-1 activity in the

hippocampus or the cerebellum (data not shown). These results were anticipated given our

previous findings demonstrating that hypoxia/reoxygenation-induced caspase-1 activity is

confined to the amygdala when compared to the hippocampus (Chiu et al., 2012).

Increased caspase-1 activity was coupled to a 2-fold increase in serum adenosine.

Importantly, these increases in adenosine and caspase-1 were linked to the classic IL-1-

associated sickness symptoms of transient reduced locomotion and food intake that resolved

by 75 mins post injection. It is possible the decreases in locomotor activity and food intake

seen were tied to the role of adenosine in sleep and arousal (Portas et al., 1997; Lin et al.,

1997) but strong support for caspase-1 and IL-1 is gleaned from our use of caspase-1 KO

and IL-1R1 KO mice which demonstrate a resistance to these adenosine-induced reductions

in locomotor activity and food intake (Fig.4). Notably, caspase-1 KO mice show increased

food intake in response to adenosine suggesting an important role of caspase-1 in food

regulation. Since IL-1R1 KO mice do not exhibit a similar behavior, another caspase-1-

matured bioactive such as IL-18 is likely involved (Sansonetti et al., 2000), given its to

hyperphagia (Netea et al., 2006). As was anticipated, A2A AR KO mice were resistant to
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adenosine-induced reductions in locomotion and food intake supporting our contention that

adenosine through A2A ARs activate caspase-1 leading to IL-1-dependent behaviors.

Clinically, adenosine is given as an intravenous injection to alleviate hypertension and to

treat certain types of arrhythmias (Overholt et al., 1988; Morgan et al., 1991). Peripheral

injection is used to control pain through the ability of adenosine to hyperpolarize neurons

(Sawynok & Liu, 2003). Currently, there are no described indications for central

administration of adenosine. Fig.5 shows that central administration of the caspase-1

inhibitor Ac-YVAD-CMK prevented adenosine-induced loss of locomotion and food intake.

These findings support the role of brain-based caspase-1 and by extension IL-1β as drivers

of behaviors triggered by peripheral elevations in extracellular adenosine. Additional

support for the above is derived from our previous work in which hypoxia/reoxygenation-

induced extracellular adenosine caused adenosine-dependent activation of caspase-1 in the

brain but not in the liver (Chiu et al., 2012). Since oxidative stress and other metabolic-

related dysfunctions are the most common precipitates of elevated serum adenosine (Rego et

al., 2000, Lavie, 2003, Barsotti & Ipata, 2004), our finding indicate that conditions unrelated

to microbial infection can activate caspase-1 in the brain and trigger IL-1-associated adverse

behaviors. Furthermore, while certain psychiatric conditions appear to emerge in association

with inflammatory conditions, obesity and type 2 diabetes as example (Anderson et al.,

2001, Simon et al., 2006, Das-Munshi et al., 2007, Petry et al., 2008), causation of mental

illness directly-linked to TLRs has not been firmly established. This suggests that danger

signals recognized by non-TLRs may be important.

While induced reductions in spontaneous locomotion and ad libitum food intake are often

associated with sickness symptoms (Dantzer et al., 2008), these relatively non-specific

behaviors are seen in a variety of conditions unrelated to sickness, including anxious-like

states (Schneider et al., 2012). As supported by our data, adenosine decreases the time spent

in the center area of the open field test. However, given the novelty and stress of the open

field environment, mice were able to overcome the adenosine-induced reductions in

locomotion observed during home cage locomotor testing. Similarly, adenosine decreases

time spent in the open arms of an elevated zero-maze with no effect on overall motor

activity in the novel arena. Finally, the co-administration of glyburide nullifies the

anxiogenic effect of adenosine, underscoring the importance of K+ efflux in the adenosine/

anxiety-like behavior cascade (Fig.6). These findings highlight the difference between

adenosine-induced behaviors and those seen in classic TLR-mediated sickness symptoms or

sickness behaviors secondary to IP IL-1β administration. Classic sickness usually does not

manifest until 2 hrs post LPS or IL-1β administration and loss of function such as reduced

locomotion cannot be normalized by changing the environment or provocation with a

noxious stimulus (Dantzer et al., 2008). The cause for this response delay is that LPS and

IL-1β do not cross the blood brain barrier efficiently and likely act peripherally to stimulate

central IL-1β transcription prior to inflammasome activation (Layé et al., 1995). In contrast,

peripheral adenosine can easily and rapidly access the CNS (Li et al., 2001) where without

increasing IL-1 transcription (data not shown) it can, within 30 min, trigger anxiety like

behaviors in an A2A AR-, KATP-channel, caspase-1- and IL-1R1-dependent fashion (Fig.6).

These findings support the current knowledge regarding anxiogenic function of adenosine in

that such action appears mediated by inhibition of A1 ARs (such as with caffeine) and/or
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activation of A2A ARs (as with adenosine) (Johansson et al, 2001). Differential brain

distribution of AR subtypes and AR subtype affinity for adenosine is likely critical in

realizing the ultimate phenotypic responses to adenosine.

In animal models, caffeine at a moderate dose (30 mg/kg) increases the time rats spend in

the open arms of an elevated plus maze (Garcia et al., 2011) indicating that a blockade of

adenosine signaling might be anxiolytic. Furthermore, zebra fish with early life anxiety-like

behavior can be made less anxious with caffeine (Khor et al., 2013). However, why caffeine

is controversial in the context of human anxiety may be due to the dose of caffeine and the

natural distribution of adenosine receptors. For instance, zebra fish develop anxiety-like

behaviors at a high dose of caffeine (100 mg/kg) but not at a low dose (10 mg/kg)

(Maximino et al., 2011). Interestingly, administration of an A1 AR but not an A2A AR

antagonist increases anxiety-like behavior (Maximino et al., 2011), suggesting that

unopposed activation of PKA is anxiogenic (Keil et al., 2012). Therefore, the anxiogenic

effects of high-dose caffeine may be mediated via A1 inhibition which likely bypasses

caffeine-mediated blockade of A2A AR signaling. In addition, as we show in Table 2 and

others have demonstrated (Rosin et al., 1998), the location of A2A ARs in the brain is

primarily in the amygdala and striatum where manipulation of amygdala-based neuronal

activity can cause anxiety like behavior in mice (Tye et al., 2011). Finally, human anxiety

has a link to adenosine. Coincident with elevated plasma adenosine is a higher prevalence of

psychiatric disorders especially anxiety (Henningsen et al., 2003, Cella et al., 2011, Duley et

al., 2000). In sum, physiological levels of extracellular adenosine are important to

selectively inhibiting neurotransmission via hyperpolarization of excitatory synapses

(Lambert & Teyler, 1991, Prince & Stevens, 1992). However, in deleterious conditions

where excessive adenosine is present such as undue alcohol ingestion, sterile inflammation,

tissue injury and hypoxia/ischemia (Winn et al., 1981, Karmouty-Quintana et al., 2013,

Spinetta et al., 2008) this same mechanism of hyperpolarization appears to trigger casapse-1

activation and generation of IL-1β that causes adverse behaviors that include anxiety.
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Fig.1. Inhibition of potassium efflux prevents adenosine-dependent activation of caspase-1 in the
brain
(A) Wild type mice were perfused with or without PBK and/or adenosine and activity of

caspase-1 measured. Results are expressed as means ± s.e.m.; n = 4. Bars without a common

superscript are different (P < 0.05). (B) Wild type mice were perfused with or without

glyburide and/or adenosine and activity of caspase-1 measured. Results are expressed as

means ± s.e.m.; n = 4. Bars without a common superscript are different (P < 0.05).
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Fig.2. The PKA inhibitor KT5720 blocks activation of caspase-1 by adenosine
(A) Wild type mice were perfused with or without KT5720 and/or adenosine and activity of

caspase-1 measured. Results are expressed as means ± s.e.m.; n = 4. Bars without a common

superscript are different (P < 0.05). (B) Wild type mice were perfused with or without

adenosine and activity of PKA. Results are expressed as means ± s.e.m.; n = 4. Bars without

a common superscript are different (P < 0.05). (C) Wild type mice were perfused with or

without adenosine and the concentration of cAMP measured. Results are expressed as means

± s.e.m.; n = 4. Bars without a common superscript are different (P < 0.05).
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Fig.3. Activation of caspase-1 by adenosine is blocked by selective A2A AR antagonism and in
A2A AR KO mice
(A) Wild type mice were perfused with or without 8-(3-chlorostyryl)caffeine (CSC) and/or

adenosine and activity of caspase-1 measured. Results are expressed as means ± s.e.m.; n =

4. Bars without a common superscript are different (P < 0.05). (B) Wild type and A2A AR

KO mice were perfused with or without adenosine and activity of caspase-1 measured.

Results are expressed as means ± s.e.m.; n = 4. Bars without a common superscript are

different (P < 0.05). (C) Wild type and caspase-1 KO mice were perfused with PBS and

activity of caspase-1 measured. Results are expressed as means ± s.e.m.; n = 4. Bars without

a common superscript are different (P < 0.05).
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Fig.4. Adenosine activates caspase-1 in the brain while reducing locomotor activity and food
intake
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(A) Wild type mice were treated with or without IP adenosine and activity of caspase-1 in

brain measured 15 min after adenosine administration. Results are expressed as means ±

s.e.m.; n = 4. Bars without a common superscript are different (P < 0.05). Data was analyzed

using Kruskal-Wallis One Way Analysis of Variance on Ranks to attain equal variance. (B)

Wild type mice were treated with or without IP adenosine and activity of caspase-1 in the

amygdala measured 15 min after adenosine administration. Results are expressed as means ±

s.e.m.; n = 4. Bars without a common superscript are different (P < 0.05). (C) Wild type

mice were treated with or without IP adenosine and the serum adenosine concentration was

measured at 15 min intervals. Results are expressed as means ± s.e.m. vs. saline injected

control; n = 8-12. *p < 0.05 compared to saline control within time. (D) C57 WT mice were

treated with or without IP adenosine and locomotion measured at 15, 30, 45, 60, 75, 90 and

105 mins after adenosine administration. Results are expressed as means ± s.e.m. versus

saline injected controls; n = 8. *P < 0.05. (E) Caspase-1 KO mice were treated with or

without IP adenosine and locomotion measured at 15, 30, 45 and 60 mins after adenosine

administration. Results are expressed as means ± s.e.m. versus saline injected controls; n =

8. (F) IL-1R1 KO mice were treated with or without IP adenosine and locomotion measured

at 15, 30, 45 and 60 mins after adenosine administration. Results are expressed as means ±

s.e.m. versus saline injected controls; n = 8. (G) BALB/c WT mice were treated with or

without IP adenosine and locomotion measured at 15, 30, 45 and 60 mins after adenosine

administration. Results are expressed as means ± s.e.m. versus saline injected controls; n =

5. *P < 0.05. (H) A2A AR KO mice were treated with or without IP adenosine and

locomotion measured at 15, 30, 45 and 60 mins after adenosine administration. Results are

expressed as means ± s.e.m. versus saline injected controls; n = 5. (I) C57 WT, caspase-1

KO (Casp-1 KO) and IL-1R1 KO mice were treated with or without IP adenosine and food

intake measured for 60 min following adenosine administration. Results are expressed as

means ± s.e.m. versus saline injected controls; n = 5-8. *P < 0.05. (J) BALB/c WT and A2A

AR KO mice were treated with or without IP adenosine and food intake measured for 60

min following adenosine administration. Results are expressed as means ± s.e.m. versus

saline injected controls l; n = 8. *P < 0.05.
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Fig.5. Central administration of the caspase-1 inhibitor Ac-YVAD-CMK blocks adenosine-
induced reductions in locomotor activity and food intake
(A) C57 WT mice were treated with or without ICV Ac-YVAD-CMK and IP adenosine.

Locomotion was measured at 0, 15, 30 and 45 mins after adenosine administration. Results

are expressed as means ± s.e.m.; n = 5. Bars without a common superscript are different (P <

0.05). (B) C57 WT mice were treated with or without ICV Ac-YVAD-CMK and IP

adenosine. Food intake was measured for 60 min after adenosine administration. Results are

expressed as means ± s.e.m.; n = 5. Bars without a common superscript are different (P <

0.05). (C) 0.4% trypan blue was administered ICV. Brains were harvested bisected and

photographed fresh (representaitive).
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Fig.6. Adenosine causes anxiety-like behavior
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(A) C57 WT, Casp-1 KO, IL-1R1 KO, BALB/c WT and A2A AR KO mice were treated

with or without IP adenosine and time spent in the center area was measured 30 min after

adenosine administration. Results are expressed as means ± s.e.m. versus saline injected

genotype control; n = 3-7. *P < 0.05. (B) C57 WT, Casp-1 KO, IL-1R1 KO, BALB/c WT

and A2A AR KO mice were treated with or without IP adenosine. Total distance traveled in

the arena was measured 30 min after adenosine administration. Results are expressed as

means ± s.e.m. versus saline injected genotype control; n = 3-7. (C) C57 WT mice were

treated with or without IP adenosine and tested in the open field test for 30 min. Time spent

in the center area was measured 30 min after adenosine administration. Results are

expressed as means ± s.e.m. versus saline injected control; n = 7-8. *P < 0.05. (D) C57 WT

mice were treated with or without IP adenosine and tested in the open field test for 30 min.

Total distance traveled in the arena was measured 30 min after adenosine administration.

Results are expressed as means ± s.e.m. versus saline injected control; n = 7-8. *P < 0.05.

(E) C57 WT mice were treated with or without IP adenosine and tested in the open field test

for 30 min. Time spent in the center area was measured in 5 min bins. Results are expressed

as means ± s.e.m. versus saline injected control; n = 7-8. *P < 0.05. (F) C57 WT mice were

treated with or without IP adenosine and/or glyburide and tested in the open field test for 30

min. Time spent in the center area was measured 30 min after adenosine and/or glyburide

administration. Results are expressed as means ± s.e.m. versus saline injected control; n =

8-9. *P < 0.05. (G) C57 WT mice were treated with or without IP adenosine and/or

glyburide and tested in the open field test for 30 min. Total distance traveled in the arena

was measured 30 min after adenosine and glyburide administration. Results are expressed as

means ± s.e.m. versus saline injected control; n = 8-9. *P < 0.05. (H) C57 WT, Casp-1 KO,

IL-1R1 KO, BALB/c WT and A2A AR KO mice were treated with or without IP adenosine

and time spent in the open arms of the elevated zero-maze were measured 30 min after

adenosine administration. Results are expressed as means ± s.e.m. versus saline injected

genotype control; n = 4-6. *P < 0.05. Data was analyzed using Kruskal-Wallis One Way

Analysis of Variance on Ranks to attain equal variance. (I) C57 WT, Casp-1 KO, IL-1R1

KO, BALB/c WT and A2A AR KO mice were treated with or without IP adenosine. Total

distance traveled in the elevated zero-maze was measure 30 min after adenosine

administration. Results are expressed as means ± s.e.m. versus saline injected genotype

control; n = 4-6.
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Table 1

Adenosine increases IL-1β protein in the brain but not the liver

Tissue Saline Adenosine

Brain 1.00 ± 0.16a 2.43 ± 0.37 b

Liver 1.00 ± 0.20a 0.86 ± 0.23a

Results are expressed as fold change means ± S.E.M; n=10. Values within a row without a common superscript are different; p< 0.05
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Table 2

Differential expression of A2A AR mRNA in the brain

Regions Fold Change

Whole Brain 1.00 (0.12)a

Amygdala 1.31 (0.38)a

Hippocampus 0.13 (0.03)b

Results are expressed as means (S.E.M.); n=4-6. Values without a common superscript are different; p< 0.05
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