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Abstract
Inflammation in the central nervous system (CNS) contributes to neurological disorders.
Neuroinflammation involves the release of inflammatory molecules from glial cells such as
astrocytes and microglia, and can lead to neuronal damage if unabated. In Multiple Sclerosis
(MS), peripheral immune cells, including interferon-γ (IFN-γ)-producing Th1 cells, infiltrate the
CNS and are important in shaping the inflammatory microenvironment, in part through cytokine-
mediated interactions with glial cells. Recent evidence suggests that AMP-activated protein kinase
(AMPK), a central regulator of energetic metabolism, can regulate inflammatory gene expression.
In this study we have identified that IFN-γ induces biphasic AMPK signaling, suggestive of
negative feedback mechanisms. Activation of AMPK suppresses several IFN-γ-induced cytokines
and chemokines in primary astrocytes and microglia. IFN-γ regulates gene expression through
activation of STAT1, and deletion of AMPK results in a marked increase in basal expression of
STAT1. Conversely, activation of AMPK blocks IFN-γ-induced STAT1 expression. Deletion of
AMPK leads to increased basal and IFN-γ-induced expression of inflammatory molecules
including TNF-α, CXCL10 and CCL2. AMPK does not affect the phosphorylation of STAT1, but
instead attenuates nuclear translocation of STAT1, DNA binding, and subsequent gene expression.
In vivo, AMPK signaling during Experimental Autoimmune Encephalomyelitis (EAE), an animal
model of MS, is down-regulated in the brain at onset and peak of disease. Diminution of AMPK
signaling in vivo correlates with increased expression of IFN-γ and CCL2 in the CNS. Overall,
these findings provide the first link between AMPK and STAT1, and may provide important clues
about how bioenergetics and inflammation are linked.
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INTRODUCTION
Control of inflammation in the CNS is a dynamic and essential process under physiological
and pathological conditions. This complex process involves a host of cytokines, chemokines
and reactive species produced by resident CNS glial cells such as astrocytes and microglia,
and peripheral immune cells that invade the CNS (1). In the context of MS, a debilitating
autoimmune disease involving demyelination of axons and neuronal degeneration, aberrant
inflammation in the CNS contributes to disease pathology (2). IFN-γ-producing Th1 cells
infiltrate the CNS leading to the activation of astrocytes and microglia which produce
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inflammatory molecules and chemoattractants including CCL2 and CXCL10, driving
recruitment of additional cells such as macrophages, neutrophils and dendritic cells (3–6).
As such, astrocytes and microglia, in response to cytokines including IFN-γ, have a central
role in controlling inflammation in the CNS under neuroinflammatory conditions (7, 8).

IFN-γ is a multifaceted cytokine that is essential for proper immune function. IFN-γ is
usually considered a pro-inflammatory cytokine produced by Th1 cells and natural killer
(NK) cells that induces macrophage activation and upregulation of MHC molecules on
antigen presenting cells (9). Beyond the well documented and critical role of IFN-γ in host
defense, IFN-γ has a complex role in CNS pathology associated with inflammation. In MS,
levels of IFN-γ mRNA in the cerebrospinal fluid (CSF) of MS patients correlate with
disease (10), and treatment of MS patients with IFN-γ worsens disease (11), suggesting a
pathogenic role. Despite this, studies in the MS animal model of EAE have demonstrated
that blocking IFN-γ signaling exacerbates disease, suggesting a regulatory role (12–14).
Thus, there is much interest in understanding the inflammatory and regulatory roles of IFN-
γ (15). IFN-γ signals by binding to cell surface IFN-γ receptors (IFNGR1) leading to Janus
Kinase 1/2 (JAK1/2)-dependent phosphorylation of STAT1 at tyrosine 701. Once
phosphorylated, STAT1 homodimerizes and translocates to the nucleus where it associates
with gene promoters containing GAS (gamma activated site) elements to drive expression of
IFN-γ-responsive genes (16).

Adenosine monophosphate-activated protein kinase (AMPK) has been linked to the
regulation of inflammatory signaling (17–24). AMPK is a heterotrimeric (α, β, and γ
subunits) serine/threonine kinase critical to the maintenance of cellular energy homeostasis
(25). The α subunit possesses the kinase activity and has two isoforms (AMPKα1 and
AMPKα2) The β subunit functions as a scaffold molecule and the γ subunit binds AMP,
ADP and ATP to detect the cellular energy state (26, 27). Increases in the AMP/ATP ratio
leads to greater AMPK activity via direct allosteric activation and through a conformational
change that blocks de-phosphorylation of threonine 172 (28–30). Liver kinase B1 (LKB1) is
thought to be the predominant kinase responsible for the activating phosphorylation of
AMPK (31); however, calmodulin-dependent protein kinase kinase-β can function as an
alternative kinase to activate AMPK, independent of cellular energy content (32). Once
active, AMPK phosphorylates many downstream effectors to reduce ATP consuming
processes and promote ATP producing processes (33). Activation of AMPK increases the
rate of glycolysis through phosphorylation of phosphofructokinase-2 (34), and decreases
fatty acid synthesis through phosphorylation of acetyl-CoA carboxylase (ACC) (35).
Activation of AMPK also alters the transcriptional program within the cell to provide an
adaptive response in part through upregulation of PPARγ coactivator-1α (PGC-1α) (36,
37). AMPK activation has also been reported to have anti-inflammatory effects (18, 22, 24).
For example, AMPK activation promotes macrophage polarization toward an anti-
inflammatory M2 phenotype (22). AMPK may have a protective role in EAE as treatment of
mice with the AMPK agonists AICAR or metformin attenuates EAE (38, 39) and deletion of
AMPKα1 exacerbates disease (40). Further, AICAR suppresses CCL2 expression in the
brain during EAE (39). AMPK modulates inflammatory gene expression through several
mechanisms including suppression of NF-κB activation (41–43), phosphorylation of the
transcriptional coactivator p300 (44), activation of SIRT1 (23) and in response to the
combination of LPS and IFN-γ through the PI3K/Akt pathway (21). However, the role of
AMPK in the regulation of the JAK/STAT1 pathway has not been examined.

In this study, we provide evidence that AMPK is a negative regulator of IFN-γ-induced
gene expression. Activation of AMPK by culturing in low glucose or with the agonist
AICAR suppressed IFN-γ-induced gene expression in astrocytes and microglia, while
deletion of the catalytic AMPKα1 and AMPKα2 subunits promoted inflammatory gene
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expression. Our findings indicate that AMPK does not suppress tyrosine phosphorylation of
STAT1 but rather regulates STAT1 nuclear localization in response to IFN-γ. Overall, our
data suggest that AMPK is an important regulator of IFN-γ responses in the CNS.

MATERIALS AND METHODS
Reagents

Recombinant mouse IFN-γ was from R & D Systems (Minneapolis, MN). Antibodies (Ab)
for P-AMPK, AMPK, P-ACC, P-STAT1, STAT1, P-STAT3, and STAT3 were from Cell
Signaling (Beverly, MA); GAPDH Ab was from Abcam (Cambridge, MA); PE-conjugated
anti-MHC class II Ab was from Southern Biotech (Birmingham, AL); and RNA Pol II Ab
was from Covance (Princeton, NJ). Taqman primers were from Applied Biosystems (Forest
City, CA). 5-Aminoimidazole-4-carboxamide-1-β-riboside, Z-Riboside (AICAR) was from
EMD Millipore (Billerica, MA). AICAR was prepared fresh or as single use aliquots stored
at −20°C for each experiment.

Mice and Glial Cell Preparations
C57BL/6 or AMPKα1fl/fl/AMPKα2fl/fl (45) mice were bred and housed in the animal
facility at the University of Alabama in Birmingham under the care of the animal resources
program. Primary murine astrocyte or microglial cultures were prepared as previously
described (46, 47). Astrocytes or microglia were cultured in DMEM with 10% FBS, 16 mM
HEPES, 1X non-essential amino acids, 2 mM L-Glutamine, 100 units/ml penicillin, 100 μg/
ml streptomycin and 50 μg/ml gentamicin. Astrocytes were separated from microglia by
shaking, and astrocyte cultures contained > 90% GFAP+ cells as determined by
immunofluorescent microscopy (46). Following shaking, microglia containing supernatants
were centrifuged at 1000 RPM for 5 min, and microglia were resuspended in fresh media
and plated into 6-well plates.

EAE Induction and Assessment
Active EAE was induced as previously described (47). Eight- to twelve-week-old C57BL/6
mice were immunized s.c. with 200 μg of MOG35-55 emulsified in Complete Freund’s
Adjuvant (supplemented with 2 mg/mL of Mycobacterium tuberculosis) and injected i.p. on
days 0 and 2 with 500 ng pertussis toxin. Assessment of classical EAE was as follows: 0, no
disease; 1, decreased tail tone; 2, hind limb weakness or partial paralysis; 3, complete hind
limb paralysis; 4, front and hind limb paralysis; and 5, moribund state (48).

Immunoblotting
Cells were washed twice with PBS and lysed with IP lysis buffer (20 mM Tris, pH 7.5, 150
mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.5% NP-40, 1 mM phenylmethanesulfonyl
fluoride, 25 μg/ml leupeptin, 25 μg/ml aprotinin and 1X phosphatase inhibitor cocktail
(Pierce, Rockford, IL), as previously described (49). Protein concentrations were determined
using the BCA assay (Pierce, Rockford, IL). Equal amounts of protein from each sample
were solubilized in Laemmli sample buffer (2% SDS) and heated for 5 min at 95°C. Proteins
were separated by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose, the
membranes were blocked in 5% milk followed by an overnight incubation at 4°C with
primary Ab. Horseradish peroxidase-conjugated donkey anti-rabbit or donkey anti-mouse
(1:4000 dilution) secondary Ab were incubated for 1 h at room temperature, followed by
detection with enhanced chemiluminescence.
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qRT-PCR
RNA was isolated using Trizol (Sigma-Aldrich) as previously described (50). RNA was
quantified using a NanoDrop (NanoDrop Technologies, Wilmington DE). One μg of RNA
was used for cDNA synthesis using MMLV reverse transcriptase (Promega, Madison WI).
The cDNA was analyzed by quantitative PCR performed using Taqman gene expression
assays according to the manufacturer’s instructions in an ABI Prismo 7500 (Applied
Biosystems, Foster City, CA). Reactions were carried out in 20 μl and analyzed using the
ΔΔCt method, as described previously (51).

Subcellular Fractionation
Nuclear and cytosolic fractions were prepared as previously described (52, 53) with minor
modifications. Cells were washed twice with PBS and then harvested in 200 μl of lysis
buffer (10 mM Tris, pH 7.5, 10 mM NaCl, 3 mM MgCl2, 0.05% Nonidet P-40, 1 mM
EGTA, 1 mM sodium orthovanadate, 100 μM phenylmethanesulfonyl fluoride, 0.1 μM
okadaic acid, 50 mM sodium fluoride, and 10 μg/ml each of leupeptin, aprotinin, and
pepstatin). Following lysis, the cells were centrifuged at 2700 × g for 10 min at 4°C. The
supernatant was collected and centrifuged at 20,800 × g for 15 min at 4°C to obtain the
cytosolic fraction. The pellet containing nuclei was washed twice in 200 μl of wash buffer
(5 mM HEPES, pH 7.4, 3 mM MgCl2, 1 mM EGTA, 250 mM sucrose, 0.1% BSA, with
protease and phosphatase inhibitors). The pellet was collected and the nuclei were
centrifuged through a 1 M sucrose cushion (with protease and phosphatase inhibitors), at
2700 × g for 10 min at 4°C, washed in lysis buffer containing 0.05% Nonidet P-40 and the
nuclei were resuspended in nuclear extraction buffer (20 mM HEPES, pH 7.9, 300 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1 mM β-glycerophosphate, 1 mM sodium
orthovanadate, 100 μM phenylmethanesulfonyl fluoride, 0.1 μM okadaic acid, 50 mM
sodium fluoride, and 10 μg/ml each of leupeptin, aprotinin, and pepstatin), incubated for 30
min on ice followed by centrifugation at 20,800 × g for 15 min at 4°C, with the supernatant
retained as the nuclear extract.

Chromatin immunoprecipitation
Primary astrocytes were treated as indicated and chromatin was precipitated overnight at
4°C with 5 μg of STAT1 Ab (Santa Cruz Biotechnologies, Santa Cruz, CA) or isotype-
matched control IgG. The IgG/chromatin complexes were isolated with protein A coupled
dynabeads (Invitrogen, Carlsbad, CA), washed extensively, and DNA eluted as previously
described (54). DNA was purified using Qiagen PCR clean up columns. Purified DNA was
analyzed by qPCR using sybr green (Qiagen, Germantown, MD) and the following primer
pair for the CCL2 promoter: forward AGGTTCCTTGAGCCAGGGGCA, reverse
AGTGCAGAGCCCTCGGGTGT.

Immunocytochemistry
Astrocytes were plated on poly-D-lysine-coated coverslips and treated as indicated followed
by fixation in 4% paraformaldehyde for 20 min at 4°C, then washed with PBS. The cells
were incubated in permeabilization buffer (PBS, pH 7.2, 0.5% Triton-X 100) for 10 min at
room temperature. The cells were incubated for 1 h at room temperature in blocking buffer
(PBS, pH 7.2, with 1% BSA, 0.2% non-fat milk). The cells were then incubated overnight
with STAT1 Ab (Santa Cruz Biotechnologies, Santa Cruz, CA) diluted 1:50 in blocking
buffer. The cells were washed several times with PBS and then incubated with Alexa 488-
conjugated secondary Ab (Invitrogen, Carlsbad, CA) diluted 1:400 in blocking buffer for 1 h
at room temperature, followed by thorough washing with PBS. Coverslips were affixed to
glass slides with DAPI-containing mounting media. At least four random fields on each
slide from two independent experiments were imaged using a Zeiss LSM 710 Confocal
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Microscope at the UAB High Resolution Imaging Facility. Nuclear and cytosolic intensities
were quantified using ImageJ software.

Flow Cytometry
Cells were treated as indicated and collected by scraping in ice-cold PBS. Fc-receptors were
blocked with blocking antibodies. Cells were then labeled with Alexa Fluor-conjugated anti-
P-STAT1, P-STAT3 or P-STAT5 (Cell Signaling, Beverly, MA), according to the
manufacturer’s protocol. For MHC staining, cells were incubated with PE-conjugated anti-
MHC class II (BD Biosciences) followed by fixation in 2% paraformaldehyde. Data were
collected on a BD LSR II flow cytometer, analyzed using FlowJo software and gates set
based on isotype matched control antibodies.

Statistics
Data were analyzed by ordinary or repeated measures ANOVA with Student-Newman-
Kuels post-test or by Student’s t test, as appropriate using Instat software. A value of p≤0.05
was considered statistically significant.

RESULTS
Energy restriction suppresses IFN-γ-induced gene expression

AMPK activation is altered by pro-inflammatory and anti-inflammatory stimuli including
LPS, CNTF, IL-10 and TGF-β, among others (22, 55, 56). Here we tested if the prototypical
Th1 cytokine IFN-γ could influence AMPK activity. The effects of IFN-γ were tested under
two conditions, one in which AMPK activation is relatively low (high energy) and one in
which AMPK activation is higher (low energy). Primary murine astrocytes cultured in
normal media (high energy, 25 mM glucose/1 mM pyruvate) were stimulated with IFN-γ
for 10 min to 6 h, followed by examination of AMPK and ACC phosphorylation. IFN-γ
induced a biphasic response, with an initial reduction in AMPK phosphorylation at 10 and
30 min, followed by increased phosphorylation at 6 h (Figure 1A). The reduction in AMPK
phosphorylation paralleled STAT1 activation (P-STAT1) and preceded IFN-γ-induced
STAT1 protein expression (Figure 1A). IFN-γ stimulation significantly reduced cytosolic
AMPK phosphorylation but did not affect nuclear AMPK phosphorylation under high
energy conditions (Figure 1B). The inhibition of cytoplasmic AMPK phosphorylation is
similar to that reported following LPS treatment of macrophages (22, 57), and the bi-phasic
nature is suggestive of a negative feedback response. In cells cultured with no glucose and
no pyruvate (low energy, 24 h no glucose*/no pyruvate) (*serum contributes approximately
0.6 mM glucose), conditions which stimulate AMPK activity, IFN-γ did not stimulate a
biphasic response but instead increased AMPK phosphorylation throughout the time course
(Figure 1A). Consistent with AMPK activation, IFN-γ stimulated rapid and prolonged
phosphorylation of the AMPK substrate ACC under low energy conditions (Figure 1A).
Low energy did not alter IFN-γ-induced STAT1 phosphorylation but did slightly suppress
IFN-γ-induced STAT1 expression at 6 h compared to high energy conditions. Together,
these data indicate that cytosolic AMPK responds to IFN-γ, and that this response is
dependent on the energetic state of the cell.

As shown in Figure 1A, IFN-γ activates AMPK under reduced glucose/pyruvate conditions
(low energy) and active AMPK has been reported to have anti-inflammatory properties (18,
20–22, 24). Therefore, we hypothesized that the cellular response to IFN-γ under these
conditions would be reduced. To examine if disruption of energy metabolism could
influence IFN-γ-induced gene expression, astrocytes were cultured under high energy or
low energy conditions as in Figure 1C followed by stimulation with IFN-γ. Energy
restriction attenuated IFN-γ-induced CCL2 and CXCL10 expression, and modestly reduced
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STAT1 gene expression. These data indicate that reduced energy substrate availability
correlates with impaired IFN-γ-induced gene expression, and may point toward a role for
AMPK in coupling bioenergetic capacity to IFN-γ-dependent inflammatory responses.

AICAR suppresses IFN-γ-induced gene expression
To test directly if AMPK could influence IFN-γ signaling, the AMPK agonist AICAR was
used to induce activation of AMPK. AICAR treatment stimulated the activation of AMPK
as evidenced by increased phosphorylation of AMPK and ACC (Figure 2A). AICAR-
induced activation of AMPK suppressed IFN-γ-induced STAT1 expression at 8 and 16 h
(Figure 2A). This regulation occurs at the mRNA level as AICAR also significantly
suppressed IFN-γ-induced STAT1 mRNA in a concentration-dependent fashion (Figure
2B). To determine if forced activation of AMPK could also suppress IFN-γ-induced gene
expression, astrocytes were stimulated with IFN-γ in the absence or presence of AICAR.
IFN-γ increased the expression of CIITA, CXCL10, CCL2 and iNOS, and the expression of
each was blocked by AICAR (Figure 2C). To test if AMPK impairs STAT1 transcriptional
activity, we examined the influence of AICAR on an IFN-γ-inducible luciferase reporter
(GAS-Luc) (58). Forced activation of AMPK attenuated IFN-γ-induced GAS-Luc
expression by approximately 50% (Figure 2D). Next, we examined if AICAR could block
STAT1 binding to the endogenous CCL2 promoter. As shown in Figure 2E, CCL2 is a
STAT1 dependent gene as STAT1 siRNA effectively reduces STAT1 expression and blocks
IFN-γinduced CCL2 expression. AICAR blocked basal and IFN-γ-induced STAT1 binding
to the CCL2 promoter (Figure 2F). Additionally, the bi-phasic response of AMPK to IFN-γ
and the findings that active AMPK antagonizes IFN-γ-induced gene expression supports the
hypothesis that AMPK has a negative feedback role in IFN-γ signaling. We next examined
if activation of AMPK could influence the function of other STAT family members.
Stimulation of astrocytes with Oncostatin M (OSM), which activates STAT3, led to SOCS3
expression that was blocked by AICAR (Figure 2G). The pan-JAK inhibitor, P6, also
blocked SOCS3 expression, confirming this gene is dependent on JAK/STAT signaling
(Figure 2G). Stimulation of astrocytes with granulocyte macrophage-colony stimulating
factor (GM-CSF), which activates STAT5, led to CCL2 expression that was blocked by both
AICAR and P6 (Figure 2H). These data indicate that AMPK influences the function of
multiple STAT family members.

Deletion of AMPKα1/α2 leads to increased inflammatory gene expression in primary
astrocytes

Activation of AMPK impairs IFN-γ-induced gene expression, therefore we examined if
genetic disruption of the AMPK pathway would have the opposite effect. Both catalytic
AMPKα isoforms (AMPKα1 and AMPKα2) are expressed throughout the CNS and in
astrocytes and microglia (Figure 3A). Therefore, astrocytes were isolated from mice in
which both AMPKα1 and AMPKα2 are floxed (45) (referred to as AMPKαfl/fl). Primary
astrocytes were isolated from AMPKαfl/fl mice and transduced with GFP or GFP-Cre
recombinase adenovirus. As shown in Figure 3B, AMPKα is effectively deleted by Cre. The
Ab used detects both AMPKα1 and AMPKα2. To confirm that Cre-mediated deletion of
AMPKα correlates with reduced activity, astrocytes were treated with AICAR to activate
AMPK; such treatment increased phosphorylation of the AMPK substrate ACC, and this
was attenuated in cells with reduced AMPKα (Figure 3B).

As shown in Figure 3C, Cre-mediated deletion of AMPKα led to a significant increase in
total levels of STAT1 protein. Consistent with elevated STAT1 expression, several
inflammatory genes were elevated in astrocytes with reduced AMPKα under basal
conditions, including CCL2, CXCL10, IL-6, TNF-α and iNOS (Figure 3D). These findings
are in line with previous reports that disruption of AMPK signaling increases inflammatory
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gene expression (17, 23). In addition, disruption of AMPKα enhanced a subset of IFN-γ-
induced genes including CCL2, CXCL10 and iNOS. In the case of CCL2 and CXCL10, this
enhancement may be due to increased basal expression. IL-6 and TNF-α were elevated in
the absence of stimulus and were not further increased by IFN-γ in AMPKα deficient
astrocytes. Unexpectedly, the IFN-γ-induced expression of CIITA was reduced by deletion
of AMPKα, though basal expression was unaffected (Figure 3D). We next confirmed that
the actions of AICAR were dependent on AMPK. Astrocytes (AMPKαfl/fl) were transduced
with GFP or GFP-Cre followed by stimulation with IFN-γ in the absence or presence of
AICAR. In cells transduced with GFP (left) and in cells transduced with GFP-Cre (reduced
AMPKα, right), IFN-γ stimulated STAT1 expression. AICAR reduced IFN-γ-induced
STAT1 by 36.5% ± 3.4% in the GFP cells, and by 18.5% ± 5.7% (n=3, p<0.05) in cells with
reduced AMPKα (Figure 3E), indicating that the AICAR-mediated reduction in STAT1
occurs in an AMPK-dependent manner. Collectively, these data indicate that AMPK
signaling controls basal and IFN-γ-induced STAT1 and STAT1-dependent gene expression.

AMPK controls IFN-γ-induced gene expression in primary microglia
Microglia (resident brain macrophages) have a profound influence on the inflammatory
environment in the healthy and diseased brain (8). To examine if AMPK also regulates
microglial responses to IFN-γ, primary microglia were stimulated with IFN-γ in the
absence or presence of AICAR. AICAR activated AMPK, as demonstrated by increased
phosphorylation of ACC (Figure 4A) and markedly reduced IFN-γ-induced STAT1
expression (Figure 4A, lane 3), consistent with our findings in primary astrocytes. AICAR-
induced activation of AMPK also suppressed IFN-γ-induced CXCL10, TNF-α and iNOS
mRNA expression, as well as reduced MHC class II expression on the surface of microglia
(Figure 4B). The reduction in MHC class II expression was anticipated due to the previous
observations that AICAR attenuated IFN-γ-induced CIITA expression in astrocytes (Figure
2C) and microglia (not shown). These data suggest that AMPK controls IFN-γ-induced
inflammation in microglia.

AMPK attenuates STAT1 nuclear localization
IFN-γ elicits the activation of STAT1 by stimulating sequential phosphorylation, nuclear
translocation and DNA binding (16). Activation of AMPK blocks STAT1 DNA binding and
STAT-1 induced gene expression (Figure 2). To determine at what point AMPK interferes
with the STAT1 signaling cascade, STAT1 phosphorylation and nuclear translocation were
examined. Primary astrocytes were stimulated with IFN-γ in the absence or presence of
AICAR followed by quantification of STAT-1 tyrosine phosphorylation by immunoblot and
flow cytometry; AICAR did not significantly affect IFN-γinduced STAT1 phosphorylation
(Figures 5A and B). Additionally, AICAR did not alter OSM-induced STAT3
phosphorylation or GM-CSF-induced STAT5 phosphorylation (Figure 5B). To test if
AMPK influences STAT1 nuclear translocation, astrocytes were treated with IFN-γ in the
absence or presence of AICAR followed by isolation of cytosolic and nuclear fractions.
IFN-γ stimulated a robust increase in nuclear P-STAT1 (Figure 5C, lane 6) with a
concomitant decrease in cytosolic levels of total STAT1 (lane 2). AICAR significantly
attenuated total STAT1 nuclear accumulation (lane 7) and retained STAT1 in the cytosol
(lane 3). Consistent with the reduction in total STAT1 in the nucleus, IFN-γ-induced
nuclear P-STAT1 was also reduced by AICAR by approximately 40% (Figure 5C).
Increased phosphorylation of AMPK confirms that AICAR activated AMPK. RNA pol II
and GAPDH are shown as nuclear and cytosolic markers, respectively (Figure 5C). These
data were confirmed by immunoflorescence microscopy. AICAR significantly attenuated
the level of IFN-γ-induced nuclear STAT1 (Figures 5D and E). IFN-γ stimulated nuclear
localization of STAT1 (determined by a nuclear/cytosolic staining intensity > 2) in 54% of
the cells, and this was reduced to approximately 11% by co-treatment with AICAR (Figure

Meares et al. Page 7

J Immunol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



5E). As shown in Figure 5F, astrocytes with reduced AMPKα expression have increased
levels of IFN-γ-induced nuclear STAT1 (Figure 5F, lane 8 vs. lane 6). In addition, the basal
nuclear STAT1 is also elevated in astrocytes with reduced AMPK (STAT1 long exposure)
(Figure 5F, lane 7 vs. lane 5). These data, together with the data in Figures 5C, D and E,
suggest that AMPK impedes STAT1 nuclear localization as a means to attenuate IFN-γ-
induced gene expression.

Reduced AMPK phosphorylation correlates with disease severity and inflammatory gene
expression in EAE

To extend our findings in vivo, we examined the disease model of EAE. C57BL/6 mice
were immunized with MOG peptide to induce EAE and disease severity scored as
previously described (48) (Figure 6A). Brain tissue was collected at several time points
during the course of disease to examine AMPK and gene expression. Consistent with
previous reports (40), phosphorylated and total levels of AMPK are diminished during onset
and peak of disease (days 15 and 20), but increased during remission (days 25 and 30)
(Figure 6B). The changes in AMPK signaling coincided with expression of IFN-γ and the
IFN-γ-induced chemokine CCL2 in the brain (Figure 6C). These data confirm that AMPK
signaling is altered in the brain during EAE, and collectively suggest that AMPK and IFN-γ
signaling functionally interact in the CNS.

Discussion
IFN-γ is a proinflammatory cytokine essential for antiviral responses, and activation/
polarization of macrophages and T cells, and acts in synergy with a number of cytokines,
placing it as a central cytokine controlling innate and adaptive immunity (9, 59, 60). IFN-γ
elicits rapid STAT1-dependent and STAT1-independent transcriptional reprogramming
leading to the expression of over 200 genes as part of an inflammatory and adaptive
response (9, 16). Several studies using various inflammatory stimuli have shown that the
energy sensing enzyme AMPK has anti-inflammatory actions (17–24). The anti-
inflammatory actions of AMPK are thought to be largely mediated by negative regulation of
the NF-κB pathway (18, 39, 41–43). The current study reveals that AMPK regulates IFN-γ-
induced gene expression, including CCL2, CXCL10, iNOS and STAT1, in glial cells
through modulation of STAT1.

Our findings indicate that IFN-γ stimulates a rapid and transient inhibition of cytoplasmic
AMPK followed by activation at later time points. This suggests a negative feedback model
in which AMPK is repressed by IFN-γ when cellular energy is abundant to allow a rapid
and robust inflammatory response. As the IFN-γ response becomes prolonged (>6 h) and
the energetic cost of synthesizing and secreting cytokines and chemokines becomes greater,
the cell must signal for the conservation of ATP. Maintaining energetic homeostasis is
essential as catastrophic energy depletion leads to necrotic cell death (61). Eukaryotes
evolved the AMPK system to effectively manage energy production and utilization (33).
Using AMPK to negatively regulate STAT1-induced gene expression allows the cell to
mount an inflammatory response that is appropriate for the bioenergetic status of the cell.
Consistent with this concept, if cells are exposed to IFN-γ when energy is limited, as in
Figure 1A, AMPK is rapidly activated and the IFN-γ response is muted compared to cells
cultured with high glucose and pyruvate (i.e. typical cell culture media). Collectively, our
findings suggest that AMPK couples bioenergetic capacity with the STAT1-dependent IFN-
γ response.

In support of this hypothesis, forced activation of AMPK with AICAR suppresses IFN-
γinduced STAT1 expression. It is known that AMPK activation inhibits protein synthesis
(62), and while this may partly account for suppression of STAT1, the data point toward a
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more selective effect than general repression of protein synthesis. Importantly, AICAR
suppressed IFN-γ-induced STAT1 and other inflammatory molecules at the transcriptional
level. Additionally, activation of AMPK attenuated nuclear localization of STAT1 and
prevented STAT1 promoter interactions. These data suggest a selective effect of AMPK on
STAT1 independent of the influence of AMPK on translation.

AMPK has been reported to regulate IL-6 signaling through suppression of STAT3
phosphorylation (20). In contrast, we observed that basal and IFN-γ-induced STAT1
phosphorylation was independent of AMPK activity. This indicates that AMPK does not
regulate the upstream JAKs or recruitment of STAT1 to the IFN-γ receptor, prerequisites
for IFN-γinduced phosphorylation of STAT1. The molecular mechanism by which AMPK
regulates nuclear levels of STAT1 is currently unknown. AMPK has been previously shown
to regulate nuclear levels of the RNA-binding protein HuR through modulation of importin
alpha1; however in this context AMPK promoted nuclear localization (63, 64). STAT1
localization is facilitated by phosphotyrosine-dependent interactions with importin alpha5
(karyopherin α1) (65), and there are no reports thus far of a functional interaction between
AMPK and importin alpha5. However, the possibility remains that AMPK may disrupt the
interaction between STAT1 and importin alpha5. Another more generalized possibility is
that AMPK may suppress an ATP-consuming step required for nuclear import as a
mechanism to conserve ATP, thus blocking nuclear localization of a subset of proteins. Our
findings suggest that active AMPK blocks STAT1 nuclear localization. However, there
appears to be a significant fraction of activated AMPK in the nucleus (Figures 1B and 5C),
and it remains possible that active AMPK is facilitating nuclear export of STAT1.
Alternatively, AMPK modulates p27 localization through phosphorylation and cytoplasmic
sequestration (66). Thus, a similar mechanism may exist for AMPK and STAT1.
Additionally, the AMPK-dependent reduction in nuclear P-STAT1 appeared, qualitatively,
less robust than AMPK-mediated suppression of gene expression. This suggests that AMPK
may suppress gene expression through multiple mechanisms in addition to regulation of
STAT1 nuclear localization.

AICAR is an AMP mimetic and thus has the potential to influence other enzymes sensitive
to AMP levels. Recently, a small molecule AMPK agonist A769662 was described (67).
This molecule selectively activates AMPK heterotrimers containing the AMPKβ1 subunit
(68). We observed that A769662 was less effective than AICAR in suppressing IFN-γ-
induced gene expression (not shown), suggesting that the AMPKβ1-containing pool of
AMPK is either not involved in this regulation or that astrocytes have low levels of
AMPKβ1. In almost every case, IFN-γ-induced genes that were inhibited by AICAR were
upregulated by deletion of AMPKα, validating that these genes were regulated by AMPK.
The exception was CIITA which was inhibited by AICAR-induced activation of AMPK and
inhibited in cells with reduced AMPKα. Reports have indicated that AICAR can influence
inflammatory signaling in an AMPK-independent fashion (69, 70). Therefore, it is possible
that the AICAR-dependent influence on CIITA is independent of AMPK. This may also
suggest that perturbations, either positive or negative, in AMPK activity can influence IFN-
γ-induced CIITA expression. Additional studies are needed to fully determine the role of
AMPK on CIITA and the CIITA-dependent MHC class II expression.

In the current study as well as others (40) it was demonstrated that activation associated
phosphorylation of AMPK is markedly reduced in the brain during the onset and peak of
EAE. Moreover, our results show that this reduction in AMPK activation correlates with
elevated levels of IFN-γ and CCL2 in the CNS. This supports our findings that IFN-γ can
modulate AMPK in a bi-phasic fashion, and that AMPK is a negative regulator of CCL2
expression. However, in this in vivo setting of a complex inflammatory milieu, IFN-γ is
almost certainly not the sole determinant modulating AMPK activity. Our findings support
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the hypothesis that suppression of AMPK promotes a robust inflammatory response and that
subsequent activation dampens this response; and is consistent with previous in vivo studies
which demonstrated that the AMPK agonist and anti-diabetic drug Metfomin maintains
AMPK activity in the brain, suppress inflammatory gene expression and attenuates EAE
(38). The results presented here further support AMPK activation as a therapeutic anti-
inflammatory target, and indicate that modulation of the IFN-γ/STAT1 axis is involved in
this process.
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Figure 1. AMPK Activation is Altered by IFN-γ and Energy Restriction Dampens IFN-γinduced
Gene Expression
A. Primary astrocytes were stimulated with IFN-γ (10 ng/ml) under high energy (25 mM
glucose/1 mM pyruvate) and low energy conditions (24 h no glucose#/no pyruvate) followed
by immunoblotting for P-AMPK, P-ACC, AMPKα, P-STAT1 and STAT1. B. Astrocytes
were stimulated with IFN-γ (10 ng/ml) for 30 min followed by isolation of cytosolic and
nuclear fractions and immunoblotting for P-AMPK, AMPK and GAPDH. C. Astroyctes
were cultured as in A, were left untreated (UT) or stimulated with IFN-γ (10 ng/ml, 4 h),
and gene expression was analyzed by qRT-PCR. #Media contains an additional ~0.6 mM
glucose from serum. N=3, *p < 0.05.

Meares et al. Page 15

J Immunol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. AMPK Activation Attenuates IFN-γ-induced Inflammatory Gene Expression
A and B. Astrocytes were stimulated with IFN-γ (10 ng/ml) in the absence or presence of
the AMPK agonist AICAR (1 mM) for the indicated times, and STAT1 expression
examined by immunoblotting and qRT-PCR. C. Astrocytes were stimulated with IFN-γ (10
ng/ml) for 4 h in the absence or presence of AICAR and gene expression analyzed by qRT-
PCR. D. Astroyctes were transfected with an IFN-γ inducible reporter (GAS-Luciferase)
followed by stimulation with IFN-γ (10 ng/ml, 16 h) with or without 1 mM AICAR. E.
Astrocytes were transfected with control or STAT1 siRNA, then stimulated with IFN-γ (10
ng/ml, 4 h), and STAT1 and CCL2 levels measured by qRT-PCR. F. Astrocytes were
stimulated with IFN-γ (10 ng/ml, 30 min) in the absence or presence of AICAR (1 mM),
followed by chromatin immunoprecipitation with antibodies to STAT1 or control IgG. The
precipitated DNA was then analyzed by PCR using primers directed to the STAT1 binding
region of murine CCL2. G. and H. Astrocytes were stimulated with OSM (1 ng/ml) or GM-
CSF (10 ng/ml) for 4 h in the absence or presence of AICAR (1 mM) or P6 (0.5 μM) and
gene expression analyzed by qRT-PCR. N= 3, *p < 0.05.
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Figure 3. Deletion of AMPKα1 and AMPKα2 in Primary Astrocytes Enhances STAT1
Expression
A. RNA was isolated from brain (cerebrum), spinal cord and primary cultures of astrocytes
or microglia. The expression of both catalytic AMPKα isoforms and the astrocyte marker
GFAP was analyzed by RT-PCR. B. Isolated AMPKαfl/fl astrocytes were transduced with
GFP or GFP-Cre adenovirus and stimulated with AICAR (1 mM, 1 h) 5 days post
transduction followed by immunoblotting. C. Isolated AMPKαfl/fl astrocytes were
transduced with GFP or GFP-Cre adenovirus, and STAT1 expression quantified by
immunoblotting 5 days post transduction. D. Isolated AMPKαfl/fl astrocytes were
transduced with GFP or GFP-Cre adenovirus, stimulated with IFN-γ (10 ng/ml, 4 h) 5 days
post transduction, and inflammatory gene expression examined by qRT-PCR. E. The effect
of AICAR on STAT1 expression is attenuated in cells lacking AMPKα. Isolated
AMPKαfl/fl astrocytes were transduced with GFP or GFP-Cre adenovirus followed by
treatment with IFN-γ (10 ng/ml, 16 h) in the absence or presence of AICAR (0.5 mM) and
STAT1 expression measured by immunoblotting. N=3, *p < 0.05.

Meares et al. Page 17

J Immunol. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. AMPK Regulates STAT1 in Microglia
A. Primary microglia were stimulated with IFN-γ (10 ng/ml, 16 h) in the absence or
presence of AICAR (1 mM), and STAT1 expression examined by immunoblotting. B.
Primary microglia were stimulated with IFN-γ (10 ng/ml, 4 h) in the absence or presence of
AICAR (1 mM), and CXCL10, TNF-α and iNOS gene expression measured by qRT-PCR,
and MHC class II expression (IFN-γ 10 ng/ml, 24 h) measured by flow cytometry. N=3, *p
< 0.05.
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Figure 5. AMPK Signaling Does Not Influence STAT1 Phosphorylation but Attenuates Nuclear
Translocation
A. Astrocytes were stimulated with IFN-γ (10 ng/ml, 30 min) in the absence or presence of
AICAR (1 mM) followed by quantification of immunoblots for P-STAT1 and STAT1.
Values are expressed as the ratio of P-STAT1 to total STAT1. B. Astrocytes were stimulated
with IFN-γ (10 ng/ml, 30 min), OSM (1 ng/ml, 30 min) or GM-CSF (10 ng/ml, 30 min) in
the absence or presence of AICAR (1 mM) and P-STAT1, P-STAT3 and P-STAT5
measured by flow cytometry. C. Astrocytes were stimulated with IFN-γ (10 ng/ml) for 30
min in the absence or presence of AICAR (1 mM) followed by fractionation into cytosolic
and nuclear fractions. STAT1, P-STAT1, AMPKα and P-AMPK subcellular distribution
was examined by immunoblotting. The results for total STAT1 were quantified. The
separation of GAPDH and RNA pol II demonstrates efficient separation of cytosolic and
nuclear fractions, respectively. D and E. STAT1 localization was examined by
immunofluorescent microscopy and quantified. The percentage of cells with nuclear/
cytosolic STAT1 > 2 is reported in the table. F. AMPKαfl/fl astrocytes were transduced with
GFP or GFP-Cre adenovirus followed by stimulation with IFN-γ (10 ng/ml, 30 min) and
subcellular fractionation. N=3, *p < 0.05.
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Figure 6. Reduced AMPK Signaling Correlates With EAE Disease Severity and Inflammatory
Gene Expression
A. C57Bl/6 mice were immunized with MOG35-55 peptide to induce EAE and mice were
scored daily starting at day 5. B. AMPKα phosphorylation in the brain during EAE was
measured by immunoblotting. C. Brains from EAE mice were analyzed over time for IFN-γ
and CCL2 expression by qRT-PCR.
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