1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
JNeurochemn. 2009 May ; 109(Suppl 1): 17-23. doi:10.1111/j.1471-4159.2009.05916.x.

AMPK in the Brain: Its Roles in Energy Balance and
Neuroprotection

Gabriele V. Ronnett}2, Santosh Ramamurthyl, Amy M. Kleman?, Leslie E. Landreel, and
Susan Aja3

1 The Center for Metabolism and Obesity Research (CMOR), Department of Neuroscience, The
Johns Hopkins University School of Medicine, Baltimore, Maryland, 21205, USA

2 Department of Neurology, The Johns Hopkins University School of Medicine, Baltimore,
Maryland, 21205, USA

3 Department of Psychiatry and Behavioral Sciences, The Johns Hopkins University School of
Medicine, Baltimore, Maryland, 21205, USA

Abstract

Adenosine monophosphate-activated protein kinase (AMPK) senses metabolic stress and
integrates diverse physiological signals to restore energy balance. Multiple functions are indicated
for AMPK in the CNS. While all neurons sense their own energy status, some integrate neuro-
humoral signals to assess organismal energy balance. A variety of disease states may involve
AMPK, so determining the underlying mechanisms is important. We review the impact of altered
AMPK activity under physiological (hunger, satiety) and pathophysiological (stroke) conditions,
as well as therapeutic manipulations of AMPK that may improve energy balance.
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Introduction

AMP-activated protein kinase (AMPK) senses and maintains energy balance in peripheral
tissues. When energy is deficient, AMPK activation leads to altered cellular metabolism and
gene expression to inhibit anabolic processes, stimulate catabolism, and restore ATP. The
CNS integrates diverse central and peripheral signals to maintain homeostasis. CNS AMPK
is shown to have important, but complex roles in energy balance. CNS neurons sense their
own energy needs, while some also integrate neuro-humoral signals to assess organismal
energy balance. In the brain, AMPK is involved in both arenas, coordinating context-
specific metabolic responses in many tissues. AMPK plays roles in both physiological
(feeding) and pathophysiological (ischemic) states. During the latter, AMPK is highly
activated to restore neuronal energy balance, but its over-activation may be deleterious. Here
we review AMPK regulation and responses to cellular and organismal energy challenges in
the CNS.
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AMP-Activated Protein Kinase (AMPK)

AMPK is a serine/threonine kinase with a catalytic a subunit and regulatory p and y
subunits. AMPK not only senses energy status, but also functions at the tissue and organism
levels to promote context-specific responses to physiological signals of metabolic status.
AMPK modulates many aspects of cellular metabolism (Figure 1A). AMPK was first known
to be activated by ATP depletion (increased AMP/ATP ratio) and related stimuli (exercise,
starvation, hypoxia, cellular pH and redox status, increased creatine/phosphocreatine ratio).
However, AMPK is also activated by certain drugs, hormones, and cellular stressors that do
not alter AMP/ATP ratio. Thus, AMPK in various cells and tissues senses both
physiological and pathophysiological stimuli (Kahn et al. 2005; Hardie 2007).

Several levels of regulation mediate AMPK’s diverse biological effects, including: multiple
subunit isoforms, upstream regulation by different metabolites and signaling pathways, and
tissue- and context-specific targets. Mammalian isoforms exist for all subunits (al, a2, beta;
1, beta;2, v1, v2, y3) making various heterotrimers possible (Stapleton et al. 1996).
Phosphorylation of threonine 172 on AMPKaactivates AMPK. AMP binding to
AMPKymakes AMPKoa better substrate for phosphorylation by upstream kinases and worse
substrate for dephosphorylation by protein phosphatase-2Ca (PP2Ca),maximizing AMPK
activity (Sanders et al. 2007). Known AMPK kinases include LKB1,Ca%*/calmodulin-
dependent protein kinase B(CaMKKJ), and TGF B-activated kinase 1 (TAKZY) (Figure 1A)
(Hawley et al. 2003; Woods et al. 2003; Woods et al. 2005; Xie et al. 2006). New data show
that Cidea protein interacts with AMPK} to promote ubiquitin-mediated AMPK degradation
and down-regulation of AMPK activity (Qi et al. 2008). Thus, various signals (AMP/ATP,
intracellular CaZ*, hormones) can modulate AMPK by direct or indirect alterations of its
kinase activity.

Activated AMPK inhibits ATP consumption and stimulates ATP generation (Figure 1A).
Hormones and pharmacological agents can modulate AMPK activity in muscle, liver, and
hypothalamus, promoting fatty acid oxidation, glucose utilization, and controlling food
intake (Minokoshi et al. 2002; Andersson et al. 2004; Kim et al. 2004; Minokoshi et al.
2004; Kubota et al. 2007). Activated AMPK inactivates ACC (acetyl-CoA carboxylase) and
HMG CoA reductase (3-hydroxy-3-methylglutaryl-coenzyme A), limiting fatty acid and
cholesterol synthesis when energy is deficient (Carling et al. 1987; Winder and Hardie
1996). AMPK stimulates catabolism by activating glucose uptake (Glut4 translocation),
glycolysis (activating 6-phosphofructo-2-kinase kinase (PFK-2)), glucose oxidation, and
fatty acid oxidation (by relieving CPT-1 inhibition by malonyl-CoA) (Winder and Hardie
1996; Merrill et al. 1997; Hayashi et al. 1998; Kurth-Kraczek et al. 1999). Other molecules
phosphorylated by AMPK and involved in energy homeostasis include hormone sensitive
lipase, glycogen synthase, and PPARYy coactivator-1o (PGC1la) (Hardie 2007). Studies show
AMPK linkage to mediators of cell cycle progression (p53), protein synthesis and growth
(mammalian target of rapamycin (mTOR); elongation factor 2 kinase (eEF2K),
proliferation, and survival (Akt) (Horman et al. 2002; Inoki et al. 2003; Jones et al. 2005;
Gwinn et al. 2008). Thus, effects of AMPK activation are cell-type specific and depend on
manner of activation.

AMPK Roles in Feeding and Organismal Energy Balance

Peripheral tissue AMPK responds to altered AMP/ATP, nutrients, metabolites and hormones
related to body energy status. Recent research confirms these roles in the CNS as well.
Hypothalamic AMPK is located in energy-sensing neurons and circuits for body energy
homeostasis, and is thus positioned to function as a “master regulator” of organismal energy
balance. The growing list of energy-related signals that affect food intake, energy
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expenditure, and body weight by altering hypothalamic AMPK activity attests to its
significance for energy homeostasis.

Initial studies in 2004 indicated an important physiological role for hypothalamic AMPK in
responses to energy-related signals to the brain, and suggested that AMPK activity could be
manipulated pharmacologically to affect food intake and body weight. Andersson et al.
showed that administration of the anorexigenic adiposity hormone leptin decreased AMPK
activity in rat hypothalamus, whereas the orexigenic stomach-derived hormone ghrelin
increased activity. The AMPK activator AICAR (5-aminoimidazole-4-carboxamide-1-B-D-
ribofuranoside) increased food intake when given i.c.v. into the paraventricular nucleus
(PVN) of the hypothalamus (Andersson et al. 2004). Minokoshi and colleagues showed that
leptin injections into mediobasal hypothalamus (MBH) decreased AMPK activity in arcuate
nucleus (ARC) and PVN. Other anorexigenic signals (insulin, glucose, refeeding) had
broader effects, decreasing AMPK activity in samples from ventromedial/dorsomedial and
lateral hypothalamus. Food intake and body weight increased after adenoviral induction of
constitutively-active AMPK (CA-AMPK) in the MBH, and decreased with dominant-
negative AMPK (DN-AMPK) (Minokoshi et al. 2004).

We used C75 (3-carboxy-4-octyl-2-methylenebutyrolactone) for studies of AMPK and
feeding behavior. C75 was designed to prevent fatty acyl chain elongation and CPT-1
stimulation (Kuhajda et al. 2000; Thupari et al. 2002; Landree et al. 2004; Nicot et al. 2004).
C75 produces hypophagia and weight loss in lean and obese models (Loftus et al. 2000; Kim
et al. 2002; Thupari et al. 2004). In vitro, C75 affects neuronal metabolism by increasing
ATP (Landree et al. 2004). Our data led us to hypothesize that C75 reduces feeding and
body weight by decreasing hypothalamic AMPK activity, and that hypothalamic AMPK is
physiologically relevant for feeding control (Kim et al. 2004). Food deprived mice had
elevated hypothalamic AMPK activity, reversed by C75. Accordingly, C75 and the AMPK
inhibitor compound C (6-[4-(2-Piperidin-1-ylethoxy)phenyl]-3-pyridin-4-ylpyrazolo[1,5-
a]pyrimidine) given i.c.v. decreased food intake, whereas AICAR increased feeding.

Other reports show that hypothalamic AMPK responds to many peripheral signals of energy
status. Signals of energy deficit that enhance hypothalamic AMPK activity to increase
feeding include: hypoglycemia (McCrimmon et al. 2004; Han et al. 2005), glucocorticoids
(Shimizu et al. 2008), thyroid hormones (Ishii et al. 2008), cannabinoids (Kola et al. 2005),
adiponectin (Kubota et al. 2007), ghrelin (Andersson et al. 2004; Kola et al. 2005; Anderson
et al. 2008; Lopez et al. 2008), and agouti-related peptide (AgRP) (Minokoshi et al. 2004;
Tanaka et al. 2007) (Figure 1A). Signals associated with energy surplus that decrease
hypothalamic AMPK activity to inhibit eating include: glucose (Minokoshi et al. 2004),
leptin (Andersson et al. 2004; Minokoshi et al. 2004; Namkoong et al. 2005; Gao et al.
2007), insulin (Minokoshi et al. 2004; Namkoong et al. 2005), resistin (Vazquez et al. 2008),
alpha-melanocyte-stimulating hormone (Minokoshi et al. 2004; Tanaka et al. 2007), ciliary
neurotrophic factor (Steinberg et al. 2006), and glucagon-like-peptide-1 (Seo et al. 2008).

Claret and colleagues recently used genetic knockout mice to examine roles of AMPK in
specific ARC neuron subtypes. Mice with AMPKa2 knocked out in ARC POMC-neurons
were expected to be lean, but instead developed mild obesity with decreased metabolic rate.
Ad libitum feeding was normal, but hyperphagia upon re-feeding was enhanced. Mice
without AMPKo2 in AgRP neurons were leaner than wildtype, without obvious effects on
energy intake or expenditure, and more hypophagic after melanocortin agonist (Claret et al.
2007). These data indicated importance of AMPK in POMC and AgRP neurons for long-
term energy balance. Leptin and insulin are also important for long-term homeostasis, yet
knockout neurons retained sensitivity to these hormones, although they lacked normal
electrophysiological responses to altered ambient glucose concentration. Authors concluded
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that AMPK was important for glucose sensing in AGRP and POMC neurons, but not for
responses to hormones. These studies did not assess gene expression responses to leptin or
insulin. Studies with knockouts yielded complicated results, suggesting that roles of AMPK
are complex, or that genetic models display compensatory adjustments obscuring AMPK
roles.

Upstream regulators of hypothalamic AMPK activity may be specific to neuronal
phenotype. Recent studies by Anderson and colleagues show that the AMPK kinase
CaMKKGpis enriched in cortex, hippocampus, and MBH (Anderson et al. 2008), regions with
high NPY. CaMKK} (—/-) mice had lower ARC NPY and AgRP, but not POMC, implying
CaMKKgpinvolvement in NPY production in ARC. CaMKKJ (—/-) mice ate after ghrelin
administration, consistent with ghrelin increases of intracellular Ca2* in ARC NPY neurons.
Like NPY knockouts, CaMKKJ (—/—) mice had blunted feeding response to food
deprivation. A CaMKK inhibitor decreased eating, and ARC NPY and AgRP, in wildtype
but not CaMKKp (—/—) mice. CaMKKp (—/—) mice did not respond to ghrelin, but ate in
response to 2-deoxyglucose (2-DG), an outcome authors suggested to indicate that 2-DG
acted downstream of the ghrelin-Ca2*-CaMMKB-AMPK pathway in MBH (Anderson et al.
2008). However, glucose-sensing via AMPK can occur in other sites;pAMPK decreased in
additional hypothalamic nuclei in response to glucose (Minokoshi et al. 2004), some of
which are not rich in CaMKKJ. Other AMPK kinases and upstream modulators await study
in the hypothalamus.

Altered fatty acid metabolism appears critical for hypothalamic AMPK to alter feeding
behavior in response to some peripheral.signals. Effects on AMPK activity, and
manifestations of altered fatty acid metabolism, appear region-specific. Gao et al. showed
that leptin-induced decreases in pAMPK, and subsequent decreases in pACC increase
metabolic flux through the fatty acid synthetic pathway. This manifests differently in ARC
versus PVN. In ARC, the pathway intermediate, malonyl-CoA, is elevated in response to
leptin. In PVN, malonyl-CoA level is not increased. Instead the pathway end-product
palmitoyl-CoA increases, due to local upregulation of FAS protein. Increased flux through
the fatty acid synthetic pathway, as determined by ACC, is required for leptin’s anorexigenic
effect. l.c.v. infusion of the ACC inhibitor TOFA (5-tetradecyloxy-2-furoic acid) prevents
leptin-induced hypophagia and the elevated ARC malonyl-CoA and PVN palmitoyl-CoA
(Gao et al. 2007). Recent studies with ghrelin complement the leptin studies, and again
demonstrate anatomical specificity, indicating that VMN AMPK is critical for ghrelin-
induced eating through decreased FAS (Lopez et al. 2008).

AMPK Activation During CNS Metabolic Stress

Ischemic brain injury involves a complex sequence of excitotoxic and oxidative events,
including: cellular energy depletion, disrupted protein synthesis, membrane depolarization,
acidosis, free radical production, DNA damage, apoptosis, and necrosis (Snider et al. 1999;
Love 2003) (Figure 1B). Compensatory processes are activated to repair damage and restore
normal cell functions (Szabo and Dawson 1998; Ha and Snyder 2000). However, these
energy-consuming processes deplete ATP and increase AMP. Over-activation of these
pathways might be deleterious to cells (Chan 2001; Du et al. 2003; Ying et al. 2003).
Although AMPK activation is an adaptive response to stress in numerous systems,
consequences of stress-mediated AMPK activation remain controversial. Some groups show
that AMPK activation is neuroprotective. AICAR protects hippocampal neurons against
glucose deprivation and glutamate excitotoxicity (Culmsee et al. 2001) and protects
astrocytes from ceramide-induced apoptosis (Blazquez et al. 2001). Conversely, other
studies suggest that AMPK over-activation is detrimental. AICAR was pro-apoptotic in
human neuroblastoma cells(Garcia-Gil et al. 2003), rat hippocampal HN9 cells, and mouse
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MMIN cells(Pesi et al. 2000). Differences in cell-type and culture conditions might
contribute to divergent responses.

Pathways activated in ischemia affect AMPK in astrocytes. In astrocytes high NO levels
were shown to inhibit mitochondrial respiration, induce AMPK activity, and promote PFK-2
activation to increase glycolysis dramatically. The ATP thus provided promoted astrocyte
survival. Similar response was not observed inneurons, due to low PFK-2 expression
(Almeida et al. 2004). The results are consistent with the notion that astrocytes utilizes
glycogen for anaerobic ATP generation, an option thought unavailable to ischemic neurons
(Pellerin 2005).

Studies utilizing neuronal cultures to study of AMPK and neuronal energy balance must
consider that brain glucose concentrations are tightly regulated, ranging from 0.82 mM to
2.4 mM, depending on plasma glucose, brain region, and microdialysis method (Silver and
Erecinska 1994; Abi-Saab et al. 2002; de Vries et al. 2003). Neuronal cell culture media are
typically 25 mM glucose, far greater than that seen even in plasma during severe
hyperglycemia. However, some groups use physiological glucose concentrations for their
studies (Abe et al. 2006; Bak et al. 2006; Morgenthaler et al. 2006; Canabal et al. 2007). We
established an in vitro culture protocol using physiologically relevant parameters to mimic
in vivo conditions, and thus facilitate the study of neuronal responses to altered energy
balance (Kleman et al. 2008). In comparing cultures maintained in 3 mM or 25 mM glucose,
we showed that neurons maintained in 3 mM glucose responded to metabolic changes in a
manner similar to observations in vivo. These results may explain some discordance between
in vivo and in vitro studies examining AMPK roles in cell survival and neuroprotection
(Culmsee et al. 2005; McCullough et al. 2005).

Despite controversies related to cell-type and experimental conditions, there has been
significant progress in clarifying the role of AMPK activation in brain ischemia. We have
used in vitro and in vivo models. In hippocampal slice cultures, pAMPK increased robustly
up to 6 hours after oxygen and glucose deprivation (OGD) compared with normoxic
euglycemic conditions (McCullough et al. 2005). Slices also had increased levels of pACC,
indicating physiological consequences. We also used a focal stroke model of transient
middle cerebral artery occlusion (MCAQ) (Murphy et al. 2003; McCullough et al. 2005).
Mice subjected to MCAO had elevated pAMPK persisting well into the reperfusion phase.
pAMPK was high in both the ischemic and the non-ischemic hemisphere, suggesting that
the metabolic derangements and compensatory responses in one hemisphere resulted in
global AMPK activation.

Peroxynitrate (ONOQ™) contributes significantly to stroke damage and AMPK activation
(Zou et al. 2002). Interestingly, nNOS knockout mice have smaller infarcts than wild-type
counterparts, primarily due to decreased ONOO™ production (Huang et al. 1994). nNOS(—/
—) mice subjected to MCAO did not show the stroke-induced rise in pAMPK seen in
wildtype mice (McCullough et al.). These data suggest that the nNOS and ONOO™
pathways are important upstream activators of AMPK in vivo.

The consequence of persistent AMPK activation in neurons with compromised energy
supply was unknown. We hypothesized that AMP/ATP sensing is important in neuronal
responses to ischemia, and treated mice with AMPK inhibitors, then subjected them to
MCAO and reperfusion (McCullough et al. 2005). Both compound C and C75 decreased
behavioral deficits after stroke, and significantly reduced total infarct volume and pAMPK
compared to vehicle control. Furthermore, AMPK inhibition with C75 or compound C
provided sustained neuroprotection for days after stroke, even when administration was
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delayed (Li et al. 2007). In contrast, the AMPK activator AICAR dramatically exacerbated
stroke damage.

To determine whether isoforms of the catalytic subunit play different roles in cerebral
ischemia, we evaluated stroke outcomes in AMPKal and AMPKa2 knockout mice versus
littermates (Li et al. 2007). AMPKa2(—/-) had significantly smaller cortical, striatal, and
total infarct volumes compared to wildtype, but there were no differences between wildtype
and AMPKal(—/-) mice. In further experiments the effect of compound C was also studied
in AMPKo2(—/-) mice. If AMPKa2 mediates toxicity in ischemia, compound C would be
expected to be less effective at protecting the knockout mice from stroke damage.
Accordingly, compound C did not reduce infarct size in AMPKa2(—/—) mice.

Collectively, these results suggest that activation of the a2 subunit is detrimental in models
of ischemia-reperfusion, that AMPK inhibition is neuroprotective in stroke, and that the
neuroprotection correlates with decreased pAMPK. Furthermore, these data suggest that
pharmacological improvement of energy balance is a viable approach for stroke
intervention.

Targeting AMPK For Therapeutic Interventions

Metabolic syndrome encompasses numerous risk factors leading to diabetes and/or coronary
heart disease. By 2030, 324 million people are expected to be diagnosed with type 11
diabetes (WHO). The position of AMPK at crossroads of energy metabolism makes AMPK
an attractive therapeutic target for these metabolic diseases.

Some drugs that activate AMPK in peripheral tissues are approved for treating type-1I
diabetes and other aspects of metabolic syndrome (for review see (Smiley and Umpierrez
2007)). Perhaps the best known are the biguanide metformin, the thiazolidinedione (TZD)
rosiglitazone and metformin-rosiglitazone combination therapy. Metformin inhibits hepatic
glucose production, while rosiglitazone increases insulin-dependent glucose uptake in
skeletal muscle (Hutchinson et al. 2008). Data suggest that these therapies have additional
benefits, including decreased plasma free fatty acids and LDL and increased HDL (Smiley
and Umpierrez 2007). Unfortunately, data also indicates that TZDs have a negative impact
on bone metabolism, with increased incidence of fractures in women, and increased
incidence of myocardial infarction and cardiovascular-related death (Smiley and Umpierrez
2007).

Some data support a role for AMPK in other aspects of metabolic syndrome. Rimonabant, a
cannabinoid receptor type 1 (CB1) antagonist, is used in Europe to treat obesity (Hutchinson
et al. 2008). Rimonabant is suggested to inhibit the orexigenic effect of ghrelin by
preventing ghrelin activation of hypothalamic AMPK (Kola et al. 2008). Resveratol, a
naturally occurring polyphenol, has been shown to afford protection to ischemic cardiac
cells by inhibiting the build-up of reactive oxygen species. More recently, it has been
demonstrated in some cell types that this protection is made possible through the activation
of AMPK (Hwang et al. 2008).

Due to rising prevalence of diseases based on energy dysregulation, AMPK remains a
popular target for the development of pharmacological modulators. The challenge remains
achieving tissue- and context-specific alterations of AMPK activity, given the far-reaching
and perhaps undesirable consequences of global AMPK modulation. Targeting fatty acid
metabolism provides an example of restricted modulation of AMPK activity, as FAS is
expressed in selected tissues, and notably absent from heart and muscle where AMPK
inhibition would be deleterious. As our understanding of AMPK regulation expands, we
may discover other tissue- and context-specific regulators that may be targeted for the
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development of new drugs, or alternative therapies for the treatment of obesity and related
diseases.
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Figure 1.

A) Physiological Regulation of AMPK Signaling. AMPK is activated by physiological
signals that indicate negative energy balance (fasting, hypoglycemia, elevated AMP/ATP, or
neuropeptides such as ghrelin). In contrast, AMPK is inhibited by signals indicating positive
energy balance (feeding, hyperglycemia, decreased AMP/ATP, or adipokines such as
leptin). Upon phosphorylation by an upstream kinase (LKB1, CaMKKp, or TAK-1) AMPK
elicits diverse effects on fatty acid, cholesterol, and glucose metabolism, and controls cell
cycle progression, protein synthesis, and gene expression. B) Pathophysiological
Regulation of AMPK Signaling. AMPK is activated in ischemia, producing excitotoxic,
oxidative, and metabolic stresses. Under these conditions, with insufficient energy substrate
availability, futile energy-consumptive pathways are over-activated, leading to cellular
death. Abbreviations:CaMKKp (Ca?*/calmodulin-dependent protein kinase ), TAK1
(TGFp-activated kinase 1), PP2Ca (protein phosphatase-2Ca), GS (glycogen synthase),
HSL (hormone-sensitive lipase), ACC (acetyl-CoA carboxylase), HMG-CoAR (3-
hydroxy-3-methyl-glutaryl-CoA reductase), PFK-2 (phosphofructokinase-2), TF
(Transcription factors), p53 (tumor protein 53), mTOR (mammalian target of rapamycin),
eEFK2K (eukaryotic elongation factor-2 kinase), Glut-4 (glucose transporter), NNOS
(neuronal nitric oxide synthase), NO (nitric oxide), ONOO™ (peroxynitrite), PARP-1 (poly
(ADP-ribose) polymerase family member 1).
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