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Bioenergy homeostasis constitutes
one of the most crucial foundations
upon which other cellular and organis-
mal processes may be executed. AMP-
activated protein kinase (AMPK) has
been shown to be the key player in the
regulation of energy metabolism, and
thus is becoming the focus of research
on obesity, diabetes and other meta-
bolic disorders. However, its role in
the brain, the most energy-consuming
organ in our body, has only recently
been studied and appreciated. Widely
expressed in the brain, AMPK activity
is tightly coupled to the energy status
at both neuronal and whole-body levels.
Importantly, AMPK signaling is inti-
mately implicated in multiple aspects
of brain development and function
including neuronal proliferation, migra-
tion, morphogenesis and synaptic com-
munication, as well as in pathological
conditions such as neuronal cell death,
energy depletion and neurodegenerative
disorders.

Introduction

The intracellular environment is rarely in
a state of static equilibrium, but instead
exists in a state of constant energetic
flux. Since bioenergy supply constitutes
the very foundation for all forms of cel-
lular activities, it is essential for cells to
be equipped with a mechanism that cou-
ples activity and energy consumption to
metabolism and energy supply. To meet
this demand, eukaryotic cells have evolved
AMP-activated protein kinase (AMPK),
a protein capable of monitoring energy
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expenditure and efficiently regulating
energy homeostasis.

AMPK  monitors energy
status through sensitivity to the cellu-
lar AMP:ATP ratio, becoming active
in response to metabolic stresses that

cellular

decrease concentrations of ATP. Once
activated, AMPK utilizes its serine/threo-
nine kinase activity to increase the rate
of cellular catabolism and simultane-
ously inhibit anabolic processes, result-
ing in a net increase in ATP production.
The downstream pathways regulated by
AMPK present an ever growing list that
includes glycolysis, fatty acid oxidation
and mTOR-mediated protein synthesis.'
However, AMPK’s role is not limited to
cell-autonomous energy regulation; many
metabolic hormones, including leptin
and adiponectin, function as upstream
modulators of AMPK activity, allow-
ing AMPK to participate in the mainte-
nance of whole-body energy homeostasis.
Additionally, the anti-diabetic drug met-
formin has also been observed to promote
AMPK activity under a variety of experi-
mental conditions.®”

The importance of AMPK in general
metabolic regulation has been appreciated
for a long time, but its role in brain devel-
opment and function has only recently
been investigated. Given that the brain
is the most energy-consuming organ in
the body, it is logical to assume a crucial
role of AMPK in neuronal energy regula-
tion and brain activity. In this review, we
will provide an overview on the general
structure and regulation of AMPK before
expanding on recent insights highlighting
the role of the AMPK signaling cascade in
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Figure 1. Isoforms and splice variants of mammalian AMPK. The two « subunit isoforms each contain an N-terminal catalytic domain that shares

90% homology, including a threonine residue (T172) that is phosphorylated by upstream kinases for activation. While both isoforms exist within the
brain, a2 is dominantly expressed in neurons. The two 8 subunits contain a glycogen-binding domain that is thought to play a role in the subcellular
localization of AMPK in muscle cells and a C-terminal domain required for interaction with the a and y subunits and complex formation. Three differ-
ent isoforms exist for the y subunit (y1, y2 and y3), with y2 and y3 each possessing two splice variants (long and short forms) that vary in the length of
the N-terminal domain (NTD). y1 is the predominant isoform within the CNS, with y3 being restricted to skeletal muscle.

the brain, including energy metabolism,
neuroprotection/toxicity and neurode-
velopment as well as the involvement of
AMPK activity in certain neuropathologi-
cal conditions.

AMPK Structure
and Isoform Distribution

AMPK is a heterotrimeric protein com-
plex that consists of o, B and vy subunits
in equal stoichiometry. While the o sub-
unit confers catalytic kinase activity, the
B and vy subunits function in a regula-
tory capacity. The catalytic domain of the
o subunit is located on the N-terminal
region of the protein, while the C termi-
nus is required for interaction with the 3
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and vy subunits and complex association®
(Fig. 1). Variation between mammalian
a isoforms is limited to non-catalytic
regions, as the N-terminal catalytic core
of al and a2 share 90% amino acid
sequence identity, whereas the remain-
ing protein displays only 61% homology.’
Also conserved within the a subunit is an
autoinhibitory sequence (AIS) C-terminal
relative to the kinase domain. The AIS
sequence has been shown to repress kinase
activity, as bacterially expressed constructs
that contain both the kinase domain and
the AIS sequence are roughly ten times
less active than constructs that contain
the kinase domain alone.'™'" Conservation
within the 8 subunit is located to a central
glycogen-binding domain (GBD) and a
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C-terminal region that functions as a scaf-
folding domain, allowing its association
with both « and -y subunits.!> Mammalian
v subunits contain four tandem repeats
named crystathionine B-synthase (CBS)
domains, as the repeats were first identified
in the enzyme crystahionine 3-synthase."
These domains function in tandem pairs,
referred to as Bateman domains, binding
to one molecule of either AMP or ATP in
a mutually exclusive manner.'*"

Multiple isoforms exist for each of
the three subunits, with both the a and
B subunits having two isoforms (al, a2,
B1, B2), while three known isoforms
exist for the y subunit (yl, y2 and y3)."®
However, expression of 3 is restricted to
skeletal muscle.”” A study investigating the
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distribution of the various AMPK subunit
isoforms in mice found that all three sub-
unit isoforms exist in the CNS, but expres-
sion varies among different cell types. For
instance, the a2 catalytic subunit is highly
expressed in neurons compared with al,
which is expressed to a lesser degree in
neurons. & subunits are not detected in
glial cells at basal conditons, except in
the activated astrocytes. The y1 subunit
is the dominant isoform expressed in
neurons but is absent in astrocytes, while
the levels of Bl and B2 subunit expres-
sion vary among different CNS cell types.
Moreover, the expression of these isoforms
within the brain is not static but, instead,
displays developmental changes. It has
been found that the mRNA levels for a2
and 2 subunits increase between embry-
onic days 10 and 14, whereas expression
of al, Bl and vl is consistent throughout
ages E10 to P25.%° Currently, the basis
for distinct spatial and temporal AMPK
subunit expression remains unknown;
however, higher affinity of the B2 for
glycogen, compared with that of 1, has
recently been revealed, possibly explain-
ing the predominant expression of this
isoform in muscle cells.?!

Regulation of AMPK Activity

Basis for molecular activation. The abil-
ity of the Bateman domains to bind either
AMP or ATP exclusively, confers the sensi-
tivity of AMPK to the cellular AMP:ATP
ratio, and ultimately allows the protein to
“sense” the energy level of the cell. More
specifically, the binding of AMP to the vy
subunit Bateman domains promotes acti-
vation of AMPK in three distinct ways.
First, the Bateman domains bind AMP
in a cooperative manner, meaning bind-
ing of AMP to the first Bateman domain
enables AMP binding to the second with
greater affinity. Second, AMP binding to
the v subunit produces a conformational
change in the AMPK complex, exposing
threonine-172 (Thrl72) in an activation
loop of the a subunit. Phosphorylation
of Thrl72 by upstream kinases, referred
to as AMPK kinases (AMPKKS5), cause a
roughly 50-100-fold increase in AMPK
activity.?> Lastly, in addition to making
AMPK a better substrate for AMPKKs,

AMP binding also inhibits protein
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phosphatase-mediated ~ dephosphoryla-
tion of Thr172.2 The combination of
all three activation mechanisms enables
AMPK to respond to very low levels of
AMP, making it highly sensitive to slight
fluctuations in cellular energy levels.
Important to AMPK’s role as an energy
sensor, Bateman domains are also capable
of binding ATP in a cooperative manner,
although with much lower affinity than
AMP, producing an antagonistic effect on
AMPK activation." The inverse relation-
ship between AMP and ATP binding in
regard to AMPK activation creates a nega-
tive feedback loop, ensuring that AMPK
activity decreases once cellular energy is
recovered.

Regulation of AMPK by upstream
kinases. In addition to a rise in cellular
AMP:ATP ratio and subsequent AMP
binding, the ability of AMPK to regu-
late metabolic activity relies heavily upon
Thrl72 phosphorylation by upstream
kinases. However, the identities of the
kinases responsible for AMPK « sub-
unit phosphorylation were unknown for
decades following the initial discovery of
AMPK. The first clue as to the identity of
potential AMPKKSs came from screening
studies that identified multiple upstream
kinases for the yeast homolog of AMPK,
Snf1.242¢ This information was used to
two mammalian AMPKKs:
the tumor suppressor LKB1 #?% and the
calmodulin-dependent  protein  kinase
kinases, CaMKKa and CaMKK.?*-%!

LKB1 was originally acknowledged as
the tumor suppressor mutated in the genet-
ically inherited susceptibility to human
cancer, coined Peutz-Jeghers Syndrome.*
In regard to AMPK activation, studies
performed in peripheral tissues demon-
stated that LKBI is indeed necessary for
phospho-activation of AMPK.?”# Despite
both LKB1 and AMPK being ubiquitously
expressed in mammalian cells, there is
evidence to suggest that AMPK may be
acted upon by different AMPKKSs in a tis-
sue-specific manner. For instance, LKBI1
has been demonstrated to be the major
upstream activator of AMPK in muscle®*
and liver cells;* however, a study utiliz-
ing LKBI-knockouts found that LKBI
deficient neurons had similar levels of
phosphorylated AMPK as compared with
wild-type cells under normal physiological

identify
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conditions.* This observation suggests
that another kinase may fulfill the role as
the major AMPKK in the brain. To this
end, Hawley et al. were able to show that
in rat brain slices, intracellular increases in
calcium following membrane depolariza-
tion resulted in a high degree of AMPK
phosphorylation that was blocked by the
CaMKK inhibitor STO-609. Because
membrane depolarization did not affect
the cellular AMP:ATP ratio, this study
suggests that AMPK can be regulated
in a Ca?*-dependent, AMP-independent
manner.” It will be interesting to know
whether CaMKK is sufficient to phos-
phorylate neuronal AMPK during periods
of energetic stress.

Ongoing research into identifying
potential AMPKKs has revealed addi-
tional kinases in various tissues. The
member of the mitogen-activated pro-
tein kinase kinase kinase family, TGFpB-
activated kinase-1 (TAK1), was observed
to phosphorylate AMPK in Hela cells
that lack LKBI1 activity.”” Additionally,
in cardiomyocytes, dominant-negative
expression and gene knockout of TAK1
caused inhibition of AMPK T172 phos-
phorylation. TAK1 activity was found to
be required in the activation of AMPK
in response to Metformin, AICAR and
ischemia.””? Although these studies make
a strong point for TAKI regulation of
AMPK in peripheral tissues, it remains
unclear whether TAK1 functions as a
major regulator of AMPK in the brain.

AMPK Regulates Glucose
Transport in Neurons

The brain constitutes only 2% of the
body’s weight but utilizes 50% of the total
glucose supply. This can be attributed to
the fact that neurons are the most meta-
bolically demanding cells. But of more
relevance, unlike peripheral tissues that
utilize multiple nutrient sources for energy
production, neurons use only glucose as
fuel. The need for steady glucose uptake
is compounded by the fact that neurons
do not store glycogen and, therefore, must
tightly couple energy demand to glucose
influx in order to ensure a stable and con-
tinuous energy supply.” In support of this,
research has begun to emerge illustrating
the relationship between AMPK activity
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and various energy-consuming neuronal
activities.

In the brain, glutamate is the major
neurotransmitter mediating most of the
synaptic transmission. Multiple molecu-
lar events occurring during synaptic
activation, such as sodium pump activ-
ity, receptor trafficking,
rearrangements, signaling and metabolic

cytoskeletal

processes, make synaptic activity an ener-
getically costly endeavor. It is thus conceiv-
able for a crosstalk between glutamatergic
excitation and energy mobilization. In
line with this point, a study by Weisova
et al. shows that cerebellar granule neu-
rons had increased levels of phosphory-
lated AMPK in response to glutatmate
stimulation, which was accompanied by a
decrease in cellular ATP concentrations,*
explaining the basis for AMPK activation.
Furthermore, glutamate excitation pro-
duced an increase in the surface expression
of the glucose transporter GLUT3 that
persisted for hours following the initial glu-
tamate treatment. Importantly, increased
GLUTS3 surface expression was mediated
by AMPXK, as inhibition of AMPK, either
through knockdown or pharmacological
inhibition, blocked the GLUT3 response
to glutamate. Interestingly, CaMKK inhi-
bition had little effect on AMPK-mediated
GLUTS3 translocation, indicating AMPK
activation by an alternative AMPKK dur-
ing glutamate activation. Consistently,
AMPK activity also translocates glucose
transporters to the plasma membrane in
skeletal and cardiac muscle during exer-
cise;** these findings implicate AMPK
as a crucial mediator coupling increased
energy demands associated with neuronal
activity and glucose uptake.

In peripheral tissues, insulin is a key
signaling component in glucose uptake,
while the regulation of neuronal glucose
influx has traditionally been viewed as
an insulin-insensitive process. However,
there is evidence to suggest that both the
insulin and insulin-like growth factor 1
(IGF1) signaling pathways are involved
in glucose uptake in the brain.®* For
instance, suppressing endogenous insulin
signaling in humans using somatostatin
results in decreased glucose uptaking in
the brain, as monitored by 18-fluorode-
oxyglucose uptake and positron emission

tomography (FDG-PET).*® Likewise,

www.landesbioscience.com

insulin treatment in cultured hippocam-
pal neurons facilitates GLUT3 membrane
translocation, which requires membrane
depolarization for the final fusion of
GLUT3-carrying vesicles with the plasma
membrane to facilitate glucose uptake.”
Furthermore, IGF1 expression, which
is closely related to insulin but shows an
increased ability to cross the blood brain
barrier’™® and higher mRNA expression
within the brain,’*? was observed to par-
allel radiolabeled glucose uptake in mouse
brains.® In this same study, IGF1-null
mouse brains showed reduced glucose
uptake, implicating a role for IGF1 sig-
naling in the regulation of glucose uptake
within the brain.

Both insulin and IGF1 bind to receptor
tyrosine kinases that associate with insu-
lin receptor substrate (IRS),® a known
upstream activator of the PI3K/Ake sig-
naling cascade.’® In peripheral cells, PI3K
activation plays a significant role in glucose
55,56

uptake’*¢ and, therefore, may be involved
in glucose influx within the brain as well.
To this end, insulin increased GLUT4
translocation to the plasma membrane in
human SH-SY5Y neuronal cell lines in a
PI3K-dependent manner.”” Furthermore,
in mouse brains, GLUT4 was localized to
neuronal processes rich in both IGF1 and
phosphorylated Akt, suggesting a physical
association between these two proteins.
Moreover, in Igfl-null brains, GLUT4
expression as well as Akt phosphoryla-
tion were reduced, suggesting that Igfl-
induced Akt phosphorylation may play
a role in translocation of GLUT4 to the
neuronal membrane.*®

Given that insulin/IGF1 participate in
the regulation of intracellular transport
of glucose, it is reasonable to hypothesize
a connection between the energy sensor
AMPK and the insulin/IGF cascade. In
fact, AMPK is capable of phosphorylat-
ing IRS-1, the most upstream component
of the insulin/IGF1 signaling cascade,
in cell-free assays and mouse myoblast
C2C12 cell lines in response to AICAR .5
In further support of this notion, our
recent work showed that in both cultured
rat embryonic hippocampal neurons and
embryonic cortical brain slices, phar-
macological activation of AMPK with
the agonist AICAR resulted in a robust
increase in the activity of the PI3K-Ake
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system.”” Importantly, increase in pAkt
was blocked by inhibition of AMPK or
PI3K activity, confirming a sequential
activation of PI3K and Akt downstream
of AMPK. Theses findings suggest that by
activation of the PI3K/Akt cascade, prob-
ably via phosphorylation of IRS-1, AMPK
relays energy-lacking signals to the glu-
cose transport system to facilitate energy
production.

AMPK Regulates Mitochondrial
Function and Biogenesis

Mitochondrial
esis appear to be an important target of

function and biogen-
AMPK activation as an effort to increase
cellular energy for extended periods of
time. In fact, a major target of the AMPK
cascade is the phosphorylation and subse-
quent inhibition of acetyl-CoA carboxyl-
ase (ACC),**¢! the enzyme responsible for
converting acetyl-CoA to malonyl-CoA.
By reducing malonyl-CoA production,
AMPK facilitates CPT1-mediated long
chain fatty acyl-CoA transport into the
mitochondria, where the catabolic process
of fatty acid B-oxidation can then occur.®?

Skeletal muscles, much like neurons,
are subject to high metabolic demands, as
they are commonly required to perform
multiple contractions over short periods
of time. To maintain energy stores, muscle
cells upregulate mitochondrial enzymes
to compensate for chronic contraction
and fatigue.®> More recently, experiments
performed in skeletal muscle show that
lasting contraction also results in elevated
AMPK activity.** Furthermore, chronic
subcutaneous injection of AICAR into
rat quadriceps increased mitochondrial
enzyme cytochrome ¢, GLUT4 expression
and ATP concentration.”* AMPK activ-
ity has also been linked to mitochondrial
biogenesis, as mice expressing a dominant-
negative AMPK mutant fail to increase
their mitochondria mass in response to
B-guanidinopropionic acid, a creatine
analog that mimics endurance exercise
and increases mitochondrial biogenesis in
wild-type mice.® Mechanistically, this was
found to result from the ability of AMPK
to activate PGC-la, a transcriptional co-
activator that, along with the transcription
factor NRF-1, upregulates nuclear genes

required for mitochondrial biogenesis.®>**
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In addition to muscle cells, recent
studies show that mitochondrial biogen-
esis in neurons can also be regulated by
AMPK. For instance, RT-PCR performed
on Neuro2a cells treated with resveratrol,
a polyphenol shown to activate AMPK in

% revealed increased mRNA lev-

culture,®
els for the mitochondrial protein marker
mitofusin 2 and two key regulators of
mitochondrial biogenesis, PGC-lac and
mitochondrial  transcription factor A
(mtTFA).®7° Furthermore, the addition
of the AMPK antagonist compound C, or
expression of a dominant-negative AMPK
mutant blocked the upregulation of these
mitochondrial markers, supporting a role
of AMPK in neuronal mitochondrial bio-
genesis. Another study showed that KCI
depolarization of cultured rat visual cor-
tical neurons activated AMPK and pro-
duced an increase in PGC-1a, NRF-1 and
mtTFA levels and, furthermore, effectively
increased ATP production.”! Addition of
AICAR or resveratrol to neuron cultures
also resulted in increases in PGC-la and
NRF-1 mRNA levels. Importantly, these
changes were abolished by suppression of
AMPK activity.

AMPK in Neurodevelopment

Proliferation and differentiation.
Although the role of energy homeosta-
sis in mature brain functions has been
extensively investigated, energy status
in early brain development remains less
well-understood. The complex cellular
processes occurring during this time,
including neuronal differentiation, migra-
tion, neurite growth and cellular polariza-
tion, consume a vast amount of energy
and demand a secured and regulated
energy supply.

In this regard, it has been found that
loss of AMPK activity in Drosophila
results in embryonic lethality, indicat-
ing an important role for AMPK activ-
ity in neural development.”> This study
also suggests that AMPK is involved in
maintaining genomic integrity during
neural progenitor cell division, as a sig-
nificant population of neuroblasts from
AMPK-deficient larval brains displayed
polyploidy.”* Additionally, another study
utilizing Drosophila as a model system
illustrated that loss of AMPK activity, via
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B-subunit knockout also results in exten-
sive neurodegeneration shortly after neu-
ronal differentiation.”

A study examining AMPK in the
mammalian brain showed that knockout
of AMPK B1 (AMPK ) subunit in mice
leads to severe loss of neurons and oligo-
dendrocytes as well as abnormal astrocyte
proliferation.” Loss of AMPK function-
ality also produced proliferative defects
and increased apoptosis within neural
stem cell progenitors (NPCs), resulting
in a 50% smaller brain than wild-type lit-
termates. Retinoblastoma protein (Rb),
known to be required in NPCs for nor-
mal brain development,” was found to be
directly phosphorylated by AMPK and
showed hypophosphorylation in AMPK
B~ NPCs. Importantly, the misregula-
tion of Rb was observed to prevent NPCs
from exiting and reentering the cell cycle,
thereby accounting for the decreased pro-
liferation of AMPK B NPCs.” However,
a study by Zhang et al. demonstrated that
AICAR treatment and glucose depriva-
tion caused cycle arrest in G phase and
resulted in reduced proliferation of the
immortalized mouse neural progenitor
cell line, C17.2. This, again, was shown
to result from the hypophosphoryla-
tion of Rb, an effect that was blocked
by either compound C or expression of a
dominant-negative AMPK.”® The differ-
ences observed may result from variations
between the in vivo and cell line mod-
els utilized by these studies, but further
investigation is required to solidify the
effect AMPK activity has on proliferation
within the CNS.

Polarization and migration. Neuronal
polarization constitutes the differentiation
and elongation of minor neurites into mul-
tiple dendrites and a single axon. Because
a neuron typically generates an axon of
impressive size and complex geometry,”
its polarization entails extensive biosyn-
thesis of protein and lipids, active trans-
port of building materials to the axonal
growth cone and extensive cytoskeleton
rearrangements.”® These molecular pro-
cesses must be sustained by a large amount
of ATP consumption, suggesting potential
sensitivity of neuronal polarization to cel-
lular bioenergy status.”

Our recent study has demonstrated that
when AMPK activity is pharmacologically
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enhanced to mimic energy-lacking con-
ditions at the beginning of neuronal
development, axon initiation and neuro-
nal polarization are suppressed in both
cultured embryonic hippocampal neu-
rons and embryonic cortical brain slices,
resulting in neurons that lack morpho-
logical polarization.”” This is concluded
to result from AMPK-dependent disrup-
tion of PI3K enrichment at the neurite
tip, previously shown to be a critical fac-
tor in axon initiation and polarization.®
Mechanistically, we find that direct phos-
phorylation of the light chain of the motor
protein kinesin kif5 leads to the dissocia-
tion of the PI3K cargo from the motor
complex and a failure of PI3K delivery to
the neurite tip. Furthermore, we find that,
although AMPK activity has a strong
inhibitory effect on neuronal polarization,
expression of a dominant-negative version
of AMPK in both cultured neurons and
brain slices has no effect on axon growth
and polarization. In another study, knock-
out of both AMPKa1/a2 subunits in mice
shows that AMPK activity is not required
for cortical neurogenesis, neuronal migra-
tion or polarization under normal condi-
tions.* These findings point to a negligible
role for basal AMPK activity during nor-
mal polarization, implying that AMPK
may work to regulate neuronal polariza-
tion under pathological energy-lacking
conditions. Indeed, a brief ischemia chal-
lenge during neuronal development results
in inhibition of axon initiation and polar-
ization (Amato, 2011). Further research is
needed to determine whether neurons can
resume axon growth after long periods of
time, although short periods are not suf-
ficient for recovery, as neurons remain
unpolarized three days after removal of
AMPK activators.”” Interestingly, LKBI,
a major upstream activator of AMPK, has
been shown to be required for polarization
of cortical neurons in vivo.**%? However,
LKBI-deficient cortical neurons showed
no change in phosphorylated or total
AMPXK levels, indicting that the effect of
LKBI in neuronal polarization is indepen-
dent of AMPK activity.”

AMPK in Neuronal Viability

Many of the cellular insults that decrease
cellular energy, such as ischemia and
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hypoxia, are known to induce apopto-
sis.*8 It is thus not surprising to discover
the involvement of AMPK activity in cell
survival in both peripheral cells and the
CNS. In C. elegans, activity of the LKB1/
AMPK pathway is required for conserva-
tion of lipid reserves and thereby ensures
survival of the larvae through matura-
tion.® Also, AMPK activity was observed
to block TNFa-induced cardiomyocyte
apoptosis that normally results from
insults such as myocardial infarction and
ischemia reperfusion,®® suggesting a neu-
roprotective role of the kinase.

In neurons, conflicting findings have
been reported regarding the role of AMPK
in cell death. AMPK activity appears to be
both neuroprotective and pro-apoptotic,
probably due to differences in nerve cell
types, the nature of neural insults and
the intensity and length of AMPK activa-
tion. For instance, pharmacological acti-
vation of AMPK via AICAR treatment
effectively enhanced hippocampal neuron
survival in response to glucose depriva-
tion, chemical ischemia and glutamate
exposure. Importantly, knockdown of the
al and a2 subunits abolished the benefi-
cial effects of AICAR, indicating direct
involvement of AMPK activity.”” The
neuroprotective effect may be mediated by
neuronal inhibition. In response to isch-
emic insult, AMPK was observed to phos-
phorylate the R2 subunit of the GABA,
receptor, a G protein-coupled receptor
involved in post-synaptic hyperpolar-
ization, resulting in enhanced receptor
activity. AMPK-mediated upregulation in
GABA, receptor activity has been shown
to lead to post-synaptic hyperpolarization,
reduced excitotoxicity and improved neu-
ronal survival after chemical anoxia.®®

Conversely, a study revealed that while
AMPK  activity significantly increased
in response to ischemia, pharmaco-
logical inhibition of the kinase reduced
stroke damage. Consistently, activation
of AMPK through AICAR treatment
intensified stroke damage in mice.*
Furthermore, the same study showed that
knockout of AMPK a2 but not al sub-
unit significantly reduced stroke-caused
cell death, consistent with the results from
AMPK inhibition.”

While knockout of AMPK activ-
ity in these experiments implicate direct
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involvement of AMPK, the wide-ranging
effects AMPK imposes on cell survival
begs further experimentation. It has been
hypothesized that perhaps the difference
between in vitro and in vivo findings
stems from discrepancies in glucose sup-
ply, with glucose concentration in neuro-
nal culture medium roughly ten times of
that found at physiological conditions.”
Additionally, studies utilizing AICAR
treatment showed that incubation time
was also a factor in AMPK’s effect on cell
survival”? Obviously, it is important to
understand the molecular details under-
lying the different or opposite effects of
AMPK on neuronal survival, so that a
precise manipulation on AMPK signaling
cascade can be designed for tentative clini-
cal treatment.

AMPK in Neurodegenerative
Diseases

AMPK is implicated in many metabolic
diseases, including diabetes, obesity and
cardiovascular disease. Recent studies
have also revealed an important role of
AMPK in neurodegenerative diseases,
particularly Alzheimer disease (AD).”
AD is known to be associated with abnor-
malities in energy metabolism, including
decreased glucose uptake and insulin
sensitivity, compromised mitochondrial
activities and impaired lipid metabo-
lism.***  Hypometabolism and ATP
depletion can cause partial membrane
depolarization due to reduced sodium
pump efficiency, which will potentiate
NMDA receptor activity and eventually
lead to neurotoxicity and cell death.”®
Amyloid B (AB), the key molecule in AD
pathogenesis, is a product of cleavage of
its precursor protein APP by B-secretase
(BACE1) and ry-secretase. It has been
shown that in primary cortical neurons
and N2a neuroblastoma cells, incubation
with the AMPK activator metformin
leads to an increase in both intracel-
lular and extracellular A generation.
This effect is mediated by an elevated
expression of BACE] and abolished by
AMPK inhibitor compound C, strongly
indicating the direct role of AMPK in
AB production.”” In contrast, a recent

study showed that in cultured rat cortical
neurons, activation of AMPK by AICAR
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treatment caused a significant reduction
in AB. Consistently, AMPK a2 knock-
out led to increased AB production.’®
Although possibly due to the use of a dif-
ferent AMPK activator or the intensity of
AMPK activation, the exact reasons for
the conflicting observations are not clear.
The inhibitory effect of AMPK on amy-
loid production is supported by another
study showing that activation of AMPK,
either directly by AICAR treatment or
indirectly via CaMKKp following res-
veratrol incubation, lead to a reduction
in AB levels.” This finding illustrates
AMPK signaling as the downstream
event in resveratrol-induced AB down-
regulation.’®® In addition, AMPK cas-
cade also regulates AP degradation and
removal from neurons.'!

Hyperphosphorylaiton of microtubule-
associated protein tau is another hallmark
of AD. To date, more than 30 protein
kinases have been implicated in tau phos-
phorylation, in which GSK3B (glycogen
synthase kinase 3), Cdk5 (cyclin-depen-
dent kinase 5), CK1 (casein kinase 1) and
PKA play more important roles.'”>'®® In
line with metabolic disregulation in AD,
AMPK has recently been identified as
a novel kinase targeting tau for protein
phosphorylation. AMPK can phosphory-
late tau at multiple sites, including Ser*®?,
Ser®® and Ser*”®, reducing the interaction
of tau with microtubules.* Interestingly,
this work indicates that AR itself can
cause AMPK activation via regulation of
NMDA receptor-dependent intracellular
calcium homeostasis and CaMKK activ-
ity, indicating the existence of a complex,
intertwined regulatory network in the
development of AD.'* Furthermore, other
AMPK family members, including MARK
(microtubule-associated  protein-regulat-
ing kinase/microtubule affinity-regulating
kinase) and BRSK (brain-specific kinase)
have also been shown to be involved in tau
phosphorylation.!041°

Although studies on the involve-
ment of AMPK cascade in other neu-
rodegenerative disorders are limited,
its role does not seem limited to AD.
For instance, in humans and mice with
Huntington disease (HD), AMPK «al
subunit was selectively activated and
enriched in the nucleus of striatal neu-
rons. Overactivation of AMPK enhanced
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neuronal death and facilitated formation
of Huntington aggregates. Importantly,
suppression of AMPK activity or block-
ing its nuclear localization showed
neuroprotective effects.’” AMPK acti-
vation is also observed in a paradigm
of Parkinson disease (PD) induced by
application of MPTP (1-Methyl-4-
phenyl-1,2,3,6-tetrahydropyridine).!%
Furthermore, AMPK may be implicated
in neurodegenerative disorders through
general cellular mechanisms. For exam-
ple, dysfunction in protein degradation
is a common feature shared by most neu-
rodegenerative diseases, which leads to
the formation of intracellular aggregates
and neuronal toxicity. In supporting this
notion, AMPK is a major player in the
regulation of autophagic process in neu-
rons via inhibition of mTOR pathway or

activation of ATGI enzyme.'*!1

Concluding Remarks

As a master regulator of bioenergy status,
AMPK has gained a growing amount of
attention in its roles in numerous physi-
ological and pathological systems. Its
importance in neural tissue is especially
exceptional, given that the brain is the
most energy-demanding organ in the
body and is therefore the most vulnerable
to energy disregulation and depletion."’
AMPK is critically involved in multiple
developmental stages and functionality
of neurons, including migration, matu-
ration, glucose uptake and metabolism
and neuronal communication, includ-
ing synaptic transmission''? and plastic-
ity.""? At a system level, AMPK localized
in energy-sensing neurons and circuits
in the hypothalamus is responsible for
the control of feeding behavior by incor-
porating peripheral energy-related sig-
nals."17 Tt is worthy to note that at least
12 AMPK-related enzymes exist that
show homology in the catalytic domain,
constituting a AMPK-related kinase fam-
ily that includes BRSK 1-2, NUAK 1-2,
SIK 1-3, MARK 1-4 and MELK,"® but
their functions remain largely unknown.
We predict a rapid expansion in the
investigation of AMPK and its related
kinases, especially on their crucial roles
in the formation and function of the ner-
vous system
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