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Abstract Adenosine monophosphate-activated pro-
tein kinase (AMPK) is an evolutionary conserved
energy sensor sensitive to changes in cellular AMP/
ATP ratio which is activated by phosphorylation
(pAMPK). pAMPK levels decrease in peripheral
tissues with age, but whether this also occurs in the
aged brain, and how this contributes to the ability of
the aged brain to cope with ischemic stress is
unknown. This study investigated the activation of
AMPK and the response to AMPK inhibition after
induced stroke in both young and aged male mice.
Baseline levels of phosphorylated AMPK were higher
in aged brains compared to young mice. Stroke-
induced a robust activation of AMPK in young mice,
yet this response was muted in the aged brain. Young
mice had larger infarct volumes compared with aged
animals; however, more severe behavioral deficits and
higher mortality were seen in aged mice after stroke.
Inhibition of AMPK with Compound C decreased
infarct size in young animals, but had no effect in

aged mice. Compound C administration led to a
reduction in brain ATP levels and induced hypother-
mia, which led to enhanced neuroprotection in young
but not aged mice. This work demonstrates that aging
increases baseline brain pAMPK levels; aged mice
have a muted stroke-induced pAMPK response; and
that AMPK inhibition and hypothermia are less
efficacious neuroprotective agents in the aged brain.
This has important translational relevance for the
development of neuroprotective agents in preclinical
models and our understanding of the enhanced
metabolic stress experienced by the aged brain.
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Introduction

AMPK is an evolutionary conserved energy sensor
that regulates cellular metabolism. In general,
activation of AMPK acts to maintain cellular
energy stores, switching on catabolic pathways that
produce ATP while switching off anabolic path-
ways that consume ATP (Hardie 2007). A rise in
AMP levels or an increase in the AMP/ATP ratio
signals declining energy stores, activating AMPK
(see review by Li and McCullough 2010). Although
responsive to ATP depletion (increased AMP/ATP
ratio), AMPK is also activated by related stimuli
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such as exercise, starvation, hypoxia, cellular pH,
and redox status (Ronnett et al. 2009). Ischemic
brain injury involves a complex sequence of excito-
toxic and oxidative events, including cellular energy
depletion, disrupted protein synthesis, and apoptosis,
etc. (Love 2003), and is a robust stimulus for AMPK
activation (McCullough et al. 2005b). Former studies in
young animals subjected to middle cerebral artery
occlusion (MCAO) confirmed that phosphorylated
AMPK (pAMPK), the active form of this kinase, is
rapidly increased after MCAO. Administration of an
AMPK inhibitor, Compound C, decreased pAMPK
and led to a reduction of infarct size (McCullough et al.
2005b; Li et al. 2007).

Age is the most important independent risk
factor for stroke (Rosamond et al. 2008) and the
aged brain undergoes numerous neurochemical and
physiological changes compared with young brains
(Anyanwu 2007). Most experimental stroke studies
have been performed on young animals, and there-
fore may not fully replicate the effects of ischemia
on neural tissue in aged subjects. Aged male mice
have less histological damage after MCAO despite
increased functional deficits and mortality, the
underlying mechanism of which remains elusive
(Liu et al. 2009b). Recent studies have demonstrated
that aging is accompanied by an increase in AMP/
ATP ratio in multiple tissues (Hardie and Hawley
2001; Petersen et al. 2003; Wang et al. 2003), yet
AMPK levels are surprisingly lower in aged muscle
(Qiang et al. 2007; Reznick et al. 2007). Hypoxia
was unable to induce AMPK activity in aged
hepatocytes, suggesting that responsiveness of
AMPK signaling decreases with age (Mulligan et
al. 2005) and may contribute to the inability of aged
animals to effectively cope with stressors. SIRT1 is a
member of the Sirtuin family and interacts with
AMPK to exert effects on life span, aging, and
metabolism (Imai 2007; Fulco and Sartorelli 2008).
SIRT1 is widely expressed in mammalian cells and
has been studied in many tissues including brain.
SIRT1 responds to increases and decreases in
nutrient availability (caloric restriction or starvation)
and energy expenditure (Nemoto et al. 2004; Suwa
et al. 2008). Little is known regarding the response
of SIRT1 to ischemic challenge or to manipulations
in AMPK signaling. Compound C, also termed
dorsomorphin, is a competitive inhibitor of ATP
binding to the catalytic α subunit of AMPK (Zhou et

al. 2001). Compound C exerts neuroprotective
effects in ischemia-induced brain injury via AMPK
inhibition, as its effects are ameliorated in mice with
deletion of AMPKα (McCullough et al. 2005b; Li et
al. 2007). The present study examined the expression
of total AMPK, pAMPK and SIRT1 in young and
aged mice after stroke. The neuroprotective efficacy
of Compound C was also evaluated.

Materials and methods

Animals

C57BL/6 mice were purchased from Charles River
Laboratories (National Institute on Aging). All
experiments were performed according to NIH
guidelines for the care and use of animals in
research and under protocols approved by the
UCHC Animal Care and Use Committee. Both
young male mice (9–12 weeks; 21–25 g) and aged
male mice (16–18 months; 30–40 g) were utilized.

Focal cerebral ischemic model

Focal transient cerebral ischemia was induced by
reversible MCAO (90 min) under isoflurane anesthe-
sia followed by reperfusion as described previously
(Liu et al. 2009b). 6-0 nylon suture filaments were
utilized to occlude the MCA in both young and aging
mice, but 0.21 mm (dimension) silicon-coated tips
were used for young and 0.23-mm tips were used for
aged mice to ensure equivalent cerebral blood flow
(CBF) reduction. Several cohorts of animals were
prepared for infarct size (evaluated at 24 h or at
30 days) and Western analysis (evaluated at 4 and
24 h). Mice evaluated at 30 days were subjected to a
60-min MCAO. In these cohorts, temperature was
controlled at 37.5°C during ischemia and 24 h after
reperfusion. CBF was measured by laser Doppler
flowmetry (LDF, Moor Instruments Ltd, England) in
all cohorts. Occlusion was confirmed by a drop in
LDF by 85% of baseline in all mice. Neurological
deficit scores (NDS) were recorded after stroke. The
scoring system was as follows: 0, no deficit; 1,
forelimb weakness and torso turning to the ipsilateral
side when held by tail; 2, circling to affected side; 3,
unable to bear weight on affected side; and 4, no
spontaneous locomotor activity or barrel rolling.
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Drug induced hypothermia

Another cohort of mice underwent 90-min MCAO and
were divided into two groups: a body temperature
control group and a free regulation non temperature
controlled group. In the temperature control group,
rectal muscle temperature was monitored with a
MONOTHERM system and maintained at approxi-
mately 37°C during surgery and ischemia with an
automated temperature control feedback system; after
surgery, the mouse were returned into a cage with a
heating pad system that maintained temperature until
sacrifice. In the temperature non-control group, the
MONOTHERM system was not applied so that the
effects of stroke and Compound C on body temperature
could be determined. The rectal muscle temperature of
each mouse was monitored every hour for the first 6 h
and at 24 h after stroke (right before killing). Compound
C ([4-(2-piperidin-1-yl-ethoxy)-phenyl])-3-pyridin-4-
yl-pyrrazolo[1,5-a]-pyrimidine; Calbiochem, San
Diego, CA) was dissolved in DMSO and further
diluted with sterile PBS. Compound C (10 mg/kg,
0.01 cc/g) was injected intraperitoneally at stroke onset
(Kim et al. 2004). Control mice were injected with
vehicle alone.

Histological assessment

For evaluation of chronic stroke outcomes, the mice
were allowed to survive for 30 days and the brains
perfused for cresyl violet (CV) staining as previously
described (Li et al. 2004). The amount of tissue lost
(percent atrophy) was computed by (1−(ischemic
hemisphere-ventricle-cavity)/(contralateral hemisphere-
ventricle))×100 as in (Li et al. 2004).

For acute measurement of stroke outcomes, both
young and aged mice were euthanized 24 h after
stroke and the brain removed, cut into five 2-mm
slices and stained with 1.5% 2,3,5-triphenyltetrazo-
lium (TTC) and fixed with 4% formalin. Images were
digitalized, and the infarct volumes (corrected for
edema) were analyzed using Sigmascan Pro5 as
previously described (McCullough et al. 2005a).

Whole cell lysate preparation

After 4 and 24 h of MCAO, brain samples were
obtained by rapid removal of the brain from the
skull, resection of the cerebellum, followed by

immediate dissection into the right (R; ischemic)
and left (L; non-ischemic) hemispheres. Samples were
homogenized in 1.5 ml of ice-cold RIPA buffer
containing protease inhibitor tablet (Roche Diagnostics)
and 1 mM PMSF using a Dounce homogenizer on ice
and briefly sonicated on ice. Extracts were immediately
centrifuged at 14,000×g and frozen at −80°C.

Western blots

Protein concentration was determined by BCATM

Protein Assay Kit (Thermo Fisher Scientific Inc.,
Rockford, IL) and subjected to Western Blotting as
previously described (McCullough et al. 2005a).
Sample proteins were resolved on 4% to 20% SDS
electrophoresis gels and transferred to a polyvinylidene
difluoride membrane. Total AMPK, pAMPK, and
SIRT1 were detected using corresponding antibodies
from Cell Signaling (AMPK and pAMPK, 1:1,000),
Millipore (SIRT1, 1:1,000), and Sigma (β-actin,
1:1,000; loading control). All blots were incubated
overnight in primary antibodies at 4°C in TBS
containing 4% BSA and 0.1% Tween 20. Secondary
antibodies (goat anti-rabbit IgG 1:5,000, goat anti-
mouse IgG 1:2000, donkey anti-goat IgG 1:1,000;
Santa Cruz) were diluted and ECL detection kit
(Amersham Biosciences) was used for signal detection.
Densitometry was performed with Scion Image.

Measurement of ATP levels

Brain ATP levels were determined 3 h after Compound
C or vehicle injection using an ATP colorimetric/
fluorometric assay kit (Biovision, Mountain View, CA,
as previously described (Tota et al. 2010). Briefly,
tissue was lysed in ATP assay buffer (0.1 mg/μl) and
centrifuged at 15,000×g for 2 min to pellet insoluble
materials. Five microliters of supernatant was brought
to a final volume 50 μl/well with ATP assay buffer,
and mixed with another 50 μl of ATP reaction mix.
After a 30-min incubation, absorbance was measured
at 570 nm and ATP concentration was calculated using
an ATP standard curve.

Statistics

NDS were expressed as median (range) and analyzed
with the Mann–Whitney U test. All other values are
expressed as mean ± SEM and analyzed with a t test
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for two groups, and two-way analysis of variance
(infarct volumes and densitometry of Western blotting)
with repeated measures (for body temperature analysis)
with Turkey post hoc correction, when appropriate. All
assessments were performed by a blinded investigator
to drug treatment group. Due to the higher body
weights and severe behavioral deficits in aged mice,
experimenters were aware of the different age groups
(aged vs. young). All infarct analysis was performed in
a blinded fashion to age and drug effects. The criterion
for statistical significance was P<0.05.

Results

Aged mice have less tissue loss than young mice
30 days after stroke

Our previous study found that 24 h after stroke, aged
mice have smaller infarct volumes than their young
counterparts (Liu et al. 2009b). In order to confirm the
persistence of age-related differences in stroke out-
comes at chronic endpoints, we measured brain
atrophy in mice that were allowed to survive for
30 days after MCAO with CV staining. Consistent
with acute endpoints (i.e., 24 h), the amount of tissue
lost was significantly less in aged animals compared
to young mice (Fig. 1a and b).

Aged mice had higher levels of pAMPK expression
at baseline than young mice

AMPK activity has been reported as a major
contributor to stroke outcome (McCullough et al.
2005b; Li et al. 2007). To evaluate baseline of AMPK
activation, pAMPK were assessed in brain lysates of
young and aged sham mice. Aged sham mice had
significantly increased baseline pAMPK levels com-
pared with young sham mice; however, no differences
of total AMPK level were seen between groups (n=4
animals/group; Fig. 2a and b).

Stroke-induced activation of AMPK was significantly
higher in young mice

Ischemic injury is a potent stimulus to activate AMPK
(Li et al. 2007). To compare stroke-induced AMPK
activation in young and aged mice, we subjected mice
to 90-min MCAO and examined pAMPK levels
(Threonine 172) by Western Blot. Young mice had a
significant increase in pAMPK levels after stroke
compared to sham mice; whereas pAMPK levels were
not increased after stroke in aged mice compared to
aged shams (n=6 animals/group; Fig. 2a and b).
Although aged sham mice had higher levels of
pAMPK than young shams, young mice had more
pAMPK levels after stroke than aged animals.

Fig. 1 Chronic stroke out-
come in young and aging
mice. a Representative
CV-stained brain slices from
young and aged mice
30 days after MCAO. b
Quantitative analysis
of tissue lost (% atrophy)
expressed as a percentage
in young and aged mice.
*P<0.05 versus young
mice; n=6 animals/group
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The response to AMPK inhibition differed in aged
animals

To directly assess the effect of AMPK activation on
stroke outcome, we administered the AMPK inhibitor,
Compound C to mice at the onset of stroke. All mice
had temperature controlled by a biofeedback system
to maintain temperature in the physiologic range.
Neurological deficits were significantly improved in
drug-treated young mice compared to the young
vehicle group at 4 h of stroke (vehicle vs. drug, 3.5
(1) vs. 2(0); n=6 animals/group, P<0.05); however,
aged mice had no improvements in the NDS when
treated with Compound C (vehicle vs. drug, 3.5(1) vs.
4(0.75); n=6 animals/group, P>0.05; Fig. 3e). Histo-
logical analysis demonstrated that no differences of
infarct size were seen between temperature and non-
temperature control vehicle-treated young mice. Ad-
ministration of Compound C in young mice with
temperature control significantly reduced infarct size
compared to vehicle-treated mice (total infarct, vehi-

cle vs. drug, 55.9±2.4 vs. 32.8±4.0%, n=6 ani-
mals/group, P<0.05). Vehicle-treated aged mice had
smaller total infarct volumes than their young
counterparts (total infarct, aged vs. young, 20.3±
6.4 vs. 55.9±2.4%, n=6 animals/group, P<0.05),
consistent with several previous reports (Shapira et
al. 2002; Liu et al. 2009b); however, administration
of Compound C had no effect on infarct size in aged
mice (Fig. 3a–d). Mortality rates were higher in aged
mice (24% in vehicle and 26% in drug-treated group)
compared to young mice (12% in vehicle and 8% in
drug-treated group).

AMPK inhibition with Compound C reduced
stroke-induced pAMPK activation in young,
but not aged mice; no stroke or age effects
were seen in SIRT1 expression

We next examined the effect of administration of
Compound C on AMPK and pAMPK expression 24 h
after stroke. Total AMPK levels were not significantly
different between groups, suggesting no change in
protein expression with age. However, levels of
pAMPK were significantly higher in vehicle-treated
sham aged mice compared to young sham counter-
parts. Administration of Compound C significantly
decreased stroke-induced expression of pAMPK in
young mice to levels seen in vehicle-treated sham
mice. In aged mice however, although there was a
trend towards a reduction in pAMPK activation in
Compound C-treated sham mice, no significant
difference in pAMPK expression was seen between
vehicle- and drug-treated groups (Fig. 4a and b).
There were no differences of SIRT1 expression
between young and aged, drug- and vehicle-treated
groups at either 4 or 24 h of stroke (data not shown).

Compound C administration led to hypothermia
and decrease in ATP content

Hypothermia is protective in models of both cardiac
and brain ischemia (Krieger and Yenari 2004). The
beneficial effect of hypothermic preconditioning in
cardiac tissue is ameliorated in part by administration
of Compound C (Khaliulin et al. 2007). The
temperature-controlled group was maintained at 37°C–
37.5°C during and after stroke. In the temperature non-
control group, the automated temperature control
feedback system was discontinued and animals were

Fig. 2 AMPK expression in young and aged mice after stroke.
a Representative western blots of total AMPK and pAMPK
protein levels in brain homogenates in sham (Sh) and stroke (St)
mice 24 h after stroke onset. β-actin was used as a loading
control. b The optical density of samples was expressed as the
ratio of the pAMPK bands to control bands (β-actin). Young
sham mice had significantly less pAMPK expression than aging
shams. Four stroke and two sham brains in biological triplicates
were analyzed for statistical analysis. *P<0.05 versus stroke
mice in young group and sham mice in aging group
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Fig. 3 Effect of Compound C on stroke outcomes in young
and aged mice. a Representative TTC stained images of brain
coronal sections from mice treated with Compound C or
vehicle. b–d Quantification of infarct volumes based on TTC
staining in cortex (b), striatum (c), and total hemisphere (d).
Compound C-treated young mice with or without temperature
control had significantly smaller infarct volumes compared with
vehicle-treated mice. The total infarct size in drug-treated
young mice without temperature control was significantly

smaller than that in drug-treated young mice with temperature
control. No differences of infarct were seen between groups in
the aged cohort. e Neurological deficit scores (NDS) at 4 h of
stroke showed a similar pattern as the infarct size. *P<0.05
versus vehicle-treated young mice. **P<0.05 versus vehicle- or
drug-treated young mice with temperature control; n=6
animals/group. Com C±Tem Compound C-treated mice with
or without temperature control
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allowed to autoregulate. Temperatures before stroke
were between 37°C–37.5°C and no differences were
seen between age or treatment groups. After stroke, the
temperatures in the drug-treated stroke mice were
significantly decreased compared to vehicle-treated
stroke mice every hour for the first 6 h after stroke in
young mice and after 2.5 h of stroke in aged mice (n=6
animals/group, P<0.05; Fig. 5a and b). Compound C
reduced rectal temperatures significantly at 1.5 and
3.5 h of stroke in drug-treated sham young mice
compared with vehicle-treated mice, and at 3.5 h of
stroke in aged group (n=6aniamals/group, P<0.05). At
24 h, the temperature returned to 37°C–37.5°C in each
group. TTC staining showed that the infarct size in
vehicle-treated young mice without temperature control
(Vehicle−Tem) was not significantly different from
that in temperature control group (Vehicle+Tem;
Fig. 3). Drug-treated young mice without temperature
control had significantly smaller infarcts than either

drug- or vehicle-treated mice with temperature control;
however, there were no differences of infarct volumes
between groups of aged mice, suggesting a loss of
hypothermia-induced neuroprotection. Compound C

Fig. 4 Effect of Compound C on AMPK activation in brains of
young and aged mice. a Total AMPK, pAMPK were probed from
the brain homogenates of sham (Sh) and stroke (St) animals
treated by either Compound C or vehicle. β-actin was used as a
loading control. b The optical density of samples was expressed
as the ratio of the pAMPK bands to control bands (β-actin).
Compound C reduced pAMPK level in young but not aging mice
after MCAO. Four pooled stroke brains in biological triplicates
were assessed for statistical analysis. *P<0.05 versus vehicle-
treated young stroke mice; **P<0.05 versus vehicle-treated
young sham mice

Fig. 5 Effects of Compound C on rectal temperature and
ATP level in the brain. a, b Rectal temperatures in young (a)
and aged (b) mice. The MONOTHERM system was turned
off during MCAO, and rectal temperature was examined in
each group. n=6 animals/group. In a,*P<0.05 versus drug-
treated sham mice at 1.5 and 3.5 h of stroke; **P<0.05 versus
vehicle-treated stroke mice at each post-stroke time point. In
b, *P<0.05 versus drug-treated sham mice at 3.5 h of stroke;
**P<0.05 versus vehicle-treated stroke mice after 2.5 h of
stroke. c Brain ATP concentrations in mice treated with
Compound C or vehicle. *P<0.05 versus vehicle-treated
group. n=7 animals/group
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significantly reduced brain ATP levels in young mice
3 h after treatment compared to vehicle-treated group
(Fig. 5c).

Discussion

The present study revealed several important new
findings. Firstly, aged male mice have smaller infarct
volumes than young mice at 24 h, consistent with
previous studies (Shapira et al. 2002, Liu et al. 2009b),
and these differences persist at chronic endpoints
(30 days). The mechanism is unclear, but may be
related to a decline in NMDA receptor-mediated
responses in aged, as compared with young animals
(Gonzales et al. 1991; Wenk et al. 1991). Infarct size
may not be the best indicator of the physiological
dysfunction associated with experimental stroke when
comparing young to aging animals. Even in animals of
the same age, infarct size may not reliably correlate
with neurological deficits (Grabowski et al. 1993;
Alexis et al. 1996), so behavioral assessments, even
in short-term survival studies, should always be
performed. Secondly, baseline expression of pAMPK,
the activated form of AMPK, was significantly higher
in aged mouse brain compared to young mice with no
changes in total AMPK levels. Importantly, significant
stroke-induced activation of pAMPK only occurred in
young mice. This is consistent with previous findings
in hepatocytes which also exhibited baseline elevations
in pAMPK levels with age, but a muted response to
hypoxia (Mulligan et al. 2005). Thirdly, inhibition of
AMPK with Compound C decreased both infarct
volumes and neurological deficit scores in young mice,
but had no effect on infarct size and surprisingly
exacerbated behavioral deficits in aged mice. SIRT1
expression was unchanged after stroke and was not
influenced by age or Compound C treatment. Finally,
Compound C administration decreased ATP production
and led to prolonged spontaneous hypothermia in both
young and aged mice. The neuroprotection seen with
Compound C in young mice was independent of its
hypothermic effects, as Compound C retained its
neuroprotective effect even when temperature was
maintained at 37°C and the effect of hypothermia and
AMPK inhibition appeared to be additive. Hypother-
mia independently reduced infarct in young mice. In
contrast, the hypothermia induced by Compound C did
not significantly reduce infarct volume in aged mice,

suggesting that neither AMPK inhibition nor hypo-
thermia is effective in reducing injury in aged brain.

It is increasingly recognized that AMPK signaling
is impaired in aging (Turdi et al. 2010). Contraction-
induced AMPK activation in the low-oxidative
muscle seen in young rats was attenuated in old
animals (Ljubicic and Hood 2009). In humans, aging
is accompanied by an increase in mitochondrial
dysfunction in muscle (Petersen et al. 2003), which
leads to perturbed cellular energy levels. Senescent
human fibroblasts have a higher AMP:ATP ratio, a
sensitive measure of energy levels, compared to
young fibroblasts (Hardie and Hawley 2001; Wang
et al. 2003). In aged hepatocytes, AMPK levels rise,
yet become less responsive to stressors such as
hypoxia (Mulligan et al. 2005). Aging is accompanied
by changes in brain structure, function, and metabo-
lism (Baquer et al. 2009), but the effect of aging on
AMPK signaling has not been previously evaluated.
The present study demonstrates that aging leads to a
baseline up-regulation of pAMPK expression in the
brain, but similar to peripheral tissues, AMPK
signaling becomes less responsive to injury. The
AMP/ATP ratio increases with age in Caenorhabditis
elegans, leading to activation of AMPK (Apfeld et al.
2004), consistent with our findings. AMPK activity is
regulated by the phosphorylation of threonine 172 on
the catalytic α subunit (Hawley et al. 1996), and
overexpression of aak-2 the gene encoding this
subunit in C. elegans, increased lifespan implicating
AMPK signaling in longevity (Apfeld et al. 2004). It
has been confirmed that limiting energy availability (i.e.,
caloric restriction) may extend lifespan (Osiewacz 2002;
Tissenbaum and Guarente 2002). It is possible that the
baseline increase in AMPK activity in the aged brain
may reflect a survival mechanism to cope with age-
related increases in the AMP/ATP ratio; however it may
leave the organism less able to respond to acute
stressors such as stroke. Very recent studies have shown
abnormal accumulations of p-AMPK in human tauo-
pathies, such as Alzheimer’s disease, and that AMPK
can directly phosphorylate tau in vitro (Vingtdeux et al.
2010) implicating AMPK as a key player in other age-
related diseases.

The role of AMPK activation in stroke is still
somewhat controversial. Several previous studies
have suggested that AMPK activation is beneficial,
as administration of the AMPK activator AICAR
enhanced neuronal survival under conditions of
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reduced energy availability in vitro (Culmsee et al.
2001; Kuramoto et al. 2007). Interestingly, we, and
others, have shown that pAMPK levels are increased
after stroke and brain injury (Culmsee et al. 2001; Li
et al. 2007). Accumulating evidence has demonstrated
a clear relationship between AMPK activation and
neuronal death in focal stroke and in vitro models (Jung
et al. 2004; McCullough et al. 2005b; Li et al. 2007;
Nakatsu et al. 2008). The emerging concept that the
duration of AMPK activation is the pivotal factor in
determining neuronal death or neuronal survival after
ischemia likely explains some of these differing results
(Weisová et al. 2010).

Interestingly, metformin, a drug widely used for
the treatment of type 2 diabetes mellitus is known
to act as an AMPK activator which has been used
safely in patients with vascular disease although it
would be expected to be detrimental in acute
injury (Li and McCullough 2010). We have
recently found that acute metformin treatment
(3 days prior to injury) exacerbated stroke damage
and enhanced post-ischemic lactic acidosis; whereas
chronic metformin given daily for 3 weeks prior to
stroke was neuroprotective. Chronic metformin
ameliorated the stroke-induced activation of AMPK
(Li and McCullough 2010), a similar pattern seen in
aging mice in the present study. These effects are
specific for AMPK, as they are lost in mice with
deletion of the catalytic isoform. It is possible that
chronic AMPK activation (with aging or chronic
metformin treatment) serves as a sub-lethal meta-
bolic stressor leading to an “ischemic precondition-
ing” response that reduces injury from a subsequent
severe insult.

Genetic deletion of AMPK (α2 subunit) or
AMPK inhibition reduced injury after in vivo
stroke (McCullough et al. 2005b; Li et al. 2007)
consistent with Compound C’s effects in young
mice in this study. The loss of Compound C’s
protective effect in aged mice could be secondary to
several factors: (1) AMPK activation is chronically
up regulated secondary to enhanced age-related
metabolic stress (Apfeld et al. 2004) leaving AMPK
unable to respond to acute stressors; (2) strokes
were smaller in the aged brain so that a protective
effect could not be seen (floor effect); (3) Compound C
selectively reduces metabolic demand in the ischemic
brain in young mice or (4) PHARMACODYNAMIC
differences. The latter is less likely as we did

perform dose–response studies at both higher and
lower doses and saw similar effects. Interestingly,
the lack of stroke-induced activation of AMPK in
the aged brain did correlate with smaller infarcts in
our aged cohorts, but future studies using genetic
models will be required to definitively link out-
comes to the lack of stroke-induced activation of
AMPK in aging.

SIRT1 belongs to histone deacetylase class III,
which reverses protein acetylation and promotes DNA
stability. AMPK enhances SIRT1 activity by increas-
ing cellular NAD+ levels (Canto et al. 2009).
Although it has been suggested that increased SIRT1
activity leads to extension of life span (Howitz et al.
2003; Wood et al. 2004), what role SIRT1 plays in the
response to ischemic brain insults is unknown (Raval
et al. 2008; Liu et al. 2009a). In the present study,
SIRT1 expression was unaffected by age and ische-
mic injury in vehicle-treated mice. This is in contrast
with a previous report that found elevated cortical
SIRT1 protein levels 3 h after stroke (Liu et al.
2009a). This same study found a decrease at 6 h in
SIRT1 protein, and differences may reflect the timing
of evaluation (at 4 and 24 h in our study). It is
possible that other sirtuin analogues, e.g., SIRT3
(Pillai et al. 2010), instead of SIRT1, which were
not evaluated in this study, play more important roles
interacting with AMPK in response to changes in the
energy status. SIRT1 levels may also selectively
change in one cellular compartment (i.e., nuclear
translocation from the cytoplasm) or in one cell type
(i.e., endothelium vs. neuron). As we only examined
whole brain homogenates which are comprised of
many cell types, and only examined whole cell
lysates, we cannot exclude the possibility that aging
or stroke influences SIRT1.

Administration of Compound C led to a
sustained hypothermic response in both young
and aged mice if body temperature was not
controlled by using a feed-forward temperature
controller. Activation of AMPK enhances ATP-
generating, catabolic pathways and inhibits lipid,
fatty acid, cholesterol, and protein synthesis
through phosphorylation of key regulatory pro-
teins leading to increased ATP availability (Li and
McCullough 2010). Compound C reduces ATP-
generation by inhibiting AMPK in vitro (Ronnett et
al. 2005). This was confirmed in the present study
as Compound C significantly decreased ATP pro-

AGE (2012) 34:157–168 165



duction compared with vehicle-treated group (Fig. 5c).
Numerous studies have shown that hypothermia is
neuroprotective in ischemia-induced brain injury
models through multiple mechanisms (see review
by Lazzaro and Prabhakaran 2008). Compound
C-treated young mice that were allowed to sustain
mild hypothermia had significantly smaller infarcts
than normothermic animals, indicating Compound C
may exert neuroprotection in ischemic stroke
through two different pathways, i.e., inhibiting
lactic acidosis (Li and McCullough 2010) and
inducing hypothermia. However, these two path-
ways likely overlap as both are triggered by
inhibition of AMPK with a subsequent reduction
in metabolic demand. Although Compound C
administration also caused hypothermia in aged
mice, no protective effect was seen on infarct size,
possibly due to a “floor effect” secondary to the
smaller infarcts in aged mice. However, no effect
was seen in the striatum, where the infarcts were
relatively large even in the aged cohort. The
hypothermia induced by Compound C also occurred
more rapidly in young mice (at 1.5 vs. 3.5 h; Fig. 5).
This may be due to the larger body weights in the
aged mice, but is unlikely to explain the lack of
neuroprotection induced by Compound C, as no
effect was seen in temperature controlled aged
cohorts whereas Compound C remained robustly
protective in young mice. Alternations in cell
signaling with aging may be responsible for the
loss of neuroprotection by AMPK inhibition. Inter-
estingly, neither hypothermic nor ischemic precon-
ditioning has been well studied in aging models of
stroke. This is concerning as recent data suggests
that ischemic preconditioning is less effective in the
aged heart in both experimental and clinical studies
(Abete et al. 2010). This may have significant
ramifications for trials of induced hypothermia in
acute ischemic stroke (Lyden et al. 2005). Our work
suggests that the neuroprotection induced by hypo-
thermia may be less robust in the aged. It is
important to stress that this study was not directly
designed to study hypothermia in aging and further
studies are needed. In conclusion, aged and young
animals exhibit different profiles of AMPK activa-
tion both at baseline and after stroke. AMPK
inhibition does not reduce injury in aged mice.
Interventional therapies targeting AMPK activation
should be assessed in both young and aged subjects.
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