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Abstract

AMP-activated protein kinase (AMPK) is activated when the
catalytic o subunit is phosphorylated on Thr172 and therefore,
phosphorylation of the o subunit is used as a measure of
activation. However, measurement of o subunit of AMPK
(a-AMPK) phosphorylation in vivo can be technically chal-
lenging. To determine the most accurate method for mea-
suring o-AMPK phosphorylation in the mouse brain, we
compared different methods of killing and tissue preparation.
We found that freeze/thawing samples after homogenization
on ice dramatically increased o-AMPK phosphorylation in
mice killed by cervical dislocation. Killing of mice by focused
microwave irradiation, which rapidly heats the brain and
causes enzymatic inactivation, prevented the freeze/thaw-
induced increase in a-AMPK phosphorylation and similar

Recently, there has been increased interest in AMP-activated
protein kinase (AMPK). AMPK is implicated as a regulator
of energy balance in hypothalamus, liver, muscle, adipose
tissue, and pancreas (reviewed in Kahn et al. 2005). AMPK
also has been implicated in regulation of cell growth and
development (Lee et al. 2007) and dysfunction of AMPK
and its related pathways can lead to tumors (reviewed in
Shaw 2006). AMPK is activated when cellular energy
consumed exceeds energy produced and the AMP/ATP ratio
increases and, therefore, it functions as a cellular ‘fuel
gauge.” AMPK is a heterotrimer consisting of a catalytic
o subunit, of which two isoforms have been identified and
regulatory B and y subunits, of which two and three isoforms
have been identified, respectively. During periods of
decreased energy availability, AMP increases AMPK activity
by binding to the y subunit which makes o subunit of AMPK
(0-AMPK) a better target for its upstream kinase LKBI
(reviewed in Hardie ef al. 2006). LKB1 phosphorylates
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levels of phosphorylation were observed compared with mice
killed with cervical dislocation without freeze/thawing of sam-
ples. Sonication of samples in hot 1% sodium dodecyl sulfate
blocked the freeze/thaw-induced increase in a-AMPK phos-
phorylation, but phosphorylation was higher in mice killed by
cervical dislocation compared with mice killed by focused
microwave irradiation. These results demonstrate that
a-AMPK phosphorylation is dependent on method of killing
and tissue preparation and that o-AMPK phosphorylation
can increase in a manner that does not reflect biological
alterations.
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o-AMPK at the Thr172 amino acid residue leading to AMPK
activation (Hawley etz al. 2003; Woods ef al. 2003; Shaw
et al. 2004). AMPK can also be activated in a calcium-
dependent manner. Calcium/calmodulin-dependent protein
kinase kinase  can phosphorylate Thr172 on a-AMPK and
activate it in a manner independent of the AMP/ATP ratio
(Hawley et al. 2005; Hurley et al. 2005; Woods et al. 2005).
Therefore, two separate pathways can activate AMPK by
phosphorylating the same amino acid residue on a-AMPK.
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Once activated, AMPK decreases the energetically costly
processes of cholesterol (Carling et al. 1987; Clarke and
Hardie 1990), fatty acid (Carling et al. 1987; Browne et al.
2004; Liu et al. 2006) and protein synthesis (Horman et al.
2002; Inoki et al. 2003; Browne et al. 2004; Liu and Gao
2007) by phosphorylating key regulatory proteins. For
example, acetyl-CoA carboxylase is an important enzyme in
switching cellular metabolism from fatty acid oxidation to
fatty acid synthesis. AMPK phosphorylates acetyl-CoA
carboxylase which attenuates fatty acid synthesis and facil-
itates fatty acid oxidation (Carling et al. 1987; Browne ef al.
2004; Liu et al. 2006). AMPK can also alter the transcription
of certain target genes by phosphorylating transcription
regulating proteins. AMPK phosphorylates transducer of
regulated cAMP-response element binding protein activity 2
which prevents its translocation to the nucleus and decreases
transcription of gluconeogenic genes (Koo et al. 2005).
Therefore, AMPK activation attenuates energy consuming
processes, which preserves cellular energy.

Given the important role for activation of AMPK via
phosphorylation, measuring the degree of phosphorylation
provides a method to assess the energy state of the tissue in
which this is evaluated. However, one of the challenges in
measuring energy-dependent substrates is that rapid changes
in metabolites occur at killing. In rats killed by decapitation,
there is a large increase in AMP and a concomitant decrease
in ATP in the brain compared with rats killed by focused
microwave irradiation which rapidly heats the brain render-
ing enzymes inactive (Delaney and Geiger 1996). Similarly,
there is a rapid depletion of glycogen in the astrocytes of the
brain from rats that is evident when killed by decapitation as
rats killed by focused microwave irradiation display higher
brain glycogen levels (Kong et al. 2002). Measurement of
phosphorylation also can be challenging for other reasons. It
has been demonstrated that glycogen synthase kinase-3 is
rapidly dephosphorylated by phosphatases after decapitation
with 90% of the dephosphorylation occurring within the first
2 min after killing (Li et al. 2005). Likewise, the cAMP-
response element binding protein and extracellular signal-
regulated kinase 1/2 are dephosphorylated when mice are
killed by decapitation as focused microwave irradiation
preserves much higher phosphorylation (O’Callaghan and
Sriram 2004). Therefore, given how sensitive AMPK is to
the AMP/ATP ratio and the difficulty in general about
maintaining in vivo phosphorylation state post-killing, we
assessed whether a-AMPK phosphorylation is altered in a
manner dependent on method of killing and tissue prepara-
tion. We compared two different methods of killing: focused
microwave irradiation and cervical dislocation, and various
dissection and homogenization procedures. We found that
a-AMPK phosphorylation does indeed depend on method of
killing and tissue preparation and we proposed an approach
to accurately assess degree of phosphorylation of AMPK in
brain in vivo.
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Materials and methods

Mice

Eight to 32-week-old C57BL/6 mice obtained from Jackson
Laboratory (Bar Harbor, ME, USA) were maintained on a 12 h
lights on 12 h lights off, temperature-controlled environment. Mice
were given ad libitum access to food and water. All procedures were
approved by the institutional animal care and use committee at either
the University of Pennsylvania or the Centers for Disease Control
and Prevention-NIOSH.

Method of killing

Mice were killed by either cervical dislocation or focused microwave
irradiation. A Muromachi Microwave Applicator, Model TMW-
4012C (Stoelting Co., Wood Dale, IL, USA) was used with a power
setting of 3.5 kW applied power for 0.9 s. A detailed description of
the procedure is given elsewhere (O’Callaghan and Sriram 2004).

Brain dissection

After cervical dislocation, all heads were frozen in liquid nitrogen.
For the first set of experiments, brains were dissected while frozen.
This procedure ensures that the brain temperature does not increase
but it is technically challenging and only allows for removal of large
segments of the brain. In subsequent experiments, following
freezing, heads were thawed on ice until the brains could be easily
removed; this brain extraction procedure was similar to the
extraction procedure for the mice that were killed with focused
microwave irradiation. For the animals killed by cervical dislocation
or focused microwave irradiation, the skull was removed and whole
brains were extracted including the cerebellum, but not the olfactory
bulbs. Samples were kept frozen until tissue preparation.

Tissue preparation

For homogenization on ice, homogenization buffer consisting of
20 mmol/L.  Tris—HCl, 1 mmol/L EGTA, 1 mmol/L EDTA,
50 mmol/L NaCl, 25 mmol/L NaF, 1% glycerol, 1% Triton X-
100, and a protease inhibitor cocktail with broad specificity for the
inhibition of serine, cysteine, and aspartic proteases and aminopep-
tidases (Sigma, cat# P8340, St. Louis, MO, USA) was used. All
chemicals were from Sigma or Fisher Scientific (Pittsburgh, PA,
USA) unless otherwise noted. In addition, 0.1 pmol/L of the Ser/Thr
kinase inhibitor staurosporine (Biomol, cat# EI-181, Plymouth
Meeting, PA, USA) and 0.1 umol/L of the Ser/Thr phosphatase
inhibitor okadaic acid (Biomol, cat# EI-156) were added to the
homogenization buffer. Frozen brain samples were added to the
homogenization buffer with the ratio of 7.5 pL of homogenization
buffer/mg tissue and homogenized with a Glas-Col homogenizer
(Glas-Col, cat# 099C K44, Terre Haute, IN, USA) for approxi-
mately 1 min. For hot sonication, homogenization buffer consisted
solely of 1% sodium dodecyl sulfate (SDS) which was heated to
90°C as described (O’Callaghan and Sriram 2004). Frozen samples
were added to the hot homogenization buffer with the ratio of 10 pL
of 1% SDS/mg tissue and then immediately sonicated with a model
F60 sonic dismembrator (Fisher Scientific) for 2 min.

Western blotting
A protein assay was run on an aliquot of each of the samples to
determine total protein concentration using the BCA kit (Pierce, cat#

Journal Compilation © 2008 International Society for Neurochemistry, J. Neurochem. (2008) 105, 833-841



23235, Rockford, IL, USA). Samples were mixed witha 1 : 1 volume
of Laemmli buffer (Bio-Rad, cat# 161-0737, Hercules, CA, USA)
with 5% B-mercaptoethanol (Bio-Rad, cat# 161-0710) and boiled for
5 min. Ten micrograms of total protein was loaded into a 26 well
precast 10% polyacrylamide gel (Bio-Rad, cat# 345-011) and run for
110 min at 120 V. Gels were transferred to PVDF membranes
(Millipore, cat# IPFL00010, Billerica, MA, USA) in a wet transfer
apparatus (Bio-Rad, cat# 170-3946) at 55 V for 3 h in Tris—glycine
buffer with 20% methanol and 0.01% SDS. The apparatus was
continuously cooled with a chiller (VWR Scientific, West Chester,
PA, USA) to keep the temperature at 4°C and stirred with a magnetic
stirrer. Membranes were blocked for 1 h in blocking buffer (Li-Cor,
cat# 927-40000, Lincoln, NE, USA), and then incubated in primary
antibody diluted in 5% bovine serum albumin (VWR Scientific, cat#
RLBSA-50) overnight at 4°C. The antibody for the phosphorylated
form of a-AMPK (Cell Signaling, cat# 2535, Danvers, MA, USA)
was diluted 1 : 1000 and the antibody for total a-AMPK (Cell
Signaling, cat# 2532) was diluted 1 : 2000. Four 10 min washes with
phosphate-buffered saline with 0.1% Tween were performed. Mem-
branes were incubated in an infrared-conjugated anti-rabbit secondary
antibody (Li-Cor, cat# 926-32221) diluted in blocking buffer with
0.1% Tween and 0.01% SDS at room temperature (22-28°C) for 1 h
in the dark. Three 10 min washes with phosphate-buffered saline with
0.1% Tween were performed followed by one 10 min wash in
phosphate-buffered saline in the dark. Membranes were dried and
then read on an Odyssey Infrared Scanner (Li-Cor, cat# 9201-01).
Quantification was conducted using the Odyssey software. Data are
presented in the units of Odyssey Integrated Intensity which
corresponds to amount of infrared light emitted. As the amount of
infrared signal is detected and there is no enzymatic reaction as there is
in chemiluminescence, samples can be compared between mem-
branes. However, in this study, all direct comparisons were only
carried out on samples run in one gel and the use of the Odyssey
Integrated Intensity is to estimate the relative strength of signals in
different blots. n = 3 mice per group with each sample run once on
a gel and all samples from a given experiment run on a single gel.

Immunoprecipitation

Protein with antibody was incubated overnight at 4°C with
continuous mixing on a rotisserie shaker (Barnstead/Thermolyne,
model# 415110, Dubuque, 1A, USA). Two micrograms of antibody
for o-1 (Santa Cruz Biotechnology, cat# sc-19128, Santa Cruz, CA,
USA) and a-2 (Santa Cruz Biotechnology, cat# sc-19131) was
added per reaction in a final volume of 80 pL. Fifty microliters of
rProtein G agarose beads (Invitrogen, cat# 15920-010, Carlsbad,
CA, USA) was washed with 200 pL of homogenization buffer three
times. The protein and antibody mixture was added to the beads and
incubated for 1.5 h at 4°C with mixing. The supernatant was
discarded and beads were washed with 200 pL of homogenization
buffer two times. Fifty microliters of Laemmli buffer containing 5%
-mercaptoethanol was added to the beads and boiled immediately
for 5 min. The supernatant containing the protein was then run on a
western blot. n = 3 per group with the exception of the 600 pg o-1
AMPK group for which there was n = 2.

Statistics

Data were analyzed using Microsoft Excel (Seattle, WA, USA) and
statistics were run using GB-Stat (version 6.5; Dynamic Microsys-
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tems, Silver Spring, MD, USA). When only one comparison was
required, Student’s r-test was used. For all other data, two-way
ANOvA were used with main effects of method of killing and freeze/
thaw. When a significant interaction between main factors was
present and, therefore, post hoc comparisons were justified, a
Newman—Keuls test for comparisons of the primary analysis was
used. All data are presented as mean = SEM.

Results

We began our examination by experimenting with different
points of boiling during the homogenization procedure to
determine if any steps in this procedure alter a-AMPK
phosphorylation. Boiling samples denatures the proteins
rendering enzymes, including the kinases and phosphatases
that alter a-AMPK phosphorylation, inactive. Therefore, if
changes in o-AMPK phosphorylation occur during the
homogenization procedure, varying the point during the
procedure when the samples are boiled could identify a step
that alters «-AMPK phosphorylation. Mice were killed by
cervical dislocation and the heads were immediately frozen
in liquid nitrogen. Brains were dissected while still frozen in
order to minimize any changes in phosphorylation that may
result from elevations in temperature occurring during the
dissection. Brains were homogenized on ice in homogeniza-
tion buffer containing phosphatase and kinase inhibitors and
immediately centrifuged and aliquoted. One set of samples
was boiled immediately, another set of samples was mixed
with Laemmli buffer containing B-mercaptoethanol and
boiled, and the final set was frozen at —80°C overnight and
then thawed on ice and subsequently mixed with Laemmli
buffer containing B-mercaptoethanol and boiled. The results
of these studies are presented in Fig. 1.

Immediate boiling without addition of Laemmli buffer
containing [B-mercaptoethanol precipitated out all of the
protein and there was no detectable phosphorylated a-AMPK
or total o-AMPK. Freezing the homogenized samples
overnight with a subsequent thawing on ice prior to adding
Laemmli buffer containing B-mercaptoethanol and boiling
increased phosphorylation of a-AMPK approximately eight-
fold (p < 0.01, Student’s #-test) but did not significantly alter
total a-AMPK (p > 0.05, Student’s #-test). Therefore, freeze/
thawing samples prior to denaturation led to a large increase
in the phosphorylation of a-AMPK that reflects how the
samples were handled and not a biological change. That total
a-AMPK stays the same indicates that freeze/thawing
specifically increases the phosphorylation state of a-AMPK.

Having demonstrated that tissue preparation can alter
a-AMPK phosphorylation, we next assessed if method of
killing can also affect a-AMPK phosphorylation. We com-
pared mice killed with focused microwave irradiation versus
mice that were killed by cervical dislocation. The focused
microwave irradiation protocol we used raises the core brain
temperature to 90°C in less than 1 s (O’Callaghan and Sriram
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Fig. 1 Freeze/thawing increased a-AMPK phosphorylation. Western
blots were run for the phosphorylated form of «-AMPK (black bars) or
total a-AMPK (gray bars) including both the phosphorylated and non-
phosphorylated forms. The quantified data of all the samples are
shown in (a). Immediate boiling of samples precipitated out both the
phosphorylated o-AMPK and total a-AMPK (first column). Freeze/
thawing of samples between the homogenization step and the step
where Laemmli buffer with B-mercaptoethanol is added and the
samples are subsequently boiled increased phosphorylated o-AMPK
but did not alter total a-AMPK (compare middle column to last column).
A representative blot is shown in (b) with a sample that was immedi-
ately boiled shown on the first lane, and a sample with Laemmli and f3-
mercaptoethanol without (middle lane) and with (last lane) freeze/
thawing.

2004) and, therefore, rapidly inactivates enzymes in the brain
and effectively denatures proteins in vivo. For the cervical
dislocation group, heads were dropped into liquid nitrogen
and then kept on ice until the brains were easily removable so
the brain dissection would be similar to that of the mice
killed with focused microwave irradiation. We also assessed
if a-AMPK phosphorylation in samples taken from mice
killed with these two methods was altered by freeze/thawing.
All samples were homogenized on ice with homogenization
buffer containing kinase and phosphatase inhibitors (as
performed in the experiments shown in Fig. 1). Similar to the
previous experiments, after homogenization and aliquoting,
Laemmli buffer with B-mercaptoethanol was added to one set
of samples which were then boiled immediately and one set
was frozen at —80°C overnight and then thawed on ice and
mixed with Laemmli buffer with [B-mercaptoethanol and
boiled. This was performed both for brains prepared from
mice that were killed by focused microwave irradiation and
from mice that were killed with cervical dislocation. The
results are presented in Fig. 2.
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Fig. 2 Focused microwave irradiation killing prevented the freeze/
thaw-induced increase in phosphorylation of a-AMPK. Western blots
were run for the phosphorylated form of a-AMPK (black bars) or total
o-AMPK (gray bars) including both the phosphorylated and non-
phosphorylated forms. The quantified data of all the samples are
shown in (a). In mice killed by cervical dislocation, there was an in-
crease in phosphorylated o-AMPK but no change in total a-AMPK
following freeze/thawing (compare the last two columns). In contrast,
there was no change in phosphorylated o-AMPK or total o-AMPK in
mice killed by focused microwave irradiation following freeze/thawing
(compare the first two columns). Furthermore, levels of phosphory-
lated a-AMPK were similar between mice killed with either cervical
dislocation or focused microwave irradiation in the absence of freeze/
thawing (compare the first and third columns). A representative blot is
shown in (b) with a sample from a mouse killed with focused micro-
wave irradiation in the absence and presence of freeze/thawing (first
two lanes) and a sample from a mouse killed by cervical dislocation in
the absence and presence of freeze/thawing (last two lanes).

For phosphorylated a-AMPK, a two-way ANOVA revealed
an interaction between method of killing and freeze/thawing
[F(1,11) = 101.5, p < 0.0001]. In mice that were killed by
cervical dislocation, phosphorylation of a-AMPK increased
approximately 12-fold (p < 0.01, Newman—Keuls test), sim-
ilar to what was observed in the previous experiment.
However, there was no significant difference in phosphory-
lation of a-AMPK following freeze/thawing in mice killed
with focused microwave irradiation. There was also no
significant difference in phosphorylation of o-AMPK
between mice killed with focused microwave irradiation or
cervical dislocation in the absence of freeze/thawing.

A two-way anNova for a-AMPK revealed only a main
effect of method of killing [F(1,11) = 5.8, p = 0.043], but no
significant interaction between method of killing and freeze/
thawing [F(1,11) = 2.3, p = 0.165], and no main effect of
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freeze/thawing [F(1,11) = 0.42, p = 0.533]. This indicated
that, averaging over freeze/thaw conditions, total a-AMPK in
samples from mice killed by cervical dislocation was higher
compared with samples from mice killed by focused
microwave irradiation (14.8 for cervical dislocation vs.
10.9 for microwave, mean difference of +4.0, 95% CI of
+0.2 to +7.8, a 36% increase). However, compared with the
12-fold increase in phosphorylated a-AMPK found in the
freeze/thaw condition in mice killed by cervical dislocation,
no analogous difference in total o-AMPK was found for
freeze/thaw in the cervical dislocation condition (mean
difference of —1.1, 95% CI of —4.8 to +2.7) In sum,
increased o-AMPK phosphorylation was found following
freeze/thawing in samples from mice homogenized on ice
and killed by cervical dislocation, but killing the mice with
focused microwave irradiation prevented the freeze/thaw-
induced increase in a-AMPK phosphorylation.

We also tested another homogenization procedure that
instead of using cold in an attempt to preserve phosphory-
lation, used heat and sonication to try to prevent enzymatic
activity and rigorously homogenize the tissue. In this
procedure, tissue was sonicated in 1% SDS at 90°C as
described (O’Callaghan and Sriram 2004). The design of this
experiment was identical to the previous experiment (as
shown in Fig. 2) with the exception of the tissue homoge-
nization procedure. The results are presented in Fig. 3.

For phosphorylated a-AMPK, a two-way ANova revealed
a main effect of method of killing [F(1,11) = 116.0,
p < 0.0001], but no significant interaction between method
of killing and freeze/thawing [F(1,11) = 0.31, p = 0.60] and
no main effect of freeze/thawing [F(1,11) = 0.97, p = 0.35].
Freeze/thawing did not increase phosphorylation of a-AMPK
in brains from mice killed with either cervical dislocation or
focused microwave irradiation when the tissue is sonicated in
hot 1% SDS. However, cervical dislocation increased
phosphorylation of a-AMPK approximately sixfold com-
pared with focused microwave irradiation in either the
presence or absence of freeze/thawing. A similar two-way
ANova for a-AMPK revealed a main effect of freeze/thawing
[F(1,11) = 11.4, p <0.01], but no significant interaction
between method of killing and freeze/thawing [F(1,11) =
0.13, p =0.73] and no main effect of method of killing
[F(1,11) = 3.2, p = 0.11]. This indicated that freeze/thawing
samples sonicated in hot 1% SDS decreased total a-AMPK.
However, there were no differences in total o-AMPK
between samples from mice killed with cervical dislocation
compared with focused microwave irradiation where there
was a sixfold change in phosphorylated a-AMPK. Further-
more, the decreases in total a-AMPK with freeze/thawing
were small (25% and 26%, for samples from mice killed
with focused microwave irradiation or cervical dislocation,
respectively) and were similar to the non-significant
decreases in phosphorylated a-AMPK (19% and 11%, for
samples from mice killed with focused microwave irradiation
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Fig. 3 Hot sonication prevented the freeze/thaw induced increase in
phosphorylation of a-AMPK in all groups but increased phosphoryla-
tion of a-AMPK in mice killed with cervical dislocation compared with
focused microwave irradiation. Western blots were run for the phos-
phorylated form of «-AMPK (black bars) or total a-AMPK (gray bars)
including both the phosphorylated and non-phosphorylated forms. The
quantified data of all the samples are shown in (a). Levels of phos-
phorylated o-AMPK were similar following freeze/thawing in mice killed
either by focused microwave irradiation (first two columns) or cervical
dislocation (last two columns). However, levels of phosphorylated
a-AMPK were higher in mice killed by cervical dislocation compared
with focused microwave irradiation in the absence (first and third
columns) and presence (second and last columns) of freeze/thawing.
A representative blot is shown in (b) with a sample from a mouse killed
by focused microwave irradiation in the absence (first lane) and
presence (second lane) of freeze/thawing and a sample from a mouse
killed by cervical dislocation in the absence (third lane) and presence
(last lane) of freeze/thawing.

or cervical dislocation, respectively). Therefore, freeze/
thawing samples sonicated in hot 1% SDS did not alter
phosphorylation of o-AMPK in mice killed with cervical
dislocation or focused microwave irradiation but levels of
o-AMPK phosphorylation were higher in mice killed by
cervical dislocation compared with mice killed with focused
microwave irradiation.

We have shown that killing of mice with focused
microwave irradiation prevents increases in phosphorylation
of a-AMPK that can occur during homogenization. One of
the difficulties, however, of killing by focused microwave
irradiation is that it ‘cooks’ the brain and makes homoge-
nization on ice in a conventional protein extraction buffer
difficult, providing a low total protein yield (3.4 pg/
pL £ 0.31 vs. 17.8 pg/uL + 0.49, for focused microwave
irradiation vs. cervical dislocation, respectively, p < 0.01).
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Furthermore, although addition of Laemmli and B-mercap-
toethanol and boiling of samples prior to freezing prevents
the artifactual increase in o-AMPK phosphorylation, these
samples may be difficult to use for other applications such as
immunoprecipitation as f-mercaptoethanol can interfere with
protein binding. These problems are prevented by sonication
in hot 1% SDS as there are comparable protein yields
between brains from mice killed with focused microwave
irradiation or cervical dislocation (10.7 pg/pL + 0.11 vs.
10.5 pg/pL £ 0.27, for focused microwave irradiation vs.
cervical dislocation, respectively, p > 0.05). Additionally, as
we have shown, killing of mice with focused microwave
irradiation and sonication in hot 1% SDS preserves a-AMPK
phosphorylation. Such samples can also be used for immuno-
precipitations.

In the process of preserving phosphorylation status of
o-AMPK by preventing artifactual increases because of
methodology, the preserved but lower signal is more difficult
to detect and could make identifying small differences
between groups very challenging. We addressed the issue of
signal magnitude by immunoprecipitating the o-1 and o-2
isoforms of AMPK. Immunoprecipitation offers two advan-
tages. First, increased amounts of total protein loaded on a
conventional western blot increase signal strength only to a
point after which signal can deteriorate. In our laboratory, we
have found the strongest a-AMPK signal when 10 pg of
protein is loaded per well beyond which the signal is
attenuated (M. Scharf and A. I. Pack, unpublished observa-
tions). Immunoprecipitation offers an advantage as much
higher amounts of total protein can be added to the reaction.
By running immunoprecipitated samples on a western blot
where there is only the immunoprecipitated products without
all of the excess protein that is loaded on a conventional
western blot, larger amounts of the protein of interest can be
used and therefore, immunoprecipitation can increase signal
strength. Second, selective activation of the different iso-
forms of a-AMPK occurs (for examples see Jensen ef al.
2007; Suzuki et al. 2007) and immunoprecipitation with o-1
or o-2 antibodies allows for elucidation of which isoform is
activated by phosphorylation. This is particularly important
because it has been suggested that measuring total o-AMPK
phosphorylation without isolating the o-1 or o-2 activities
may be too crude a measure and may not be sensitive enough
to identify true differences in AMPK activation (Jensen et al.
2007).

We, therefore, carried out immunoprecipitations for the
o-1 and o-2 isoforms of AMPK in brains from mice killed
with focused microwave irradiation and sonicated in hot 1%
SDS. The data are presented in Fig. 4 with different values of
Odyssey Integrated Intensity on the y-axis compared with the
earlier figures reflecting the range of values observed for the
different immunoprecipitations. Thus, the y-axis on this and
other figures cannot be directly compared. Progressive
increases in total o-AMPK as well as phosphorylated
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Fig. 4 Immunoprecipitation of the o-1 and «-2 subunits of AMPK in
samples from mice killed with focused microwave irradiation and
sonicated in hot 1% SDS. The quantified data of all the samples are
shown in (a and c). Immunoprecipitations of the a-1 (black bars) or
a-2 (gray bars) subunits of AMPK with increasing amounts of protein
were carried out and samples were then probed for o-AMPK
(including both phosphorylated and non-phosphorylated forms) as
shown in (a) and phosphorylated o-AMPK as shown in (c). As a
control, a sample was run with no antibody and no signal was
observed (last column on a and c) verifying the specificity of the
reaction. A representative blot of one set of samples probed with total
a-AMPK is shown in (b) and phosphorylated a-AMPK is shown in (d).
Note the values on the y-axis. With 600 pg of protein (second to last
column on a and c), values are higher compared with regular western
(Fig. 3a second column). No signal was observed in a control reac-
tion which is run with no antibody demonstrating the specificity of the
reaction (last column, a and c).

Journal Compilation © 2008 International Society for Neurochemistry, J. Neurochem. (2008) 105, 833-841



o-AMPK are observed with increasing amounts of total
protein. Stronger signals are observed for the o-2 isoform of
AMPK which likely reflect that o-2 is the predominant
isoform expressed in the brain (Turnley et al. 1999).
Interestingly, with 600 pg protein, the a-2 signal is appre-
ciably larger than the samples run by a conventional western
for both a-AMPK (31.3 vs. 6.4 Odyssey Integrated Intensity)
and phosphorylated o-AMPK (2.29 vs. 0.74 Odyssey
Integrated Intensity). As a control, samples were run with
no antibody and no signal was observed confirming the
specificity of the immunoprecipitation.

Discussion

The activity of many enzymes can be altered by phosphor-
ylation. Phosphorylation of an enzyme can be decreased by
phosphatases or increased by kinases. In vivo, kinases and
phosphatases modulate activity of enzymes by altering
phosphorylation state. However, alterations of measured
phosphorylation can also result from the way the animals are
killed and the tissue dissected, and hence do not necessarily
reflect in vivo phosphorylation. As mentioned previously, the
cAMP-response element binding protein and extracellular
signal-regulated kinase 1/2 display markedly reduced phos-
phorylation in mice killed with decapitation compared with
focused microwave irradiation (O’Callaghan and Sriram
2004) and glycogen synthase kinase-3 is rapidly dephospho-
rylated following decapitation (Li et al. 2005). These
changes were suggestive of continued post-killing activity
of phosphatases. We questioned if phosphorylation of
o-AMPK depends on how animals are killed and how the
samples are prepared. We argued that assessing the phos-
phorylation state of this enzyme would be particularly
challenging as it will not only be affected by post-killing
activity of phosphatases but also by changes after killing in
AMP and ATP which have profound effects on phosphor-
ylation of AMPK. In order to assess phosphorylation state of
o-AMPK, we ran western blots specific for the phosphory-
lated form of a-AMPK and also for total a-AMPK including
both phosphorylated and non-phosphorylated forms. All
samples were denatured by boiling prior to running the
western blots. Denaturing renders enzymes catalytically
inactive and therefore kinases and phosphatases can no
longer alter phosphorylation. We also tested another method
of rendering enzymes inactive by heating, focused micro-
wave irradiation. The focused microwave irradiation protocol
we used rapidly heats the brain to 90°C in less than 1 s and
therefore destroys enzymes rapidly at the moment of killing
(O’Callaghan and Sriram 2004).

We found that freeze/thawing samples following homog-
enization on ice substantially increases phosphorylation of
o-AMPK in mice killed by cervical dislocation. This freeze/
thaw-induced increase in o-AMPK phosphorylation is
blocked by killing of mice by focused microwave irradiation.
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Sonication of brains in hot 1% SDS prevents the freeze/thaw-
induced increase in o-AMPK phosphorylation but leads to
increased phosphorylation in samples from mice killed with
cervical dislocation compared with focused microwave
irradiation. The difference in a-AMPK phosphorylation in
samples from mice sonicated in hot 1% SDS and killed with
cervical dislocation compared with focused microwave
irradiation is most likely because the brains of mice that
were killed with cervical dislocation still contain enzymes
that have not been denatured and the brain gradually heats up
during sonication in hot 1% SDS so that it is briefly exposed
to temperatures that are suitable for enzymatic reactions. This
seems especially likely given the size of the samples,
allowing for the ‘core’ of a given piece to warm slowly
before finally being denatured. It is unlikely that killing of
mice with focused microwave irradiation alters oa-AMPK
phosphorylation per se as similar levels of phosphorylated
o-AMPK were observed in samples of mice killed with
focused microwave irradiation and mice killed with cervical
dislocation in the absence of freeze/thawing when samples
were homogenized on ice. Immunoprecipitation of samples
allows for isolation of the different isoforms of o-AMPK,
and by using increased amounts of protein beyond what can
be loaded in a conventional western blot, increases signal
strength.

If the enzymes that alter o-AMPK phosphorylation are not
inactivated and o-AMPK phosphorylation changes in a
manner that does not reflect the biological condition of the
animal at the time of killing, variability is introduced that will
mask true differences that are occurring. This is poignant as
the freeze/thaw-induced increases in a-AMPK phosphoryla-
tion observed in our study were between 8 and 12-fold. It is
casy to see how such a large increase will mask smaller
changes that occur between conditions in vivo. Furthermore,
although we did not assess which aspect of freeze/thawing
increased o-AMPK phosphorylation, i.e. the freeze/thawing
itself or the increased time between homogenization and
denaturation, we did demonstrate that differences in pro-
cessing samples can alter a-AMPK phosphorylation. Thus,
slight differences in handling between control and experi-
mental groups may lead to artifactual changes in observed
o-AMPK phosphorylation. Therefore, the potential exists for
both type 1 errors, concluding that there is an effect where
there truly is not, and type 2 errors, concluding an absence of
an effect where there really is one.

A similar finding to ours is that assessment of phosphor-
ylation of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase, one of the downstream targets of AMPK, is
sensitive to the method of dissection. When liver is extracted
from live, anesthetized mice using a technique known as
‘cold-clamping’ where the tissue is frozen between two metal
plates in situ, phosphorylation of HMG-CoA reductase is
preserved at its lower level, presumed to reflect the in vivo
amount (Easom and Zammit 1984a,b). This led to the
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proposal that it is imperative to use cold-clamping for
assessment of phosphorylation of HMG-CoA reductase to
prevent postmortem rises in phosphorylation (Hardie et al.
1989). This is consistent with what we observed. Increased
phosphorylation of HMG-CoA reductase observed without
cold-clamping might be because of the increased phosphor-
ylation of a-AMPK that we are reporting.

Changes in both AMPK and HMG-CoA reductase with
killing are different than that reported for other enzymes, i.e.
there is increased phosphorylation, not decreased phosphor-
ylation as produced by the continued action of phosphatases
which has been reported for several enzymes and proteins
(O’Callaghan and Sriram 2004; Li et al. 2005). We believe
the most likely explanation for the methodological-induced
increase in a-AMPK phosphorylation is continued activity of
upstream kinases that is enhanced by the altered AMP/ATP
ratio at killing. We know that the AMP/ATP ratio increases
following killing of rats by decapitation compared with
focused microwave irradiation (Delaney and Geiger 1996)
and that LKBI1, one of the upstream kinases of AMPK,
increases phosphorylation of a-AMPK in response to an
increase in AMP/ATP ratio (Hawley et al. 2003; Woods
et al. 2003; Shaw et al. 2004). Enzymatic inactivation either
by focused microwave irradiation or immediate denaturation
of samples from mice killed with cervical dislocation and
homogenized on ice blocks further increases in phosphory-
lated a-AMPK. These findings support the postulate that the
phosphorylation of a-AMPK that is observed in the absence
of enzymatic inactivation is due to action of the upstream
kinases of AMPK.

ANOvA revealed a small increase in total o-AMPK in
samples from mice killed by cervical dislocation and homog-
enized on ice compared with focused microwave irradiation
and a small decrease in total a-AMPK following freeze/
thawing in mice sonicated in hot 1% SDS. The changes in
phosphorylated o-AMPK cannot be explained as a result of
changes in total a-AMPK. First, as there is a clear difference in
a-AMPK phosphorylation in mice killed by cervical disloca-
tion following freeze/thawing in samples homogenized on ice
where there is no difference in total o-AMPK (Figs. 1 and 2,
last two columns), it is obvious that these changes in
phosphorylated o-AMPK cannot result from changes in total
o-AMPK. Second, as the changes we observed in a-AMPK
phosphorylation in samples sonicated in hot 1% SDS were
only between mice killed with focused microwave irradiation
compared with cervical dislocation where no changes in total
o-AMPK were observed, the increased phosphorylated
o-AMPK also cannot result from increased total a-AMPK.
The large-magnitude changes in a-AMPK phosphorylation
are not because of changes in total a-AMPK.

The sample sizes used in this study were small (n = 3) and
therefore geared toward identifying large differences. The
reason we opted for small sample sizes was because we were
searching for major changes in a-AMPK phosphorylation
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that could occur with killing and tissue preparation. It is
possible that small differences do exist that we did not
identify. However, as our purpose was to assess large-scale
changes in a-AMPK phosphorylation, we believe the sample
size was appropriate.

The addition of kinase and phosphatase inhibitors to the
homogenizations performed on ice was not sufficient to
prevent increases in o-AMPK phosphorylation following
freeze/thawing. Perhaps these inhibitors were not at a
sufficient concentration to be effective or were simply not
suitable for AMPK. It is possible that more selective
inhibition of the upstream kinases of AMPK may allow for
blocking the freeze/thaw-induced increase in o-AMPK
phosphorylation. There are two known upstream kinases of
AMPK, LKBI and calcium/calmodulin-dependent protein
kinase kinase [. STO-609 inhibits calcium/calmodulin-
dependent protein kinase kinase B activity (Tokumitsu et al.
2002) but no known chemicals directly inhibit LKBI
activity. Therefore, at this point there are no appropriate
chemicals to stabilize AMPK. Additionally, compounds may
not effectively reach the cellular compartments of the cells
where AMPK is located in a manner sufficient to block
artifactual AMPK phosphorylation.

In conclusion, we have demonstrated how o-AMPK
phosphorylation can change dependent on method of killing
and tissue preparation. We propose that killing of mice by
focused microwave irradiation followed by homogenization
in hot 1% SDS is the optimal strategy for measurement of
o-AMPK phosphorylation. First, the rapid heating of the
brain renders enzymes catalytically inactive and blocks the
artifactual increase in AMPK phosphorylation. Second,
samples can then be used for applications such as immuno-
precipitation, which allows for identification not only of
o-AMPK activation, but also which isoform of a«-AMPK is
activated by phosphorylation and provides a stronger signal.
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