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Ultrasensitivity, hysteresis (a form of biochemical memory),
and all-or-none (digital) responses are important signaling
properties for the control of irreversible processes and are well
characterized in the c-Jun N-terminal kinase (JNK) system using
Xenopus oocytes. Our aim was to study these properties in the
AMP-activated protein kinase (AMPK) signaling system under
stress conditions that could engage a cell death program, and
compare them to the JNK responses. After characterization of
Xenopus AMPK, we show here that the response to antimycin
(nonapoptotic) was slightly cooperative and graded (analog) in
individual oocytes, whereas the response to sorbitol (which
induced cytochrome c release and caspase activation) was ultra-
sensitive, digital in single cells, and without hysteresis, hall-
marks of a monostable system. Moreover, initial graded
responses of AMPK and JNK turned into digital during a critical
period for the execution of the cell death program, although
single cell analysis did not show complete correlation between
AMPK or JNK activation and cytochrome c release. We propose
a model where the life or death decision in the cell is made by
integration of multiple digital signals from stress sensors.

The energy level in a cell/organism is probably the most
remarkable vital constant and must be tightly regulated or cell
death programs will otherwise be engaged. The AMP-activated
protein kinase (AMPK)? is an energy sensor (activated by a high
AMP/ATP ratio) and a homeostatic regulator of cellular ATP
levels, taking central stage in orchestrating cell metabolism (1).

Stress sensors should have, to function efficiently, ultrasen-
sitive properties to respond to small changes in the important
parameters of cell survival. In addition, all-or-none (digital)
responses, at a single cell level, and sustained activation when
the stimulus has disappeared (also named hysteresis) may be
important properties of stress sensors in regulating cell death
(2).

Mammalian AMPK is a heterotrimeric complex consisting of
a catalytic a-subunit and regulatory - and y-subunits. AMPK
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is activated by AMP in two ways, both antagonized by high
concentrations of ATP. Binding of AMP to the 7y-subunit
induces: 1) allosteric activation that can account for a 5-fold
increase in the activity, and 2) phosphorylation of the a-subunit
at Thr-172 (in human), which is essential for activity and causes
a much marked activation (3). The combination of the two
effects causes a >1000-fold increase in kinase activity (4). The
protein kinases LKB1 and CaMKKe/f have been reported to
phosphorylate the AMPK a-subunit at Thr-172 (1, 5). This sig-
naling system is a clear example of multistep sensitivity, which
arises when a signal molecule (AMP) affects more than one step
in a cascade (allosteric activation and phosphorylation). In
addition, the AMPK upstream kinases have a very low K, for
AMPK (6), a phenomenon referred to as zero-order ultrasensi-
tivity (7). In practice, the ultrasensitivity of a system is reflected
in a stimulus/response curve with a very steep upstroke. These
properties of the AMPK signaling system may be very impor-
tant to maintain energy levels in the cell within narrow limits
and can be useful for filtering noise. Although there is one
report supporting that AMPK is an ultrasensitive system (6), no
further research has considered its significance in the control of
cell death as well as other important signaling properties asso-
ciated with ultrasensitivity, such as hysteresis and all-or-none
responses.

It is well known that ultrasensitive systems embedded in a
positive feedback loop have the potential to exhibit bistable
behavior, switching between discrete stable steady states with-
out being able to rest in intermediate states (8, 9). The three
hallmarks of a bistable system are: 1) strong ultrasensitivity, 2)
digital response at the individual cell level, and 3) hysteresis.
Examples of such systems are JNK and the mitogen-activated
protein kinase (MAPK) cascades, implicated in oocyte matura-
tion and maybe in apoptosis (2, 10). The hallmarks of a monos-
table system are the same, but without hysteresis.

Because AMPK is an energy sensor, it seems reasonable that
the AMPK cascade would transmit at the individual cell level
graded (analog) information about the energy status of the cell.
In fact, AMPK can be considered part of a negative feedback
loop because AMPK activation (by a high AMP/ATP ratio) reg-
ulates multiple steps in metabolism to restore ATP levels in the
cell, which in turn down-regulates AMPK activity. However,
sustained activation of AMPK by some stimuli has been consid-
ered a pro-apoptotic signal (11, 12). Because cell death is an
all-or-none irreversible process, it may be more appropriate for
the AMPK cascade in this situation to exhibit a digital (all-or-
none) response to trigger cell death.

Here, we analyze the sensitivity, the grade of hysteresis, and
the single cell response of the AMPK system under different
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stress conditions that could engage a cell death program. We
performed experiments with Xenopus oocytes, a suitable model
for discerning the character of a signaling response, as has been
previously reported for INK and MAPK cascades. Based on our
results, we propose that commitment to cell death will occur
after integration of multiple digital responses from stress pro-
tein kinases.

EXPERIMENTAL PROCEDURES

Stage VI oocytes were obtained as described under supple-
mental data and used in the experimental protocols described
below.

Oocyte Lysis and Western Blot Analysis—Frozen or fresh
oocytes (for cytochrome ¢ release measurement) were lysed by
pipetting up and down in 16 ul (individual oocytes) or 100 ul
(pools of 10 oocytes) of ice-cold extraction buffer (0.25 m
sucrose, 0.1 M NaCl, 2.5 mm MgCl,, 20 mm HEPES, pH 7.2)
containing 1 mm EDTA, 1 mm EGTA, protease inhibitors (10
pg/ml leupeptin, 1 mm phenylmethylsulfonyl fluoride, 10
pg/ml aprotinin), and phosphatase inhibitors (50 mm B-glycer-
ophosphate, 50 mm sodium fluoride, 1 mm sodium orthovana-
date, 5 mMm sodium pyrophosphate). Samples were clarified by
centrifugation at 14,500 rpm for 5 min, and supernatants were
collected and processed for immunoblotting or caspase assay as
described below. The whole supernatant (in individual oocytes)
or 24 ul (for the pool of oocytes) were denatured with sample
buffer (50 mm Tris-HCI, pH 6.8, SDS 2%, 100 mM dithiothreitol,
10% glycerol) and subjected to 10 or 12% SDS/PAGE and trans-
ferred to Immobilon-P membranes (Millipore). Uniformity of
samples loading was verified by Ponceau (Sigma) staining of the
blots. Membranes were blocked for 1 h with 5% dried skimmed
milk in TBST (50 mM Tris, 150 mm NaCl, 100 mm KCl, pH 7.4,
and 0.1% Tween 20) and then incubated with the following
polyclonal antibodies: anti-pAMPKa (Thr-172) (2531), anti-
AMPKa (2532), anti-AMPKp1/2 (4150), anti-pACC (Ser-79)
(3661), anti-ACC (3662), anti-pJNK (Thr-183/Tyr-185) (9251),
anti-JNK (9252), and anti-cleaved caspase-3 (Asp-175) (9661)
(Cell Signaling). Polyclonal anti-LKB1 was kindly provided by
Dr. J.M. Lizcano (Institut de Neurociéncies, Universitat
Auténoma de Barcelona). Release of cytochrome ¢ from the
mitochondria to the cytosol was measured from fresh oocytes
lysed and analyzed by Western blot, as previously described,
using polyclonal anti-cytochrome ¢ (sc-7159, Santa Cruz Bio-
technology). Three human antibodies were tested against
Xenopus AMPKy without positive results: polyclonal anti-
AMPKy1/2/3 (FL-331) (sc-25793, Santa Cruz Biotechnology),
monoclonal anti-AMPKvy1 (ab32508, Abcam), and polyclonal
anti-AMPK~y2 (HPA004246, Sigma). Antibody binding was
detected with horseradish peroxidase-coupled secondary anti-
body and the enhanced chemiluminescence (ECL) detection kit
(Amersham Biosciences).

Oocyte Injection—QOocytes were microinjected near their
equator with 50 nl of neutralized AMP (40 mm) or ATP (40 and
80 mwm), getting a final concentration of 2 and 4 mwm, respec-
tively. Pools of 20 oocytes were collected after 1 h, lysed, and
analyzed by Western blot as previously described.

Immunoprecipitation—Qocytes were lysed by pipetting up
and down in buffer containing 50 mm Tris-HCI, pH 7.5, 1 mm
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EDTA, 1 mM EGTA, with protease and phosphatase inhibitors
as previously described. Samples were clarified by centrifuga-
tion at 14,500 rpm for 5 min, and the supernatant was collected.
Extracts (100 pg of protein) were incubated with 10 ul of
packed protein G-Sepharose, prebound to 0.5 ul of antibody,
for 1.5 h at 4 °C on a roller mixer. Precipitates were washed
twice with lysis buffer containing 0.5 M NaCl, and twice with
buffer A (50 mm Tris-HCI, pH 7.5, 0.1 mm EGTA, 0.1% B
mercaptoethanol), suspended in SDS sample buffer, boiled
for 5 min, and subjected to electrophoresis on a 10% polyac-
rylamide gel.

RT-PCR—RNA was extracted from oocytes with p-aminosal-
icylic acid (PAS), SDS, and phenol/chloroform (13). 250 ng of
total RNA were reverse-transcribed using RevertAid M-MuLV
Reverse Transcriptase (Fermentas) following the manufactur-
er’s instructions. PCR reactions were performed in a total vol-
ume of 50 ul, with 3 ul of cDNA product, 0.2 mMm dNTP, 20 um
of each primer (Sigma), and 0.5 units of Taq polymerase (Roche
Applied Science). The PCR products were run on a 1% agarose
gel containing ethidium bromide and sequenced to confirm
correspondence to the Xenopus AMPK subunits.

Assay for DEVDase Activity—Caspase-3 activity was meas-
ured in terms of assayed DEVDase activity. From each cytosolic
fraction, 25 ul (corresponding to 2.5 oocytes) were assayed for
DEVDase activity using the synthetic peptide Z-DEVD-AMC
from EnzChek® caspase-3 assay kit (Molecular Probes). Fluo-
rescence at 360 nm for excitation and at 460 nm for emission
was measured after incubation for 30 min at 37 °C.

RESULTS

Expression and Subcellular Localization of Xenopus AMPK
in the Oocyte—The different subunits of Xenopus AMPK con-
served all the domains and the specific amino acids that have
been described in mammals to be relevant for catalytic activity,
complex formation, and for several regulatory roles (see supple-
mentary data and Fig. S1, A-C). We analyzed the expression
and localization of Xenopus AMPK subunits in the oocyte, our
cell model of study. We detected by RT-PCR the mRNAs for
al-, B1-, and yl-subunits in stage VI oocytes (Fig. 14). In a
second amplification from the product of the first PCR, we
could also detect 82 and y2 mRNAs (data not shown). Using the
commercially available antibodies against the human AMPK
a-subunit and the human AMPK $1/82-subunits, we detected,
by Western blot, proteins of the expected molecular mass (62
and 36 kDa for a- and 3-subunits, respectively, Fig. 1B, lane 1).
Immunoprecipitation with commercial antibodies for the
mammalian a-, -, and y-subunits only gave positive results
using the anti-human AMPK (1/2 antibody, coimmunopre-
cipitating the a-subunit (Fig. 1B, arrow, lane 3). Unfortunately,
none of the commercial anti-AMPK v antibodies assayed (see
“Experimental Procedures”) detected the Xenopus y protein
either in the oocytes or in the cell line XL-177, derived from
tadpole epithelium (data not shown).

To determine the subcellular localization of AMPK, we ana-
lyzed cytoplasmic and nuclear (germinal vesicles) fractions pre-
pared from Xenopus oocytes. The cytosolic proteins acetyl-
CoA carboxylase (ACC), which is a substrate of AMPK, and
XEEK], the ortholog of LKB1 in Xenopus (14), were used as
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FIGURE 1. AMPK expression and localization in Xenopus oocytes. A, total RNA isolated from Xenopus
oocytes (stage VI) was subjected to RT-PCR using specific primers for each subunit. Three AMPK subunits (a1,
B1, y1) were detected. The right lane (M) corresponds to a DNA marker. B, coimmunoprecipitation of a-subunit
with B antibody. Cytosolic extracts (100 wg) were incubated with commercial antibodies (1 wl) for the a-, 8-,
and +y-subunits. After washing several times, a- and B-subunits were detected by Western blot. (OE, oocyte
extract without immunoprecipitation; IgG, negative control; the arrow indicates the B-subunit and the asterisk
an immunoglobulin band). C, subcellular localization of Xenopus AMPK. Oocyte nuclei (germinal vesicles) (Nuc)
were manually dissected from mature oocytes (OE) and separated from the cytoplasm (Cyt). Various protein
extracts (equivalent of one oocyte, one cytoplasm, or ten nuclei) were analyzed by Western blot with antibod-
ies against AMPKa and the cytosolic proteins ACC and XEEK1. The oocyte number is indicated between the
parentheses. D, antimycin induces phosphorylation of cytosolic AMPKa. Oocytes were treated with antimycin
(1.5 ng/ml) for 2 h, then lysed, and separated in three different fractions: total extract (OE), cytosolic fraction
(Cyt), or nucleus obtained by manual dissection (Nuc). Western blot was performed using an antibody against
total AMPKa or its phosphorylated form (pAMPKa) at Thr-184. All the results are representative of, at least,

three independent experiments.

controls of subcellular purification. As shown in Fig. 1C, the «
AMPK subunit is mainly detected in the cytoplasm, with a small
portion present in the nucleus (notice that we are comparing 1
cytosol with 10 nuclei). When we quantified the relative
amount of a-subunit from several Western blots, we estimated
that only 2.6% of the total protein was present in the nucleus
(supplemental Fig. S1D). Incubation of Xenopus oocytes with
antimycin induced phosphorylation of the a-subunit in the
cytosol (detected with an antibody against human phospho-
AMPKa Thr-172), but not in the nucleus (Fig. 1D). In conclu-
sion, the above results demonstrate that AMPK is expressed in
Xenopus oocytes and is preferentially located in the cytosol.
Xenopus AMPK Is Activated by Stress and AMP—Next, we
addressed whether Xenopus AMPK is activated by different
stimuli, previously reported as activators of the mammalian
AMPK. It is well known that AMPK activation correlates
closely with the extent of phosphorylation of Thr-172 (15, 16).
Another marker of AMPK activation is the phosphorylation of
ACC at Ser-79, a cellular target of AMPK (17). We determined
AMPK and ACC phosphorylation in oocytes treated with met-
formin, antimycin, sodium azide plus 2-deoxy-D-glucose
(SAD), and hyperosmolar sorbitol. Metformin is reported to
increase cytosolic AMP concentration (18). Antimycin and
SAD are reported to decrease ATP levels in Xenopus oocytes
(19). Osmotic stress has been considered to activate AMPK
independent of AMP/ATP changes (20); however, in Xeno-
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release and caspase activation in
the oocytes (Fig. 2F), whereas anti-
mycin, SAD, or metformin did not,
even after a long incubation. In con-
clusion, the above results show that
Xenopus AMPK is regulated in the
oocyte similar to the mammalian
ortholog, making this system an
ideal model in which to study
AMPK signaling properties.

Hyperosmolar Sorbitol Induces
an Ultrasensitive Response of
AMPK—After characterization of
Xenopus AMPK in the oocyte, we used this cellular system to
compare the sensitivity of response to two different stress stim-
uli: hyperosmolar sorbitol (apoptotic) and antimycin (nonapo-
ptotic). Phosphorylation of Xenopus AMPK in the regulatory
site (Thr-184) was well correlated with phosphorylation of
ACC (a target of AMPK) (supplemental Fig. S2, A-D). Simi-
larly, the overall activity of JNK is well correlated with dual
phosphorylation at Thr-183 and Tyr-185 (22, 23). JNK is acti-
vated by hyperosmolar sorbitol (24) and shows an ultrasensitive
digital and bistable response (2), serving as a control to compare
the AMPK signaling properties. Therefore, we quantified the
ratio pAMPK/AMPK and pJNK/JNK and referred to these val-
ues as AMPK and JNK activity, respectively.

First, we examined the AMPK response to antimycin or sor-
bitol as a function of time. Antimycin and sorbitol increased
AMPK activity to plateau levels within 2 and 3 h, respectively,
remaining high through at least 6 h (Fig. 3, A and C). Antimycin
did not activate JNK, but sorbitol increased the phosphoryla-
tion of JNK, reaching a plateau at 2 h and remaining high for at
least 6 h (Fig. 3E). Next, we performed dose-response experi-
ments at 4 h, a clear steady-state situation. The Hill coefficients
obtained were 1.53 and 5.26 for the AMPK in response to anti-
mycin and sorbitol, respectively, and 8.84 for JNK in response
to sorbitol (Fig. 3, B, D, F).

In conclusion, these results indicated that the response of
AMPK to hyperosmolar sorbitol is ultrasensitive, whereas the
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FIGURE 2. AMPK activation in Xenopus oocytes by cellular stress and AMP. Oocytes (stage VI) were treated
with: (A) antimycin (1.5 ng/ml), (B) SAD (sodium azide (3 mm) and 2-deoxy-b-glucose (2 mm)), (C) metformin (2
mm), and (D) sorbitol (0.5 m) at different times, as indicated at the top of the figure. AMPK activity was measured
by Western blot using antibodies against pAMPK and pACC. As controls, total ACC and AMPK were visualized.
All results are representative of, at least, three independent experiments. E, Xenopus AMPK activation by AMP
and inhibition by ATP. 50 nl of neutralized AMP or ATP were injected in the oocytes at different concentrations,
and 1 h later, whole extracts were obtained and analyzed by Western blot with antibodies against pACC, ACC,
pAMPK, and AMPK. As a control, some oocytes were also injected with 50 nl of H,O (C). The final nucleotide
concentration in the oocyte, after injection, is indicated in the figure. This result is representative of three
independent experiments. F, sorbitol induces cytochrome c release and caspase-3 activity. Oocytes were incu-
bated with: sorbitol (0.5 m) for 2 h; or antimycin (1.5 ng/ml), SAD (sodium azide (3 mm) and 2-deoxy-b-glucose
(2 mm)) and metformin (2 mm) for 8 h, and cytochrome c release was analyzed in the cytosolic extracts by
Western blot. Caspase-3 activity was determined as the concentration of fluorescent AMC formation from
Z-DEVD-AMC substrate and represented as arbitrary units of caspase-3 activity; giving the value of 1 to non-
treated oocytes (control). Results are represented as mean = S.E. of three independent experiments.

system under both stress condi-
tions: antimycin and hyperosmo-
lar sorbitol.

Nontreated individual oocytes
have a basal AMPK activity between
0and 20% of the maximum, whereas
JNK activity was practically 0 (con-
sidering that 100% activity is the
value obtained with maximum
stimuli concentration) (Fig. 4, A and
B). An intermediate sorbitol con-
centration (200 —250 mm) produced
a bimodal distribution of both
AMPK and JNK activities, with few
oocytes exhibiting intermediate lev-
els, whereas those incubated with
400 mMm sorbitol exhibited maxi-
mum activities (Fig. 4, A and B).
Interestingly, in the oocytes where
JNK activation was maximum, the
p49 variant disappeared and was
accompanied by an increase in the
p40 variant, which was also phos-
phorylated (Fig. 4B). In contrast, the
individual oocyte response to the
intermediate antimycin concentra-
tion (0.1 pwg/ml) exhibited interme-
diate levels (40%) of AMPK activity
and was maximum (80 -100%) at 1.5
pg/ml (Fig. 4A, bottom). Therefore,
the response of AMPK to antimycin
was graded at the level of individual
oocytes. The digital or graded
response of AMPK in individual
oocytes with sorbitol and antimy-
cin, respectively, was also observed
at the level of ACC phosphoryla-
tion, a target of AMPK (supplemen-
tal Fig. S2, E-F).

In conclusion, the above results
clearly show that the response of
AMPK and JNK to hyperosmolar
sorbitol is all-or-none in character
at the level of individual oocytes,
whereas the response of AMPK to
antimycin is graded.

Monostability in the AMPK Sig-
naling System to Hyperosmolar

response to antimycin is only slightly cooperative. As expected,
JNK showed a high Hill coefficient, confirming the ultrasensi-
tive response previously described (2).

Digital (All-or-None) Response of AMPK to Hyperosmolar
Sorbitol in Individual Oocytes—The ultrasensitive responses
observed at the level of a population of oocytes could be due to
either individual oocytes exhibiting graded (analog) responses
or to individual oocytes with all-or-none (digital) responses, as
previously reported for JNK (2). Thus, we examined the char-
acter (graded or all-or-none) of the response of the AMPK
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Sorbitol—All-or-none responses can arise from an ultrasensi-
tive monostable signaling system with a high Hill coefficient or
from a bistable signaling system, which should exhibit some
degree of hysteresis. Because the response of JNK to sorbitol in
Xenopus oocytes is bistable (2), we analyzed the degree of hys-
teresis in the AMPK signaling system and compared it with
JNK.

When we examined the reversibility of the AMPK and JNK
response in pools of oocytes incubated for 4 h and washed and
returned to normal buffer, we found an important difference
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FIGURE 3. AMPK and JNK are ultrasensitive to hyperosmolar sorbitol. A, time course of AMPK activation to
antimycin. Oocytes (stage VI) were treated with antimycin (1.5 ug/ml) and lysed at different times to analyze
AMPK activity by Western blot. Results are represented as the pAMPK/AMPK ratio, giving the 100% value to the
highest activity. B, dose response of AMPK to antimycin. C, time course of AMPK activity to sorbitol (400 mm).
Results are expressed as indicated above. D, dose response of AMPK to sorbitol. £, time course of JNK activity to
sorbitol (400 mm). Two bands (p49 and p40) were measured and summed. JNK activity is expressed as the
pJNK/JNK ratio, giving the 100% value to the highest activity. F, dose response of JNK to sorbitol. Results are
represented as mean = S.E. of five independent experiments. The Hill coefficient (nH) was calculated with the
SAS 9.1 informatics program and represented with the GraphPad Prism 4 program. Western blots are from
representative experiments.

between both signaling systems:
AMPK activity returned to basal
levels 4 h after washing, whereas
JNK activity remained constant
during that period (Fig. 54). There-
fore, we can conclude that AMPK is
an ultrasensitive monostable sys-
tem. Surprisingly, we found hyster-
esis in the response of AMPK to
antimycin (1.5 pg/ml) (Fig. 5B). It
has been reported that antimycin can
be bound to Complex III in a specific
and irreversible manner, although no
covalent linkages are involved in the
binding (25). Therefore, the hystere-
sis observed in response to antimycin
is very likely a consequence of this
irreversible binding.

As shown at the bottom of Fig.
5A, 300 mMm sorbitol induced cyto-
chrome c release, caspase-3 cleav-
age, and capase-3 activation at 4 h of
treatment (at 2 h in other experi-
ments, but never earlier), which
remained high even after washing
the oocytes and returning them to
normal buffer (see arrow in Fig. 5A).
Antimycin, in contrast, did not
induce cytochrome c¢ release nor
caspase activation (Fig. 5B), indicat-
ing that a sustained activation of
AMPK is not sufficient to induce
apoptosis in Xenopus oocytes.

We also observed in the pool of
oocytes, in agreement with previous
results from individual oocytes, that
hyperosmolar sorbitol induced a
change in the level of [NK variants at
4 or 5 h after treatment, depending
on the experiment. Thus, the JNK
p49 variant disappeared and was
accompanied by an increase of the
p40 variant, which was also phos-
phorylated (Fig. 54, bottom). This
change was always correlated with
caspase activation, and it was pro-
tected by the broad inhibitor of
caspases, Z-VAD.fmk (data not
shown).

In conclusion, AMPK shows a
monostable response to hyperos-
molar sorbitol, in contrast to the
bistable response of JNK. Moreover,
a sustained activation of AMPK
(obtained with antimycin treat-
ment) is not sufficient to engage a
cell death program in Xenopus
oocytes.
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FIGURE 4. Digital response of the AMPK system to hyperosmolar sorbitol. A, AMPK activity from individual oocytes treated with sorbitol or antimycin.
Oocytes were incubated for 4 h with different concentrations of sorbitol or antimycin, and AMPK activity was measured by Western blot. Results are repre-
sented as the pAMPK/AMPK ratio, taking as maximum activity (100% value), the oocytes treated with 400 mm sorbitol or 1.5 wg/ml antimycin, respectively (M).
B, JNK activity in individual oocytes incubated with various concentrations of sorbitol. Oocytes were incubated for 4 h, and JNK activity was measured by
Western blot. Results are expressed as the pJNK/JNK ratio, taking as maximum activity (100%) the value obtained with 400 mm sorbitol (M). Results are the pools
of four independent experiments. Each box represents one individual oocyte. The Western blots show representative experiments.
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The Digital Response of AMPK and JNK Is Time-dependent—
The digital response of both AMPK and JNK to hyperosmolar
stress was measured 4 h after treatment (Fig. 4). Because hyper-
osmolar sorbitol induced release of cytochrome ¢ and activa-
tion of caspase-3 between 2 and 4 h, depending on the experi-
ment (data not shown), we considered whether that period was
critical for the nature of the response.

As shown in Fig. 64, the incubation of Xenopus oocytes
with intermediate concentrations of sorbitol (200 or 250
mM) for 2 h induced intermediate levels of activity for both
AMPK and JNK in the individual oocytes. Fig. 6B shows a
representative Western blot of AMPK and JNK response to
different concentrations of sorbitol after 2 or 4 h of treat-
ment in individual oocytes. It is clear that the pattern of
activation is graded at 2 h but digital at 4 h. Therefore, we can
conclude that the period of 2—4 h is important for the induc-
tion of the digital response by hyperosmolar stress. Because
this critical period is characterized by cytochrome c release
and caspase-3 activation, we incubated the oocytes for 4 h in
the presence or absence of the broad inhibitor of caspases,
Z-VAD.fmk. The digital response was observed for both
AMPK and JNK, even in the presence of the caspase inhibitor
(data not shown); thus, indicating that digital responses are
time but not caspase-dependent.

Finally, we addressed whether AMPK and JNK responses are
correlated with cytochrome c release at the level of individual
oocytes. We incubated the oocytes with 200 mm sorbitol for 4 h
(the time necessary to generate digital responses) and analyzed
the activation of AMPK and JNK, the release of cytochrome c,
and cleavage of caspase-3 by Western blot. As shown in Fig. 6C,
release of cytochrome ¢ was not always accompanied with
AMPK activation (arrow 1), and JNK activation did not always
induce cytochrome c release (arrows 2 and 3); thus, indicating
that digital responses of both AMPK and JNK are not com-
pletely correlated with cytochrome c release. A model that may
explain these results is proposed in Fig. 7.

DISCUSSION

In this work, we first characterized Xenopus laevis AMPK
and have shown that it is regulated similarly to the mammalian
ortholog. Xenopus AMPK is mainly located in the cytosol and is
activated by different stimuli, all previously described to
increase the AMP/ATP ratio in the cell. Xenopus oocytes are an
excellent model for biochemical studies at the single cell level.
Here we have investigated three basic properties of the AMPK
signaling system under apoptotic or non-apoptotic stimuli: 1)
the sensitivity of the system, 2) the nature of this response (ana-
log or digital), and 3) the degree of hysteresis.
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FIGURE 6. AMPK and JNK digital responses are time-dependent but not
correlated with cytochrome c release and caspase-3 activation. A, AMPK
and JNK activities in individual oocytes treated with intermediate concentra-
tions of sorbitol (200 and 250 mm, respectively) for 2 h. Activity was measured
by Western blot, as described previously, and the results expressed as the
pAMPK/AMPK and pJNK/JNK ratio, taking as maximum activity the value
obtained with 400 mm sorbitol. B, individual oocytes treated with different
concentrations of sorbitol for 2 or 4 h. pAMPK, AMPK, pJNK, and JNK were
determined by Western blot. C, oocytes treated with 200 mm sorbitol for 4 h.
pPAMPK, AMPK, pJNK, JNK, cytochrome c release, and cleaved caspase-3 were
determined in individual oocytes by Western blot. Arrows indicate no corre-
lation between AMPK and JNK activation or cytochrome c release.

Itis clear that the AMPK system shows differential sensitivity
depending on the stimuli: highly ultrasensitive to hyperosmolar
stress but moderate to antimycin. The variability of response

FIGURE 5. Monostability in the AMPK signaling system. A, time course of AMPK and JNK activation in pools of oocytes treated with 300 mm sorbitol. After 4 h
of treatment (arrow), oocytes were washed several times with modified Barth’s saline (MBS) medium and maintained in MBS without sorbitol. Pools of oocytes
(10) were collected at different times, and Western blot was performed to determine pAMPK, AMPK, pJNK, JNK, cytochrome ¢, and cleaved caspase-3. AMPK
and JNK activities were expressed as the pAMPK/AMPK and pJNK/JNK ratio, respectively, giving the 100% value to the highest activity. Results are the mean =
S.E. of four independent experiments. Westerns blots are from representative experiments. Caspase-3 activity was determined as the concentration of
fluorescent AMC formation from Z-DEVD-AMC substrate and represented as arbitrary units of caspase-3 activity. Results are the mean = S.E. of three inde-
pendent experiments giving the value of 1 to the nontreated (control) oocytes. B, time course of AMPK activation in pools of oocytes treated with antimycin (1.5
ng/ml). After 4 h of treatment (arrow), the oocytes were washed several times with MBS and maintained in MBS without antimycin. Pools of oocytes (10) were
collected at different times and pAMPK, AMPK, cytochrome ¢, and cleaved caspase-3 were analyzed by Western blot. AMPK activity is expressed as the
pAMPK/AMPK ratio, giving the 100% value to the highest activity. Results are the mean = S.E. of three independent experiments. The Western blots are from
a representative experiment. Caspase-3 activity was determined as described in A, and results are the mean = S.E. of three independent experiments.
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FIGURE 7. A digital model for initiation of the cell death program. Single
cellresponse to stress (hyperosmolar sorbitol) is ultrasensitive and graded for
2 h, and then a critical period starts where the activity achieved is compared
with specific threshold levels during each protein kinase. Kinase activity
under the threshold level returns to basal state, whereas activation over the
threshold level remains high in the critical period. When we analyze individ-
ual oocytes at 4 h, a digital response is obtained, but at 2 h the response is
analog. The cell would integrate multiple digital signals (PK X represents one
or more protein kinases) for the critical period evaluating whether to triggera
cell death program. Ultrasensitivity and hysteresis are signaling properties
that facilitate the digital response, but hysteresis is not presentin all signaling
systems (e.g. AMPK). Ultrasensitivity is an efficient system for stress sensors to
control the initiation of cell death, whereas hysteresis may be important for
the progression of the death program.

could be due to the activation of different signaling pathways.
We have shown that hyperosmolar sorbitol induced the JNK
pathway, cytochrome c release, and caspase activation, whereas
antimycin did not. Therefore, antimycin and hyperosmolar sor-
bitol could activate the AMPK cascade by different mecha-
nisms (AMP/ATP levels, regulation of the phosphatase or the
upstream kinases, etc), thus producing the different sensitivity
of response. Ultrasensitive responses can convert graded inputs
into more abrupt and switch-like outputs (8, 26) and may be an
efficient method to control initiation of cell death. In our model
(Fig. 7), we propose that the ultrasensitive responses allow a
rapid activation of sensors, which become transitory or perma-
nent, depending on specific threshold levels for each sensor.
The AMPK response in individual oocytes was graded or
all-or-none depending on the stress stimuli. Antimycin
induced a graded response, whereas hyperosmolar stress, a dig-
ital response in a time-dependent manner (at 4 h it was digital,
but at 2 h it was graded). What determines whether some
oocytes will achieve the maximum activity or return to basal
levels (that is, the individual variability of response) is not clear
but could be a consequence of cell to cell variation in metabolic
conditions or protein content (AMP/ATP levels, free radical
formation, stress sensors, or caspase content, etc.) that would
determine certain threshold levels above which the original
response remains high (Fig. 7). The correlation between AMPK
and JNK activation and cytochrome c release at a single cell
level is not perfect, suggesting that additional factors may play a
role in the initiation of cell death. We propose that commit-
ment to cell death is taken in the critical period where graded
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responses turn into digital and after integration of the multiple
digital responses form stress sensors (schematized as protein
kinase X in Fig. 7).

Here we have shown that the ultrasensitive response of
AMPK to hyperosmolar stress is monostable, not exhibiting
hysteresis. A monostable system requires the continuous pres-
ence of a stimulus to remain in its “on” state, and when the
stimulus is removed, the system returns to the “off” state. This
means that AMPK is not embedded in a positive feedback loop.
In fact, AMPK is a regulator of cellular ATP levels, forming part
of a negative feedback loop to maintain energy homeostasis.
The JNK response in the oocyte to hyperosmolar sorbitol was
digital and showed hysteresis, as previously described (2). JNK
is, thus, a bistable system, and a positive feedback loop was
predicted according to the results obtained in cytoplasmic
transfer experiments (2). Because it is well known that caspase
activation can engage different feedback loops (27-29), JNK
bistability to hyperosmolar sorbitol could be a consequence of
caspase activation.

One question that naturally arises from our results is whether
AMPK (and JNK) activation is important for cell fate decision
(life or death). The effects of AMPK on apoptosis are complex.
In some situations, AMPK appears to prevent the process (30—
32), whereas in others AMPK appears to induce it (11, 12, 33).
Equally, JNK can have a pro- or anti-apoptotic role depending
on the stimuli or the tissue (34, 35). Several studies suggest that
a sustained activation of JNK could induce apoptosis (35, 36)
and that a transitory activation could be protective for the cell
(36). Our study shows that sustained activation of AMPK (anti-
mycin treatment) is not sufficient to induce apoptosis in Xeno-
pus oocytes. We also show that AMPK and JNK activation is not
completely correlated with cytochrome c release and caspase-3
activation. We suggest that the AMPK and JNK cascades ini-
tially transmit at a single cell level graded analog information
about how stressful a cell environment is, and after a certain
threshold level is reached, the response becomes all-or-none
(digital). The life or death decision would be taken after inte-
gration of the available “digital” information from different
stress sensors, generated in a critical period, and followed by
cytochrome c release, caspase activation, and engagement of
positive feedback loops (Fig. 7).

In conclusion, in this work we have characterized Xenopus
AMPK, and we have measured important signaling properties
of the system, namely sensitivity, hysteresis, and single cell
response under different stress conditions. We show that the
response of AMPK to hyperosmolar sorbitol, a stimulus that
induces apoptosis, is ultrasensitive, digital, and monostable. We
propose that integration of multiple digital responses from
stress sensors will trigger the cell death program.
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