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SUMMARY

In order to understand if a2-AMPK isoform is a friend or a foe in the protection of the
myocardium against ischemia-reperfusion injury, we studied the functional consequence of its
deletion on the contractility, the energetics, and the respiration of the isolated perfused heart
and characterized the response to low flow ischemia and reperfusion. Alpha2 deletion did not
affect basal contractility, respiration and high energy phosphate contents despite a 2 fold
reduction in glycogen content and a 3 fold reduction in glucose uptake. Low flow ischemia
(LFI) increased AMPK phosphorylation and stimulated glucose uptake and phosphorylation
in both a2-KO and WT. The high sensitivity a2-KO to the development of ischemic
contracture was attributed to the constitutive impairment in glucose transport and glycogen
content and not a perturbation of the energy transfer by creatine kinase (CK). The functional
coupling of MM-CK to myofibrillar ATPase and the CK unidirectional fluxes were indeed
similar in a2-KO and WT. LFI impaired CK flux by 50% in both strains, suggesting that a2-
AMP does not control CK activity. Despite the higher sensitivity to contracture, the post
ischemic contractility recovered to 60% of its control in both a2-KO and WT. This could
partly result from a low cost of contractility in the a2-KO. In conclusion the a2-AMPK is
required for a normal glucose uptake and glycogen content which protects the heart from the
development of the ischemic contracture but it is not required for optimal post ischemic
recovery of systolic activity in the absence of fatty acids.

Key words. glucose uptake, energetics, rigor, creatine kinase, *'P NMR spectroscopy,

energetic cost of contractility
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I ntroduction

AMPK is a mgor energetic sensor in the mammalian cell and regulator of cardiac
metabolism, AMPK activation switches on the ATP synthesis pathways and inhibits the ATP
consuming pathways (for recent reviews (14), (57).

Despite numerous investigations, and as stated by (14) the question of “AMPK activation
being an ally or an enemy in the protection against ischemic damage” is still controversial. On
one side AMPK activation may be beneficial due to increased ATP production by stimulation
of glucose uptake, glycogenolysis and glycolysis as well as fatty acid oxidation (14). As a
result a chronic decrease in AMPK activity could induce energy deficiency and impair cardiac
contractile function during an ischemia reperfusion challenge. However AMPK activation
may be detrimental during post ischemic reperfusion due to the stimulation of fatty acid
oxidation which inhibits glucose oxidation. It was indeed proposed that AMPK potentially
contributes to post ischemic mechanical deficiency and reperfusion injury by uncoupling
glycolysis from glucose oxidation (43): this would promote acidosis and could lead to
overload the cell in sodium and calcium by sarcolemmal ionic exchanges. In this sense
AMPK deficiency could be predicted to attenuate myocardial damage of the post ischemic
heart. Activators of AMPK as AICAR are not fully selective, thus a knock out of the alpha2
catalytic unit, the main cardiac a isoform is a model of choice for the study of the role of a2
AMPK in the cardiac response to ischemia.

The modd of a2-AMPK knockout, a2-KO (55), results in complete abolition of the cardiac
a2 activity without compensation by al isoform. In this mouse, a2 deletion accelerated the
development of the ischemic contracture in global ischemia, but did not alter the post
ischemic contractile recovery (58). An early rise in the ischemic contracture has already been
observed in other transgenic models: the overexpression of dominant negative a2 kinase, DN

(56) or the a2 kinase dead, KD, models (42). However, a mgjor difference compared to our
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accompanying study showing preserved contractile recovery (58), is the increased apoptosis
and poor post ischemic contractility of the KD mutant which lead the authors to conclude that
the activation of alpha2 AMPK plays an important protective role in limiting the damage of
IR episodes.

The myocardium depends for its contractility on the continuous adequacy in the flux of ATP
synthesis, ATP transport (mainly by creatine kinase) and ATP utilization (mainly by the
ATPases of the myofilaments and sarcoplasmic reticulum). The ischemic contracture results
from the imbalance between the anaerobic ATP synthesis and ATP utilization which inhibits
the myofibrillar ATPase activity by increasing ADP concentration (52), although calcium
overload may contribute to its development (47). The ADP concentration is controlled at the
level of myofibrils by the activities of the ATPase and of the MM Creatine kinase (MM-CK)
bound to the myofibrils in its vicinity (52). Early rise in contracture can thus be related to a
higher energetic requirement of the ATPases, to a decreased rate of glycolysis, to a decreased
glycogen content or glycogenolytic flux, to an impaired transfer of energy by creatine kinase
or to a defect in bound MM CK (15), (51). Because activation of AMPK by ischemia
stimulates glucose transport at the sarcolemma and glycolysis by activation of 6-
phosphofructo-2-kinase (PFK2) leading to PFK1 stimulation (41), (35), the decreased in
AMPK activation in the a2-KO might impair the stimulation of glycolytic ATP synthesis and
be harmful to the myocardium.

During early reperfusion, AMPK helps fatty acid oxidation to predominate over glucose
oxidation. AMPK phosphorylates and inactivates acetyl-CoA carboxylase (ACC), decreasing
the concentration of malonyl-CoA, the inhibitor of fatty acid transport into the mitochondria.
In this sense the decreased activation of AMPK may be beneficial to the post ischemic

contractile function.
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Our aim was to characterize the consequences of a2-AMPK deletion on the basal and
ischemic heart function and to investigate some of the mechanisms involved in its response to
an ischemia reperfusion (I-R) insult. We chose the low flow ischemia (LFI) model which
better ssmulates the conditions prevailing in an infracted region than global ischemia: during
an acute occlusion of the left anterior descending coronary artery collateral flow still
represents 10-40% of the baseline flow in the infarct zone. Pyruvate was used as substrate
because its oxidation is efficient in LFI (33) and moreover as an antioxidant pyruvate allows
to study the role of AMKa2 in conditions minimizing the complex and not fully understood
interference of oxygen and nitrosyl radicals with AMPK activity.

The consequences of a2 deletion on the contractility, oxygen consumption and energetics
were firstly assessed in basal normoxic condition: we found uncompromised energetics and
performance of the myocardium. In order to characterize the response of the a2-KO to low
flow ischemia (LFI) and reperfusion we followed the time change of phosphorus metabolites
and the stimulation of glucose transport and phosphorylation by LFI. Because Creatine Kinase
(CK) has early been shown to be potentially regulated by AMPK activation both in vitro and
in isolated skeletal muscle myofibrils (39); it could have been expected that AMPK deletion
would alter its activity. However the deletion of a2-AMPK had no consequence on the global
CK flux, measured by NMR magnetization transfer in normoxia, on the ischemic impairment
of CK flux or on the function of MM-CK bound to myofibrils. Finaly our results suggest that
the maintenance of contractile performance of the a2-KO heart might be related to the lower

energetic cost of its contractility.

M ethods

Animals
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Nine months old mae a2 AMPK KO (-/-) and WT (+/+) were obtained by crossing
heterozygote a2 AMPK (-/+) (55). The genotype of the offspring was checked by polymerase
chain reaction PCR on DNA extracted from the tail. The animals were fed ad libitum a
standard chow except for the estimation of glucose transport and phosphorylation in which the
animals were fasted for 12 to 18 hours. The investigation was conducted in accordance with
our institutional guidelines defined by the European Community guiding principlesin the care
and use of animals and French decree no. 87/848 of October 19, 1987. Authorizations to
perform animal experiments according to this decree were obtained from the French Ministry

of Agriculture, Fisheries and Food (no. 7475, May 27, 1997).

Perfused heart

Mice were anesthetized by intraperitoneal injection of urethane (2 mg/g). The heart
dissection was performed in a solution containing low Calcium (0.4mM) and high glucose
(15mM). The perfusion solution contained (in mM): Na 143; K 6; Ca1.8; Mg 1; mannitol 1.1;
Hepes 20, glucose (11 mM) and pyruvate (2 mM) and was oxygenated with 100 % O,. pH
was adjusted to 7.35 at 36.5 °C. Hearts were perfused at a constant flow of 2.5mL.min™ the
average flow value measured in the same hearts perfused at a constant pressure (see (58). To
ensure adequate oxygenation and thermoregulation the silicon perfusion line was surrounded
by circulating water continuously bubbled with 100% O2 at 36.5°C down to the heart. A latex
balloon inserted in the left ventricle chamber was inflated to maximal isovolumic condition of
work (end diastolic pressure of 58 mmHg). The on-line measured parameters were heart rate
(HR, in beatsmin™), left ventricle systolic developed pressure (LVP), end diastolic pressure
(EDP), coronary pressure (al pressure expressed in mmHg). Contractility was estimated as
the rate pressure product (RPP, expressed in 10*.mmHg.beatsmin™). Hearts were freeze

clamped to measure their ATP, Phosphocreatine (PCr) and glycogen contents (in
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nmol.mg.prot™) and to assess the state of AMPK phosphorylation at the end of control, LFI
and reperfusion periods.
NMR spectroscopy

3P NMR spectra were acquired on a Inova Varian a 9.4 T wide bore magnet in 10
mm diameter tubes using a 80° pulse angle f, 4 K data points acquisition, a spectral width of
10000 Hz, an acquisition time of 0.205 s, a repetition time of 2s, 32 scans, zero filling to 8 K
and line broadening of 30 Hz. After 10 min of equilibration, 4 partially saturated spectraand a
fully relaxed spectra (repetition time 10s) were acquired. Stability of the preparation was
checked by comparing control spectra acquired before and after the magnetization transfer
experiment. any heart showing more than 10 % variation in its metabolite content was
discarded. In a pilot study we found the kinetics of depletion of PCr during global
normothermic ischemia to be too fast for accurate detection and PCr content to low to allow
the determination of CK flux. WT and KO hearts, freeze clamped in control, showed similar
ATP contents measured by spectrofluorimetry, the average ATP content, (19.0 £ 0.5 nmol.mg
prot™ ' n=10) was used as a reference for the NMR quantification of PCr, Pi and 2DG6P
concentrations after correction for incomplete magnetic relaxation as described previously
(23). A cytosolic water volume of 2.72 pL. mg. protein® was used to calculate the
concentrations. Free cytosolic ADP was calculated from the equilibrium of CK (apparent
equilibrium constant Kegek= 166. 10°%PH)  Free AMP concentration was [AMP] =
[ADP]% Kegak/[ATP] (using the adenylate kinase equilibrium constant K egax=1.05 (31) and

the free energy of ATP hydrolysiswas A atp= Ao +RT In[ATP]/[ADP].[Fi].

Kinetics of Creatine kinase
CK forward flux (PCr? ATP) was assessed by Time Dependent Saturation Transfer

(TDST) of gATP under control as previously described (6), [(49). Briefly 24 scans fully
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relaxed spectra repetition time =10s) were acquired by blocs of 8 scans cycling 3 times
through the whole protocol. Six spectra acquired with gATP saturation (duration O to 4s)
allowed measuring the PCr relaxation time, T1pcr and the apparent rate constant ks, of the CK
reaction. The average control Tipc, values were similar in both groups (3.1 £ 0.5and 3.2 + 0.4
sin WT, n=12 and KO, n=11 respectively). To reduce experimental time and because Tipc; IS
unchanged by low flow ischemia, steady state saturation of gATP was applied in low flow
ischemia. kior Was determined from the ratio Mss’Mo= 1/[1+k:sor T1IPCr)] (Mss and Mo were
the magnetization of PCr in the presence and absence of a 4s saturation of gATP, Tlpcr =
3.1s). CK forward flux, the product of ki, and PCr concentration, was expressed in mM.s ™.

Glucose transport and phosphorylation was assessed by following the transport and
phosphorylation of 2-D-deoxyglucose (2DG, 5mM) in presence of pyruvate (5mM). Inorganic
phosphate (1mM) was added to the perfusate to prevent phosphorus depletion occurring in
this protocol. After 25 min of control perfusion, 2DG was infused and the rate of apparition of

2-Deoxy-D-glucose-6-phosphate (2D G6P) was assessed during 15min (7 spectra)

L ow flow I schemia protocols

After 10 min of equilibration in isovolumic condition of work, the stability of
metabolite content was checked for 15 min and CK flux assessed by TDST followed by 2
control spectra. Low flow ischemia was induced by reducing flow to 10% of its control
(LFl40) for 30 min to assess the time change of phosphorus metabolites and pH;. Metabolic
steady state was reached after 12min of LFlyo and CK flux measured by SSST followed by 2
control spectra. Some of the hearts were freeze clamped to estimate AMPK phosphorylation.
Flow was further reduced to 5% of control (LFls) for 15 min and restored to its control value
for 35 min (R: reperfusion) before freeze clamping (KO, n=6; WT, n=6). For the

determination of ischemic glucose transport and phosphorylation, the same hearts used to
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determined control 2DG6P accumulation were submitted to LFlio for 25 min (10 spectra) to

assess ischemic stimulation in each individual heart.

Respiration and energetic yield

Oxygen consumption (QO,) was measured in parallel experiments out of the magnet using the
same LFI reperfusion protocol. QO2 was measured on line from the difference in oxygen
content in incoming (aortic Pa02) and outgoing (pulmonary artery, PvO2) perfusate using
oxymeters (Stratkhelvin Inst., Glasgow) and Clark electrodes equipped with fast O,-
permeable membranes in thermoregulated chambers. QO, was expressed in pmoleO,.min.g
WW'™. The energetic yield was estimated by analyzing the relationship of steady state QO2 to
RPP in the same protocol of ischemia-reperfusion (WT, n=6; KO, n=6). To assess a wider
range of contractile performance, a group of 6 WT and 6 KO hearts was submitted to beta
stimulation by stepwise increases in isoprenaline concentrations (namely [1SO] = 10°M, 10°
°M, 3.16.10°M, 10°M, 3.16.10%M and 10'M ). This group was perfused under constant
pressure (75mmHg) at a lower externa Ca concentration (Ca,=1mM) to prevent calcium
overload and fibrillation. Coronary flow was continuously measured by a T106 flowmeter
equipped with a IN probe (Transonic System Inc, Ithaca, NY USA). Steady state values of
RPP and QO2, obtained 10 min after the change in [ISO], were used to estimate the energetic

yield by the linear regression between QO, and RPP

Intrinsic contractile properties of myofilaments

Mouse hearts were perfused under control condition (n= 4) or submitted to 10 minutes
global ischemia after stabilization (n=4). Muscle fiber bundles were dissected from LV
papillary muscles in arelaxing solution (pCa= -log 1/[Ca] = 9, see solutions below), incubated

for 45 min at 4 °C with 1% Triton X-100 to solubilize the membranes and transferred to
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relaxing solution at 4 °C until use. For ischemic fibers preparation and experiments, the
solutions contained okadaic acid (100 nM) to inhibit phosphatases. After connection to aforce
transducer (model AE 801, SensoNor Microelectroniks), sarcomere length was adjusted to
dack length and stretched by 20%. All experiments were performed at 22 °C. Solutions,
prepared as previously described (52), contained (in mM): EGTA: 10; imidazole: 30; Na':
30.6; Mg®*, 3.16; dithiothreitol: 0.3. lonic strength was adjusted to 0.16 M with potassium
acetate, and pH to 7.1 with acetic acid. Relaxing solutions contained MgATP: 3.16 mM, PCr:
12 mM pCa 9. Activating solutions contained same metabolites and pCa ranged from 9 to 4:
active force and sensibility to Ca was determined under isometric conditions by stepwise
decrease in pCa until maximum tension was reached. Rigor solutions contained ATP ranging
from pMgATP 6 to 2.5 at pCa 9. Rigor force and sensitivity to ATP were assessed by
stepwise decrease in pPMgATP while MM CK functional activity was assessed by the same
protocol in the presence of PCr 12mM to activate myofibrillar bound CK.

Tension was expressed in mN.mm™ and data were fitted using a nonlinear fit of the

Hill equation (Microcal Origin software, version 6.0).

Expression and phosphorylation of AMPK

Freeze-clamped hearts were kept in liquid nitrogen until their homogenization in a
lysate buffer containing TRITON X-100: 0-1 %, and in mM HEPES: 50, KCI: 50, EDTA: 1,
EGTA: 1, beta-glycerol-phosphate: 5, orthovanadate: 1, DTT: 1, NaPPRi: 5, PMFS: 2, and a
cocktail of protease inhibitors (Calbiochem Set V EDTA free). Fifty ug of protein were used
for western blotting detection of AMPK isoforms using the polyclonal Phospho-AMPK-a
(Thr172) and AMPK-apan, antibodies (Cell Signaling) diluted at 1:500 and 1:1000
respectively. Samples were resolved by 8% SDS-PAGE, transferred to PVDF membranes

which were blocked with 3% skimmed milk and then probed overnight at 4°C with the
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antibody. HRP conjugated-donkey anti-rabbit secondary antibody (Santa Cruz) was used for
further detection by enhanced chemiluminescence (AMS). Sample loading was confirmed by
Coomassie dying of the gel after the transfer process. Quantification of signals was performed
using the Quantity-One software from Bio-Rad and arbitrary units were standardized by
loading a standard sample in every separated gel. For Glutl and Glut4 detection, 20 ug of
protein of total conventional extracts were probed with polyclonal anti Glutl and Glut4

antibodies (Chemicon) diluted at 1:1000.

Statistical analysis
All results are shown as mean + sem. T test was used to compare WT and a2-KO.
Variance analysis followed by a Student Newman Keuls test was used to compare control,

LFI and reperfusion in each group. A value of p< 0.05 was considered as significant.

RESULTS

Cardiac phenotype function and ener getics of the a2-KO hearts

As also found in younger mice (58) deletion of the a2 subunit did not modify the
expression of al protein, the a2 subunit was not detectable and the total AMPK protein level
was reduced by about 60% (not shown) in agreement with the known cardiac distribution of
a-isoforms. The characteristics of the animals were similar and no sign of cardiac hyper- or
hypotrophy was found in the a2-KO old mice (Table 1A) Thus, aging did not reveal
morphological consequences of the a2AMPK deletion in contrast with other transgenic

models (36),.

The contractile parameters, left ventricular developed pressure (LVP), heart rate (HR),

rate pressure product (RPP) and the coronary pressure were similar in AMPK KO and WT
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hearts (Table 1 B). The energetic status of the a2-KO did not differ from that of the WT heart
(Table 2), although a dlight non significant reduction in PCr could be observed in the former.
ATP, Pi, pHi, as well as the calculated indexes. free ADP and AMP concentrations and the
free energy of ATP hydrolysis (-Aatp) were similar in both strains. Oxygen consumption
(QO2) was dso similar both under constant flow or constant pressure perfusion conditions
(see further). However glycogen content was about two fold lower in the a2-KO than in the
WT. This shows that, apart from decreasing the glycogen reserve, the deletion of the a2
catalytic subunit had no major effect on the normoxic contractile respiratory and energetic

status.

Contractile and metabolite changesin low flow ischemia and reperfusion

The acceleration of the globa ischemic contracture reported in the accompanying
paper in the a2-KO could result from a defect in the anaerobic ATP synthesis pathways
(glycolytic or glycogenolytic), and/or in the energy transfer or buffering by creatine kinase.
Indeed both events inhibit the myofibrillar ATPase activity by increasing ADP concentration
(52). To understand the factors contributing to the acceleration of the ischemic contracture we
used a model of partia ischemia, reducing flow to 10% (LFl,0) and then to 5% (LFls) of its
control value, and followed the time course changes in phosphorylated compounds and pH; in
WT and KO hearts. The immediate drop in RPP induced by LFl;o (resulting from both
decreased LVP and HR, not shown) was similar in WT and a2-KO (Fig. 1). The end diastolic
pressure rose in 4 out of 9 a2-KO heart but in none of the WT heart. Due to the variability of
EDP rise in the a2-KO heart, the average EDP during moderate LFl1o was not significantly
different in both groups.

In terms of phosphorus compounds, the onset of LFl4, resulted in an immediate drop

in [PCr] followed by the establishment of a new steady state after about 10 min (allowing to
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measure CK flux, see further). Steady state [PCr] was not significantly different in a2-KO and
WT (Fig. 1), although its percent decrease was less pronounced in the a2-KO (down to 38 +
5% and 55 + 4 %, p<0.05 respectively, Fig. 2). [ATP] decreased monotonously to about 70%
of its control value in both strains and a similar moderate acidosis occurred (pHi was 6.87 £
0.05in KO and 6.91 + 0.09 in WT, ns). Despite these discrete changes, the PCr to ATP ratio
was less affected by ischemiain KO than in WT (1.38 + 0.05 and 0.92 + 0.09, respectively p
<0.001) and thus the free [ADP] increased largely in WT (146 = 21 uM) compared to a2-KO
(82 + 6uM, p<0.01, Fig. 2). Free AMP rose about 2 fold in a2-KO compared to 12 fold in WT
(to1.4 £ 2 uM and 4.4 £ 0.9 respectively p<0.01) The free AMP to ATP ratio increased by 3
fold and 17 fold, respectively. The glycogen content measured at the end of LFl;9, was
significant lower in a2-KO than in WT (3.4 + 0.8 and 9.7 + 1.5 pmol glucosyl unit.gFW™,
p<0.01). Due to remnant pyruvate oxidation, glycogen depletion was modest and the rate of
its utilization appears similar in both groups (about 0.12 pmol glucosy! unit. gFW™. min™).

To increase the metabolic challenge, flow was further reduced to 5% of control (LFls).
A significant ischemic contracture developed in all a2-KO hearts but only in one of the WT:
the average EDP rose by 28 + 8 and 5 + 2 mmHg respectively at the end of the 15min LFls
period, (p<0.05, Fig. 1). Metabolic changes were exacerbated in both a2-KO and WT: lower
[ATP] and pHi occurred in a2-KO (Fig. 1 and 2). As for moderate LFl,o ischemia, both the
accumulation of ADP and AMP as the increase in AMP to ATP ratio were modest in the a2
KO compared to the WT heart (Fig 2). For example free [AMP] roseto 1.8 £ 0.2 uM in a2-
KOvs6.7 £ 1.6 UM in WT (p<0.01). The lower global adenylate content observed in the a2-
KO, suggests the existence of a larger cellular efflux of adenylate moieties probably
contributing to the lower ADP and AMP concentrations of the a2-KO heart.

Upon reperfusion EDP further rose in both strains. Despite the exacerbation of

ischemic contracture, post ischemic systolic activity recovered to similar levelsin both a2-KO
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and WT (to about 60% of control, Fig. 1). ATP recovery was insignificant, as expected from
the leakage of purine bases occurring during ischemia and from the slow rate of purine
biosynthesis in the myocardium. The time course of PCr and pHi recovery appeared slower in
a2-KO than in WT. At the end of reperfusion period, the ATP concentration, the sum of
adenylates and pHi were significantly lower in a2-KO than in WT and did not recover to their
control value in a2-KO. AMP recovery was complete in both strains. The ischemia-recovery
protocol (I-R) induced similar leakage of cytosolic enzymes (LDH and AK) in both strains

while the mitochondria citrate synthase activity was unchanged (Table 4).

Creatine kinase activity and flux

To understand if alterations of creatine kinase fluxes participate in the early
development of contracture, CK function was evaluated. The specific activity of the enzymes
involved in energy transfer (CK, and adenylate kinase, AK) was unaltered by the a-2 deletion
(Table 4). The unidirectional forward CK flux (PCr = ATP) was measured by *'P NMR
saturation transfer in control and LFly (Fig. 3A). In control, the apparent rate constant k; and
the CK forward flux were similar in a2-KO and WT (average CK flux ca. 8.5mMoles™).
LFlyo induced a similar 50% impairment of CK flux in both strains. The decrease in CK
specific activity was expected from the well known leakage of cytosolic CK at reperfusion
(Table 4). Thusthe deletion of the a2-AMPK did not no alter global control and ischemic CK
fluxes, suggesting that the regulation of CK is not critically dependent on the presence of
a2AMPK isoform or on the ischemic stimulation of AMPK activity.

However, the preservation of global CK flux does not imply unaltered subcellular CK
function (24). Indeed the function of the MM-CK isoform bound to the myofilaments controls
the local ADP concentration responsible of the formation of rigor bonds in ischemia (53).

Because AMPK co-localizes with MM-CK in myofibrils and was early suggested to control
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its activity by phosphorylation (39), the absence of the a2-isoform could directly affect the
rigor properties of the myofibrils. The consequence of the a2 deletion on the activity of MM-
bound CK and the rigor properties of the myofibrils were assessed in triton-skinned fibers
isolated from normoxic or ischemic perfused hearts. Figure 3B shows the rigor force induced
by decreasing MgATP concentration and the sensitivity to ATP, (characterized by
PMgATPso: the pMgATP inducing half rigor force development). The sensitivity to ATP of
the rigor force was unaffected by a2-deletion (PMgATPso was similar in WT and KO, Table
4). Anindex of the functional activity of MM CK activity bound in the vicinity of the ATPase
is the shift in the apparent pMgATPso, induced by addition of PCr (54). The addition of PCr
induced a similar shift of pMgATPs, in WT and a2-KO (fig 3B, Table 4) showing that the
absence of @2 AMPK did not modify the functional activity of myofibrillar bound CK.
Contractile properties of fibers isolated from ischemic WT and a2-KO were similar to those
of their normoxic control (not shown). In conclusion our results show that the acceleration of
the ischemic contracture in the a2-K O is not due to an inhibition of the energy transfer and/or
buffering by CK or to an alteration of the function of MM-CK bound in the vicinity of

myofibrils.

Glucose uptake and phosphorylation

Because AMPK, as a metabolic switch, is involved in the control of glycolytic
activation under stress, we assessed the consequence of a2 deletion on glucose transport and
phosphorylation by following the phosphorylation rate of 2-deoxy-D-glucose by *'P NMR
spectroscopy in control and under LFlqo. Figure 4A presents a series of spectra obtained from
representative WT and a2-KO hearts perfused at normal flow before (spectrum a) and various
time after the addition of 2DG 5mM (spectrab, c, and d). In control flow, the accumulation of

2DG6P was 3 fold slower in a2-KO than in WT (0.2 + 0.1 and 0.6 + 0.1 nmol.min™~.mg prot™
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respectively p<0.05, Fig. 4B). Each individua heart was then subjected to 15 min of LFljo.
The rate of 2DG6P accumulation increased in both strains albeit to a lower level in a2-KO
than in WT (0.6 + 0.2 and 1.5 + 0.2nmol.min*.mg prot™, respectively p<0.01). Notice
however that the 3 fold ischemic stimulation of 2DG transport and phosphorylation was
similar in both mice (Fig. 4B). The defect in glucose transport and/or phosphorylation in the
control a2-KO is not due to a reduction in the expression of glucose transporters Glut 1 and
Glut4 (Fig. 4C). Thus, the a2 AMPK isoform is required for a normal glucose uptake and
glycogen content under normoxic condition although the stimulation of glucose uptake
occurring during ischemia seems to be independent on the presence of the a2 isoform. In
conclusion both the impaired glucose transport and phosphorylation and the low content in
glycogen could account for the early rise in ischemic contracture of the heart deleted in a2-

AMPK.

Phosphorylation of AMPK

Figure 5A shows western blot of total AMPK and AMPK phosphorylated in WT and
a2-KO hearts under control condition as well as the stimulation of phosphorylation by LFli
(both in the presence or in the absence of 2DG). In control condition, a very low basa
phosphorylation of total AMPK was found in a2-KO compared to WT. Low flow ischemia
(LFly0) significantly increased AMPK phosphorylation in both a2-KO and WT (Fig. 5C).
However phosphorylation of AMPK by LFlio was 3 fold lower in a2-KO than in WT and 6
fold lower in LFI in the presence of 2DG. Upon reperfusion, AMPK phosphorylation

decreased in both strains, remaining slightly higher than control in the a2-KO.

Energetic cost of contraction
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To understand how the contractility of the a2-KO heart can be similar to that of aWT,
we assessed their energetic cost of contraction. Indeed one of the strategies of the
myocardium submitted to a chronic stress is to improve the economy of its contraction
(44).The oxygen consumption (QO,) was continuously measured in a protocol of LFI-
reperfusion performed out of the magnet (Fig. 6A). Contractile response, RPP and rise in
EDP, were similar to those described in Fig. 1. QO, in basal condition although slightly lower
in a2-KO was not significantly different from WT (5.1 + 0.4 and 6.6 + 0.6 umolO,. min™.
gWW, respectively). QO2 during LFly, LFls and reperfusion were also similar in both
strains. The energetic cost of contractility (estimated by the slope of the relationship between
QO2 and contractility) tended to be lower in a2-KO than in WT, but the difference did not
reach significance. To anayze more precisely this relationship, higher contractile
performance was induced by 3-stimulation. Because perturbation of the urinary excretion of
catecholamines was previously described in this model (55), we first verified that the a2
deletion did not ater the response of the myocardium to catecholamines. The sensitivity to
isoprenaline (1SO) was similar in both strains as shown in Fig. 6 B (pooled value of ECsp =
4.9+0.5 .10°M 1S0O). Maximal stimulation, obtained in presence of 3.10°M 1S0, resulted in
non statistically different values of RPP (10.3 + 0.7 and 8.3 + 0.8 10* mmHg.beat.min™* in a2-
KO and WT respectively) and QO, (18.5 + 2.9 and 20.5 + 2.5 pmol O,. min™t. g&wwW™). Thus,
the a2-KO perfused in presence of glucose and pyruvate was not limited in its energy
production. However, the energetic cost of contraction, estimated from the slope of the linear
relationship between oxygen consumption and RPP was significantly lower in a2-KO than in
WT (Fig. 6 C, see legend for details). This favors the hypothesis that the a2-AMPK deletion
induced an improvement in the economy of contraction

In order to improve the economy of its contraction, a rodent heart under chronic stress

expresses slow isoform of myosin-ATPase, which consumes less ATP per force unit, or might
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change the activation properties of its ATPase. The isomyosin profile of the WT, shows a
pure V1 phenotype (100% fast type, WT n=9) as expected in a mouse heart, and this profile
was unaltered by the a2-AMPK deletion (a2-KO n= 8). The active tension and the calcium
sengitivity of the ATPase studied in triton skinned fibers are shown in Table 4. Both the
maximal active tension of myofibrils (at pCa 4.5) and the sensitivity of myofibrillar ATPase
to calcium activation were similar in a2-KO and WT (the half activation, pCasp, Was 5.64 +
0.03 in a2-KO and 5.55 + 0.03 in WT, ns). In conclusion the improvement in the economy of

contraction observed in a2-KO did not result from adaptations of the contractile machinery.
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DISCUSSION

The basal cardiac energetic status, contractility and respiration are unaffected by a2-
AMPK deletion. We found a dual effect of the a2 AMPK deletion on the contractile and
metabolic response of the myocardium submitted to alow flow ischemia-reperfusion episode.
We confirm that the a2 AMPK is more susceptible to the development of an ischemic
contracture. We show that this acceleration of contracture can be explained by a deficit in
energy synthesis resulting from both a constitutive impairment of glycogen stores and a
decreased glucose uptake and phosphorylation and not by an impairment of energy transfer.
The unaltered energy transport by creatine kinase and function of the MM bound CK, suggest
that the a2 AMPK does not control creatine kinase in the myocardium. A novel finding is that
the a2-AMPK deletion does not alter the post ischemic contractile function of an isolated

heart perfused in presence of glucose and pyruvate.

Contractility and ener getics of the nor moxic heart

Despite the 3 fold decrease in glucose uptake and phosphorylation observed in
presence of pyruvate (Fig. 4), the a2 AMPK deletion did not induce contractility defect as
also observed ex vivo and in vivo in the same transgenic model (58). This shows that the
presence of a2-AMPK isoform is needed for optimal normoxic glucose transport and
phosphorylation, athough it is not required for the expression of glut transporters (Fig. 4).
The similarity of the energy status of the a2-KO and WT heart indeed shows that the balance
of energy utilization and synthesis is unaffected by a2 deletion: thus the a2-KO heart is not an
energetically starved myocardium. One could argue that the contractility of the isolated
isovolumic perfused heart is low compared to the condition prevailing in vivo. However

steady state high levels of contractility (similar to that of a WT heart) can be supported even
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at maximal level of 3-stimulation when pyruvate and glucose are available (Fig. 5). A novel
interesting observation is that the a2-deletion induced an increase in the economy of
contraction. We showed that this does not result from the usual strategies developed by the
pathological rodent heart which tends to reduce the cost of its myofibrillar ATPase by
expression of a slow type myosin. Thus the a2-AMPK is not involved in the expression of
myosin or regulatory contractile proteins (as suggested by the similarity of Ca sensitivity of
the myofibrillar ATPase). Further investigation is needed to understand if the economical
contraction of the a2-KO results from a modification in Ca homeostasis, in excitation

contraction coupling and/or in mitochondrial efficiency.

Alpha2 AMPK protectsthe heart from theischemic contracture

LFI differs from global ischemia in two mgor ways. Degradation products (mainly
lactate, protons, adenosine...) are washed out of the cell enabling continuation of glycolytic
ATP production. Besides, due to the remnant oxygen supply, mitochondrial substrates
oxidation still occurs: even at very low flow (down to 3% of control), as much as a third of
the total ATP production originates from oxidative metabolism (33). Thus, both glycolytic
and oxidative ATP supplies concur to less severe bioenergetics defect in LFI than in global
ischemia which results in cessation of contractility, huge rise in end diastolic pressure and
drastic changes in high energy phosphates. A 30 minutes period of flow restriction down to
10% induced a moderate decrease in PCr, ATP, and pHi (as previously reported in the rat
heart (9) and rapidly resulted in a new metabolic and contractile steady state in both WT and
a2-KO. The increased susceptibility for the development of an ischemic contracture observed
in global ischemia (see (58)) was also evidenced in the low flow model (Fig. 1A): EDP rose
in the a2-KO hearts and hardly in WT. The development of the ischemic contracture results

mostly from an imbalance of the energy homeostasis leading to accumulation of ADP at the
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level of myofibrils, inhibition of ATPase and development of a rigor state (52). Neither the
sensitivity of myofilament to ATP nor the efficacy of bound creatine kinase was altered in
a2-KO. In this model calcium overload may contribute to the development of the contracture
(47), the Ca homeostasis was not assessed in the a2-KO hearts, thus a perturbation in the
activity of the Na, Ca and proton sarcolemmal exchanges or of the sarcoplasmic reticulum
(SR) Ca ATPase, can not be excluded. Indeed the abundance of glycogen in the vicinity of
SR, and the requirement of glycogenolytic and glycolytic activities for optimal SR function
(7) suggest that the consequence of the glycogen deficit on the SR function in the a2-KO isan
interesting field to be studied.

The imbalance in energy homeostasis can result from an increased energy demand, an
impairment of energy transfer by creatine kinase and/or a deficit in the anaerobic ATP
synthesis pathways. The hypothesis of an increased energy demand is eliminated by the
similarity of LFI contractility in a2-KO and WT (Fig. 1 and 6 A) and the absence of change in
the intrinsic contractile properties of the myofibrils (Table 4). The similarity of ischemic
creatine kinase fluxes (Fig. 3A) eliminates the hypothesis of a deficit in energy transfer by
CK. On the contrary, because AMPK has earlier been suggested to inhibit CK activity (39),
lower phosphorylation of AMPK in the ischemic a2-KO could have been expected to prevent
the ischemic decrease in CK flux. This was not observed (Fig. 3A). Thus, provided the al
isoform is not specifically implied in the regulation of CK flux, our results showed that the
inhibition of CK by AMPK in the ischemic cardiac cell is of a minor physiological
importance compared to other factors known to decrease global CK flux as for example
acidosis or impairment of mitochondrial CK flux (18), (24).

Surprisingly, LFI induced in the apha2 KO a high steady state PCr to ATP ratio which
prevented a major free ADP (and AMP) rise in LFlo. This could have resulted from an

unbalanced subcellular CK fluxes. However this hypothesis is not supported. Neither the
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expression of MM, MB, BB or mitochondrial isoform of CK, nor the coupling of MM-CK to
myofibrillar ATPase (Fig. 3) or that of mito-CK to adenine nucleotide translocase (3) were
atered by the a2 AMPK deletion. The ischemic free ADP and AMP concentrations, besides
being controlled by CK and AK activities, also depend upon the activity of the enzymes of the
AMP degradation pathways (AMP deaminase and 5-nucleotidase). Except in global
ischemia, in which the degradation products can not be extruded from the cell, an inhibition of
respiration (by hypoxia, chemical inhibition or LFI) rapidly releases purine bases in the
cardiac effluent. This results from AMP hydrolysis and rapidly follows the initiation of ATP
depletion (10), (19). This mechanism is thought to be beneficia in short term hypoxia (28).
The sum of adenylates (ATP+ADP+AMP) was indeed significantly lower in a2-KO than in
WT at theend of LFI (4.4+ 0.4vs6.4+ 0.4 mM, p<0.01).This suggests that the low ADP and
AMP concentrations found in the a2-KO (Fig. 2) might result from an increase in the
degradation pathways. It is thus an interesting possibility, which to our knowledge has not
been explored yet, that the a2 AMPK subunit might interfere with the regulation or the

expression of enzymesinvolved in the AMP degradation pathways.

Thus in the absence of alteration in energy utilization and transfer, the energetic
imbalance mostly results from a deficit in energy synthesis. Indeed both a decrease in
glycolytic and in glycogenolytic ATP production accelerate the low flow ischemic contracture
in therat heart (12). A maor deficit in the basal glycogen content of the a2-KO was observed
(Table 2 and by (58)). As discussed in the accompanying paper, because the AMPK glycogen
binding domain plays a critical role in glycogen storage, the deficit in 32-subunit of AMPK,
together with decreased glucose uptake most probably contribute to the impaired glycogen
storage of the a2-KO. Indeed the deficit in glycogen storage, rather than in its rate of LFI

utilization, is involved in the early development of contracture (Fig. 4). Similar results were
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observed in the KD mutant while unaltered glycogen stores but a reduced ischemic
mobilization was found in the DN mutation (42), (56). The increase in glucose transport being
a primary component of the glycolysis stimulation by ischemia, the slower glucose transport
and phosphorylation in LFI (Fig. 4) as well as the marked decrease in lactate production
found in global ischemia (58) shows that the a2 deletion impairs anaerobic glycolysis. As
ischemia was still able to stimulate glucose uptake in a2-KO (Fig. 4B), the a2 isoform is not
required for the ischemic stimulation of glucose transport and phosphorylation and the al
isoform is responsible for this remaining stimulation. This again differs from the model of DN
over expression model, where the inactivation of a2 did not affect basal 2DG but blunted its
ischemic stimulation (56). In conclusion, the decreased glycogen stores, the impaired glucose
transport and/or phosphorylation both concurring to impaired anaerobic ATP synthesis in the
a2-KO myocardium, show that the presence of a2 AMPK is essential for the prevention of

ischemic contracture.

a2 deletion does not impair ischemic and post ischemic contractility

We deliberately choose to use pyruvate as substrate because its oxidation is efficient in
LFI, it enhances cardiac efficiency and also acts as an antioxidant (33), (34). In term of fuel
utilization, pyruvate increases the activity of complex Il and that of complex | by anaplerotic
flux via oxaloacetate. Moreover, through its conversion to lactate, pyruvate could relieve
glycolytic constraint due to NADH accumulation under ischemia (5). The antioxidant effect
of pyruvate is well documented: exogenous pyruvate carboxylation produces citrate, citrate
generating NADPH, maintains the glutathione system redox state in LFI (33),(34). Indeed
pyruvate was shown to prevent cardiac dysfunction and AMPK activation induced by
hydrogen peroxide in the isolated rat heart (32). Thus, pyruvate, by reducing the

consequences of free radical production occurring massively at reperfusion, allowed the study
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of the role of a2-AMPK isoform in conditions that minimize the complex interference of
oxygen and nitrosyl radicals with AMPK activity.

A major novel observation is that, despite the acceleration of the ischemic contracture,
the a2-AMPK deletion did not exacerbate the contractile consequences of an ischemia
reperfusion episode in the heart perfused with glucose and pyruvate. At first sight surprising,
such dichotomic effect has already been reported. Indeed, although the concept as been on
debate for a long time, the ischemic contracture is not a good predictor of the postischemic
recovery. For example, post ischemic contractility is improved, despite an acceleration of the
development of contracture by preconditioning and depletion of glycogen stores (25), (26),
(12). Our results are in the same line: the a2 AMPK deletion decreased glycogen, accel erated
the contracture, while it did not affect postischemic contractile recovery abeit the depletion in
ATP content. It must be mentioned that, although ATP depletion has been used as a predictor
index of heart insult in vivo (38), there is no causal relationship between ATP depletion and
contractile activity (37), (23), (4). Such dissociation is also shown here: the contractile
recovery of the a2-KO was normal despite its lower ATP content. In fact, the ATP
concentration (around 4 mM) is sufficient to fully activate the ATPases because it is still 10°
fold higher than their Km for ATP. Indeed contractility depends on the turnover fluxes of
ATP and not on its concentration (37), (4), (49). Thus despite a lower energetic status at
reperfusion, the similarity of post ischemic contractility in a2-KO and WT suggests similar
recovery of ATP turnover. Thisis most probably related to the low cost of contraction in the
a2-KO. Because the isomyosin profile and the regulation by calcium of the active tension
were similar in a2-KO and WT hearts this economical contraction does not originate from a
lower ATP requirement of the myofibrillar ATPase but rather from an improvement in the
ATP generating steps. Severa mechanisms could contribute to the higher efficiency of the

mitochondria in a2-KO. A shift in endogenous substrate utilization could increase the P/O



1duasnuew Joyine vH

=
0
@D
=
2
o
o
[
[$)
[
©
=
©
<
@D
=
@,
o
=
[N

-25-

ratio or the intrinsic properties of mitochondria respiration could be atered (3). Besides,
because AMPK activation upregulates the uncoupling protein (UCP) in skeletal muscle (59),
one can not currently exclude that the chronic impairment of AMPK activity could decrease
UCP expression in the a2-KO myocardium. Such mechanism would promote ATP synthesis
because the activation of UCP at the onset of reperfusion increases QO2 at the expense of
ATP synthesis (22). Finally, because high adenosine levels improve the economy of
contraction (20), the depletion in adenylate in the ischemic a2-KO could increase coronary
adenosine and contribute to its low cost contractility. Further work is required to test the

origin of the mitochondrial efficiency of the a2-KO myocardium.

Activators of AMPK

As discussed in detail by (58) the AMPK kinasesAMPK signaling pathway is
sensitive to alteration in AMP concentration at various levels including AMPK activity and
phosphorylation and AMPKK phosphatase. Moreover the activation of AMPK by AMP is
antagonized by high concentrations of ATP explaining the sensitivity of the system to both
AMP and ATP. The sensitivity to AMP and ATP depends on the type of a and g isoform
composing the heterotrimer (13); (48), (1). The estimation of the AMP (and ADP)
concentration relevant for enzyme activation in a whole cell is not easy because their low
concentrations prevent their NMR detection and the mgjority of the nucleotides are bound to
intracellular compartments. The majority of the total AMP measured from a muscle extract, is
bound in mitochondria and metabolically inactive (46). Alternatively free ADP and AMP
concentrations are cal culated from the NMR measured PCr ATP and H+ concentrations in the
hypothesis of CK and AK equilibrium. Quas metabolic steady state is acceptable in our
protocol, first because both CK flux, about 8mM/s and AK flux (40) are at least 10% higher

that the higher rate of ATP degradation (estimated from Fig lin the ischemic a2-KO to 1.5
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HM/s) and the Vmax of enzymes involved in AMP degradation (45), (21) and second because
CK and AK had similar specific activities in both WT and KO (Table 3). Indeed the free
[AMP] increase observed in our mouse heart perfused in low flow ischemia (from 1.5 to 7uM
) isin the relevant range of AMPK activation found in vitro and in the perfused mouse heart
(48), (16). Obvioudly lower level of AMPK phosphorylation in ischemiais expected from the
60% decrease in total AMPK induced by a2 deletion. But in all our experimental conditions,
in both a2-KO and WT, the phosphorylation of AMPK was related to the change in AMP to
ATP ratio (compare Fig. 2 and Fig. 6 C). This holds true for LFlyo. ILFs exacerbated the
AMP/ATP changes and further increased phosphorylation in both strains and after
reperfusion. Under global ischemia, lower level of AMPK activation is also found in the same
a2-KO heart but the accumulation of AMP in a2-KO was higher than in WT (58). Both
results, might appear a first sight contradictory, but this discrepancy is due to the difference
between global ischemia, a close system where degradation products accumulate in the cell,
and low flow ischemia, an open system resulting in metabolic steady state where AMP
hydrolysis and washout of degradation products can occur.

Both PCr and the PCr to Cr ratio were early suspected to modulate AMPK ' activity
(39), however more recent data evidence no direct regulation of AMPK or LKB1 by PCr (50).
Thus the dlightly higher PCr or PCr to ATP ratio of the a2-KO is most probably insignificant
in the control of AMPK phosphorylation. However dual mechanisms operate in the ischemic
heart that regulates AMPKK mediated phosphorylation and activation of AMPK. The AMP
independent increase in AMPK activity in hypoxia (17) and the activation of AMPKK
independent of an AMP increase or achange in LKB1 activity in the mildly ischemic rat heart

(2) could contribute to the phosphorylation of the al subunit in the a2 KO.

IsAMPK involved in cardiac protection or in cardiac injury?
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The preservation of the ischemic and reperfusion function in the a2-KO, showing that
a2 AMP isoform is not needed for the postischemic contractile recovery, is a maor
discrepancy with the results obtained in the a2 KD model (42). The a2-KD heart exhibits
poor contractile function both during moderate low flow ischemia and reperfusion, associated
with a magjor leakage of cytosolic enzymes and significant apoptotic response to I-R. A major
difference between the two studies is the choice of substrates. We presented above our
rationale for choosing pyruvate and glucose as substrate. The availability of long chain fatty
acids in Russels study (42) most probably contributes to the severe ATP depletion and
massive cytosolic enzyme leakage associated with a mild reduction in perfusion flow (to 30%
compared to 5% in our protocol). Although a physiological substrate, long chain fatty acidsin
normoxia decrease cardiac efficiency, activate AMPK, and increase phosphorylation of
acetyl-CoA carboxylase (8), (27), (11). It has been proposed that during reperfusion, sustained
activation of AMPK and inactivation of ACC mediates the acceleration of fatty acid oxidation
and the uncoupling of glucose oxidation and glycolysis (29), (30). Besides the difference in
substrate, two crucia discrepancies between the studies are puzzling. Ischemia, as expected,
phosphorylated al-AMPK and stimulates glucose uptake in our model of a2—deletion (Fig. 6
and (58)), as well as in the DN mutation (56) but surprisingly failed to do so in the KD
mutation. The reasons for this lack of activation, which might participate in the severity of the
ischemic insult, are not obvious but it is possible that the overexpression of inactive a subunit
perturbs the heterotrimer a-13-g association and the activation of AMPK. Before a definite
conclusion about the beneficial or adverse role of a2 AMPK in ischemia can be drawn, it is
indeed very important to understand if these opposite results are related to the available
substrate, to the model of transgene insertion which might exert non specific effects, or to

different adaptations often occurring in the various transgenic models.



1duosnuew Joyine vH

=
0
1]
=
2
(]
o
=t
()]
(LY
o
s
©
<
1]
=
@,
o
=
[EEY

-28 -

Acknowledgment

Grants

This work is supported by Institut National de la Santé et de la Recherche Médicale, France,
by a grant of the Fondation de France, by a grant from the Fonds National de la Recherche
Scientifique et Médicale, Belgium and by the European Commission (grant QLG1-CT-2001-
01488), E. Z. by the Fonds Spéciaux de Recherche, UCL, Belgium. LB is Research Associate

of the Fonds National de la Recherche Scientifique, Belgium.



1duosnuew Joyine yH

=
0
1]
=
2
(]
o
=t
()]
(LY
o
s
©
<
1]
=
@,
o
=
[EEY

-29.-

REFERENCES

1.

10.

11.

Adams, J., Z. P. Chen, B. J. Van Denderen, C. J. Morton, M. W. Parker, L. A. Witters, D. Stapleton, and B. E. Kemp. Intrasteric

control of AMPK viathe gammal subunit AMP alosteric regulatory site. Protein Sci 13: 155-65, 2004.

Altargos, J. Y., M. Taniguchi, A. S. Clanachan, and G. D. Lopaschuk. Myocardial ischemia differentially regulates LKB1 and an

aternate 5 AMP-activated protein kinase kinase. J Biol Chem 280: 183-90, 2004.

Athea, Y., V. Veksler, B. Viollet, A. Garnier, S. Vaulont, and R. Ventura-Clapier. Knock out of the alpah2 subunit of AMP activated

protein kinase ( AMPK) alters cardiac oxidative capacity and substrate utilization . (Abstract) Circulation 108: 296, 2003.

Balschi, J. A., Shen, H., Madden, M. C., Hai, J. O., Bradley, E. L., and Wolkowicz, P. E. Model systems for modulating the free

energy of ATP hydrolysisin normoxically perfused rat hearts. Journal of Molecular and Cellular Cardiology 29(11), 3123-3133. 97.

Bassenge, E., Sommer, O., Schwemmer, M., Bunger, R., and +. Antioxidant pyruvate inhibits cardiac formation of reactive oxygen

species through changes in redox state. Amer J Physiol Heart Circ Phy 279(5), H2431-H2438. 2000.

Bittl, J. A. and Ingwall, J. S. Reaction rates of creatine kinase and ATP synthesis in the isolated rat heart. Journal of Biological

Chemistry 260(6), 3512-3517. 85.

Boehm, E., R. Ventura-Clapier, P. Mateo, P. Lechene, and V. Veksler. Glycolysis supports calcium uptake by the sarcoplasmic
reticulum in skinned ventricular fibres of mice deficient in mitochondrial and cytosolic creatine kinase. J Mol Cell Cardiol 32: 891-

902, 2000.

Burkhoff D., Weiss RG., Schulman SP., Kalil R., Wannenburg T., and Gerstenblith G. Influence of Metabolic Substrate on Rat

Heart Function and Metabolism at Different Coronary Flows. American Journal of Physiology; 261 (3) pH741-H750 . 91.

Cave, A. C., Ingwall, J. S,, Friedrich, J, Liao, R. L., Saupe, K. W., Apstein, C. S,, Eberli, F. R., and +. ATP synthesis during low-

flow ischemia- Influence of increased glycolytic substrate. Circulation 101(17), 2090-2096. 2000.

Chen, W. N., Hoerter, J., and Gueron, M. A comparison of AMP degradation in the perfused rat heart during 2-deoxy-D-glucose

perfusion and anoxia.1. The release of adenosine and inosine. JMoal Cell Cardiol 28(10), 2163-2174. 96.

Clark, H., D. Carling, and D. Saggerson. Covalent activation of heart AMP-activated protein kinase in response to physiological

concentrations of long-chain fatty acids. Eur-J-Biochem 271: 2215-24, 2004.



1duosnuew Joyine yH

=
0
1]
=
2
(]
o
=t
()]
(LY
o
s
©
<
1]
=
@,
o
=
[EEY

12.

13.

14.

15.

16.

17.

18.

10.

20.

21

22.

23.

-30-

Cross, H. R., Opie, L. H., Radda, G. K., and Clarke, K. Isahigh glycogen content beneficial or detrimental to the ischemic rat heart?

A controversy resolved. Circ Res 78(3), 482-491. 96.

Danidl, T., D. Carling, and +. Functional analysis of mutations in the gamma 2 subunit of AMP-activated protein kinase associated

with cardiac hypertrophy and Wolff-Parkinson-White syndrome. J-Biol-Chem 277: 51017-24, 2002.

Dyck, J. R. and G. D. Lopaschuk. AMPK alterations in cardiac physiology and pathology: enemy or Ally? J Physiol 2006.

Fossel, E. T. and Hoefeler, H. Complete inhibition of creatine kinase in isolated perfused rat hearts. American Journal of Physiology

252, E124-E130. 87.

Frederich, M., J. A. Balschi, and +. The relationship between AMP-activated protein kinase activity and AMP concentration in the

isolated perfused rat heart. J Biol Chem 277: 1928-32, 2002.

Frederich, M., L. Zhang, and J. A. Balschi. Hypoxia and AMP independently regulate AM P-activated protein kinase activity in

heart. Am J Physiol Heart Circ Physiol 288: H2412-21, 2005.

Goudemant, J. F., Vanderelst, L., Dupont, B., Vanhaverbeke, Y ., ., and Muller, R. N. pH and Temperature Effects on Kinetics of
Creatine Kinasein Aqueous Solution and in Isovolumic Perfused Heart - A P-31 Nuclear Magnetization Transfer Study. NMR in

Biomedicine 7(3), 101-110. 94.

Gustafson, L. A., C. J. Zuurbier, J. E. Bassett, J. P. Barends, J. H. van Beek, J. B. Bassingthwaighte, and K. Krall. Increased hypoxic

stress decreases AMP hydrolysis in rabbit heart. Cardiovasc Res 44: 333-43, 1999.

Headrick, J. P., Emerson, C. S, Berr, S. S,, Berne, R. M., and Matherne, G. P. Interstitial adenosine and cellular metabolism during

beta-adrenergic stimulation of the in situ rabbit heart. Cardiovasc Res 31(5), 699-710. 96.

Headrick, J. P., Peart, J., Hack, B., Flood, A., and Matherne, G. P. Functional properties and responses to ischaemia-reperfusion in

Langendorff perfused mouse heart. Exp Physiol 86(6), 703-716. 2001.

Hoerter, J.,, M. D. Gonzalez-Barroso, E. Couplan, P. Mateo, C. Gelly, A. M. Cassard-Doulcier, P. Diolez, and F. Bouillaud.
Mitochondrial uncoupling protein 1 expressed in the heart of transgenic mice protects against ischemic-reperfusion damage.

Circulation 110: 528-33, 2004.

Hoerter JA., Lauer C., Vassort G., and Guéron M. Sustained function of normoxic hearts depleted in ATP and phosphocreatine: a



1duosnuew Joyine yH

=
0
1]
=
2
(]
o
=t
()]
(LY
o
s
©
<
1]
=
@,
o
=
[EEY

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

-31-

31P-NMR study. American Journal of Physiology : 255(Cell Physiology 24), C192-C201. 88.

Joubert, F., J-L. Mazet, P. Mateo, and J. A. Hoerter. 31P NMR detection of subcellular creatine kinase fluxesin the perfused rat

heart. Contractility modifies energy transfer pathways. Journal of Biological Chemistry 277: 18469-76, 2002.

Kolocassides, K. G., Galinanes, M., Hearse, D. J., and +. Dichotomy of ischemic preconditioning: Improved postischemic

contractile function despite intensification of ischemic contracture. Circulation 93(9), 1725-1733. 96.

Kolocassides, K. G., Seymour, A. M. L., Galinanes, M., Hearse, D. J., and +. Paradoxical effect of ischemic preconditioning on
ischemic contracture? NMR studies of energy metabolism and intracellular pH in the rat heart. JMol Cell Cardiol 28(5), 1045-1057.

96.

Korvald, C., O. P. Elvenes, and T. Myrmel. Myocardia substrate metabolism influences | eft ventricular energeticsin vivo. AmJ

Physiol Heart Circ Physiol 278: H1345-51, 2000.

Krall, K., Kinzie, D. J., and Gustafson, L. A. Open-system kinetics of myocardial phosphoenergetics during coronary

underperfusion. American Journa of Physiology Heart and Circulatory Physiology 41(6), H2563-H2576. 97.

Kudo, N., Barr, A. J,, Barr, R. L., Desai, S., and Lopaschuk, G. D. High rates of fatty acid oxidation during reperfusion of ischemic
hearts are associated with a decrease in malonyl-CoA levels due to an increase in 5-AMP-activated protein kinase inhibition of

acetyl-CoA carboxylase. Jof Biological Chemistry 270(29), 17513-17520. 95.

Kudo, N., Gillespie, J. G., Kung, L., Witters, L. A., Schulz, R., Clanachan, A. S., and Lopaschuk, G. D. Characterization of 5AMP-
activated protein kinase activity in the heart and itsrole in inhibiting acetyl-CoA carboxylase during reperfusion following ischemia.

Biophysica Biochimica Acta-Lipid Lipid Metab 1301(1-2), 67-75. 96.

Lawson, J. W. R. and Veech, R. L. Effects of pH and free Mg2+ on the Keg of the creatine kinase reaction and other phosphate

hydrolyses and phosphate transfer reactions. Journal of Biological Chemistry, 254, 6528-6537. 79.

Leon, H., L. L. Atkinson, J. Sawicka, K. Strynadka, G. D. Lopaschuk, and R. Schulz. Pyruvate prevents cardiac dysfunction and

AMP-activated protein kinase activation by hydrogen peroxide in isolated rat hearts. Can J Physiol Pharmacol 82: 409-16, 2004.

Lloyd, S. G., P. Wang, H. Zeng, and J. C. Chatham. The impact of low-flow ischemia on substrate oxidation and glycolysisin the

isolated perfused rat heart. Am J Physiol Heart Circ Physiol 2004.



1duosnuew Joyine yH

=
0
1]
=
2
(]
o
=t
()]
(LY
o
s
©
<
1]
=
@,
o
=
[EEY

35.

36.

37.

38.

39.

41.

42.

-32-

Mallet, R. T. and Sun, J. Mitochondrial metabolism of pyruvate is required for its enhancement of cardiac function and energetics.

Cardiovascular Research 42(1), 149-161. 99.

Marsin, A. S, L. Bertrand, M. H. Rider, J. Deprez, C. Beauloye, M. F. Vincent, G. Van den Berghe, D. Carling, L. Hue, and +.
Phosphorylation and activation of heart PFK-2 by AMPK has arolein the stimulation of glycolysis during ischaemia. Curr Biol 10:

1247-55, 2000.

Momken, |., P. Lechene, N. Koulmann, D. Fortin, P. Mateo, B. T. Doan, J. Hoerter, X. Bigard, V. Vekdler, and R. Ventura-Clapier.

Impaired voluntary running capacity of creatine kinase-deficient mice. J Physiol 565: 951-64, 2005.

Neely, J. R. and Grotyohann, L. W. Role of glycolytic products in damage to ischemic myocardium. Dissociation of adenosine

triphosphate levels and recovery of function of reperfused ischemic hearts. Circulation Research, 55,( ), 816-824. 84.

Neubauer, S., Horn, M., Cramer, M., Harre, K., Newell, J. B., Peters, W., Pabst, T., Ertl, G., Hahn, D., Ingwall, J. S., and Kochsiek,
K. Myocardial phosphocreatine-to-ATP ratio is a predictor of mortality in patients with dilated cardiomyopathy. Circulation 96(7),

2190-2196. 97.

Ponticos, M., Q. L. Lu, J. E. Morgan, D. G. Hardie, T. A. Partridge, and D. Carling. Dual regulation of the AMP-activated protein

kinase provides a novel mechanism for the control of creatine kinase in skeletal muscle. EMBO J 17: 1688-99, 1998.

Pucar, D., P. Bast, R. J. Gumina, L. Lim, C. Drahl, N. Juranic, S. Macura, E. Janssen, B. Wieringa, A. Terzic, P. P. Dzeja, and +.
Adenylate kinase AK 1 knockout heart: energetics and functional performance under ischemia-reperfusion. AmJ Physiol Heart Circ

Physiol 283: H776-82, 2002.

Russell, R. R. 3rd, R. Bergeron, G. |. Shulman, L. H. Young, and +. Translocation of myocardial GLUT-4 and increased glucose

uptake through activation of AMPK by AICAR. AmJ Physiol 277: H643-9, 1999.

Russdll, R. R. 3rd, J. Li, D. L. Coven, M. Pypaert, C. Zechner, M. Palmeri, F. J. Giordano, J. Mu, M. J. Birnbaum, and L. H. Y oung.
AMP-activated protein kinase mediates ischemic glucose uptake and prevents postischemic cardiac dysfunction, apoptosis, and

injury. J-Clin-Invest 114: 495-503, 2004.

Sambandam, N., G. D. Lopaschuk, and r. +. AMP-activated protein kinase (AMPK) control of fatty acid and glucose metabolismin

the ischemic heart. Prog-Lipid-Res 42: 238-56, 2003.

Schwartz K., Boheler KR., Delabastie D., Lompre AM., and Mercadier 3J. Switchesin Cardiac Muscle Gene Expression as a Result



1duosnuew Joyine yH

=
0
1]
=
2
(]
o
=t
()]
(LY
o
s
©
<
1]
=
@,
o
=
[EEY

46.

47.

49.

50.

51

52.

53.

55.

-33-

of Pressure and Volume Overload. American Journal of Physiology; 262 (3) pR364-R369 . 92.

Skladanowski AC. and Newby AC|. Partial Purification and Properties of an AMP-Specific Soluble 5'-Nucleotidase from Pigeon

Heart|. Biochemical Journal, V268, N1, P117-122| . 1990.

Soboall, S. and Bunger, R. Compartmentation of adenine nucleotides in the isolated working guinea pig heart stimulated by

noradrenaline. Hoppe-Seyler's Z. of Physiology Chem., 362, 125-132. 81.

Steenberger, C., Murphy, E., Levy, L., and London, R. E. Elevation in cytosolic free calcium concentration early in myocardial

ischemiain perfused rat heart. Circulation Research, 60, 5, 700-707 . 87.

Stein, S. C., A. Woods, N. A. Jones, M. D. Davison, and D. Carling. The regulation of AMP-activated protein kinase by

phosphorylation. Biochem J 345 Pt 3: 437-43, 2000.

Stepanov, V., Mateo, P, Gillet, B., Beloeil, J. C., Lechene, P., and Hoerter, J. A. Kinetics of creatine kinase in an experimental
model of low phosphocreatine and ATP in the normoxic heart. American Journal of Physiology Cell Physiology 42(4), C1397-

C1408. 97.

Taylor, E. B., W. J. Ellingson, J. D. Lamb, D. G. Chesser, C. L. Compton, and W. W. Winder. Evidence against regulation of AMP-
activated protein kinase and LKBL/STRAD/MO25 activity by creatine phosphate. Am J Physiol Endocrinol Metab 290: E661-9,

2006.

Vekder, V. |., P. Lechene, K. Matrougui, and R. Ventura-Clapier. Rigor tension in single skinned rat cardiac cell: role of

myofibrillar creatine kinase. Cardiovasc Res 36: 354-62, 1997.

Ventura-Clapier, R. and Vassort, G. Role of myofibrillar creatine kinase in the relaxation of rigor tension in skinned cardiac muscle.

Pflug. Archivs, 404, 157-161 . 85.

Ventura-Clapier, R. and V. Veksler. Myocardia ischemic contracture. Metabolites affect rigor tension development and stiffness.

Circ Res 74: 920-9, 1994.

Ventura-Clapier, R., Vekder, V., and Hoerter, J. A. Myadfibrillar creatine kinase and cardiac contraction. Molecular and Cellular

Biochemistry 133, 125-144. 94.

Viollet, B., F. Andredlli, S. B. Jorgensen, C. Perrin, A. Geloen, D. Flamez, J. Mu, C. Lenzner, O. Baud, M. Bennoun, E. Gomas, G.



1duosnuew Joyine vH

=
0
1]
=
2
(]
o
=t
()]
(LY
o
s
©
<
1]
=
@,
o
=
[EEY

56.

57.

58.

59.

-34-

Nicolas, J. F. Wojtaszewski, A. Kahn, D. Carling, F. C. Schuit, M. J. Birnbaum, E. A. Richter, R. Burcelin, S. Vaulont, and +. The

AMP-activated protein kinase al pha2 catalytic subunit controls whole-body insulin sensitivity. J Clin Invest 111: 91-8, 2003.

Xing, Y., N. Musi, N. Fujii, L. Zou, I. Luptak, M. F. Hirshman, L. J. Goodyear, R. Tian, and +. Glucose metabolism and energy
homeostasis in mouse hearts overexpressing dominant negative alpha2 subunit of AMP-activated protein kinase. J-Biol-Chem 278:

28372-7,2003.

Young, L. H., J. Li, S.J. Baron, and R. R. Russell. AMP-activated protein kinase: akey stress signaling pathway in the heart.

Trends Cardiovasc Med 15; 110-8, 2005.

Zarrinpashneh, E., K. Carvgja, C. Beauloye, A. Ginion, P. Mateo, A.-C. Pouleur, S. Horman, S. Vaulont, J. A. Hoerter, B. Viollet,
L. Hue, J.-L. Vanoverschelde, and L. Bertrand. Role of the alpha? isoform of AMP-activated protein kinase in the metabolic

response of the heart to no-flow ischemia. American Journal Physiology Heart submitted.

Zhou, M., B. Z. Lin, S. Coughlin, G. Vallega, P. F. Pilch, and +. UCP-3 expression in skeletal muscle: effects of exercise, hypoxia,

and AMP-activated protein kinase. Am J Physiol Endocrinol Metab 279: E622-9, 2000.



1duasnuew Joyine vH

=
0
@D
=
2
o
o
[
[$)
[
©
=
©
<
@D
=
@,
o
=
[N

-35-

FIGURE LEGENDS

Figure 1. Time dependent response to a low flow ischemia and reperfusion protocol:
contractility and NMR measured phosphorus compounds

Top panels: NMR measured parameters .Concentrations of PCr and ATP (in mM), ratio of
PCr to ATP and pH;.

Bottom panel: mechanical activity. End diastolic pressure, EDP in mmHg; Rate pressure
product, RPP in 10*.mmHg.beats.min™

C: control flow (WT, n=12, a2-KO, n=11); LFli, for 30 min. (n=9); LFls for 15 min, (n=6)

R: reperfusion in control flow (n=6) ?: WT ?: a2-KO. Significant difference between a2-KO

and WT *: p<0.05 (for clarity the difference with the control value is not shown, see result

section)

Figure2 steady state of some metabolitesin low flow ischemia and reperfusion

Steady state: average of the last two spectra in each perfusion condition in hearts of Figl,
empty bars=WT, filled bar = a2-KO. Sum of adenylates= ATP + ADP + AMP.

Significant difference between WT and a2-KO: *:p< 0.05; **. p<0.01; ***. p<0.001.

Significantly different from the respective control group $ p<0.05; $$: p<0.01; $$$: p<0.001.

Figure 3 Creatine kinase function

A-*'P NMR measured forward CK flux

CK forward flux during metabolic steady state under control flow (c: n=11) and low flow
ischemia (LFlip n=9) in WT (empty bars) and a2-KO (filled bars). Significant difference
between WT and a2-KO: *: p< 0.05. Significant difference with control group $: p<0.05; $3$:
p<0.01; $$$: p<0.001.

B- Functional activity of myofibrillar MM-bound CK
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Sensitivity of the rigor tension to ATP was similar in X100 triton fibers of a2-KO and WT
hearts: half maximum rigor tension occurred at similar pATPso. The efficiency of MM-bound
CK (arrow), estimated from the shift in the apparent sensitivity to MgATP induced by the

addition of 12mM PCr, was similar in both strains (see Table 4 for mean data)

Figure 4: 3P NMR estimation of the glucose transport and phosphorylation and its
stimulation by low flow ischemia

A- Stacked plot of NMR spectra showing the accumulation of 2DG6P as afunction of timein
arepresentative WT (left panel) and a2-KO heart (right panel) perfused at control flow of 2.5
mL.min™. Spectrum a control; spectrum b, ¢, d were acquired 2.5, 5, 7.5 min, respectively
after infusion of 2-Deoxy-D-glucose (2DG= 5mM). Substrate: pyruvate 2mM in presence of
external Pi 1ImM, 5 min acquisition time for each spectrum

B- Rate of 2DG6P accumulation in control and LFI

Left panel: average rate of 2DG6P accumulation was slower in a2-KO than in WT both in
control and under LFl;o. Significant difference between a2-KO and WT *: p< 0.05; **:
p<0.01. Significantly different from control: $: p<0.05

Right panel: stimulation of 2DG transport and phosphorylation by LFl;o was similar in a2-KO
and WT. expressed as the fold increase in 2DG6P rate of accumulation induced by LFlio for
each individual heart

C- Expression of glut 1 and glut4 protein

Western Blot analysis. Empty bars WT n= 7, filled bar a2-KO, n=7

Figure5: AMPK and its phosphorylation in low flow ischemiain WT and KO
A- WB showing total AMPK protein and its phosphorylation at Thr172 in control condition

and low flow ischemia (LFlyg) in absence (left) and in presence of 2DG (right)
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B- Total AMPK proteinin WT (empty bar) and a2-KO (filled bar)

C- Average level of phosphorylation of total AMPK in C: control (WT, n=4; a2-KO n=4),
LFl10: 30 min of low flow ischemia (WT n=7, a2-KO n=7), R: 35 min after reperfusion (WT
n=4, a2-KO n=3) and LFI-2DG 15 min of 2DG + LFl;p =15 min (WT n= 5, a2-KO n=6).
Normalized unit: AMPK-P normalized to AMPK-P of a rat heart after 10 min of global
ischemia.

Significantly different from control $: p<0.05; $$ p<0.01; $$$ p<0.001

Significant difference between a2-KO and WT *: p< 0.05; ** p<0.01; ***:p<0.001

Figure 6 oxygen consumption and the economy of contraction

A- Low flow ischemia, and reperfusion protocol. RPP (in 10*.mmHg.beats.min™) and oxygen
consumption (in pmoleO,.min.gWw ™), EDP changes were similar to Fig. 1A (O: WT, n=6;
®: a2-KO, n=6)

B- Response of a2-KO and WT hearts to a b-stimulation induced by increasing
concentrations of isoprenaline ranging from 10°°M to 10'M. Steady state values obtained 10
minutes after the change in isoprenaline concentration ( O: WT, n=6 B a2-KO, n=6).

C- Energy cost of contraction estimated from the linear relationship between QO2 and RPP
for both protocols. Data included both LFI and isoprenaline protocols Average linear
regressions were described by y = 2.26 x + 0.91, r?= 0.9967 in WT and by y= 1.50x +1.43, r’=
0.9907 in a2- KO (where y= Q02 and x= RPP). T test analysis (performed on the individual
relationship of each heart) showed a significant difference between the slopes of WT and KO

(n=12 for each WT and a2-K O, p<0.05) but no difference for the ordinate at origin .
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Table 1 Comparison of the cardiac function of normoxic a2-AMPK KO and WT hearts

Caracteristics of theanimals

T

F WT, n=56 a2-KO, n= 60

=

g Age month 8.9+05 81+05

=)

QD

§ Body weight g 36.5+ 0.9 35.2+0.7

= Heart weight g 0.29+0.01 0.28+0.01

-

(72}

§ HW/BW mg. g 7.6+0.2 7.9+0.2

8

G

o

©

&

3. Cardiac function of theisolated heart perfused at constant flow

o

=J

= WT, n=24 a2-K0, n=19
LVDP, mmHg 71+4 71+4
Heart rate, beatsmin™ 319+ 17 292 + 16
RPP, 10*. mmHg.beats.min™ 21+0.1 20+0.1
Coronary Pressure, mmHg. 103+ 8 112+ 9
EDP, mmHg 8x1 9+1

Hearts were perfused at a constant flow of 2.5mL.min™* in presence of pyruvate 2mM and
glucose 11mM as substrate. Measured parameters were: heart rate, LVDP (left ventricular
developed pressure), EDP (end diastolic pressure), coronary pressure and RPP (the rate

pressure product). Significantly different from WT *: p<0.05.
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Table 2 Energetic parameters of the basal control WT and a2-AMPK KO heart

- WT , n=12 a2-KO, n=11
g ATP, mMolesl|™ 8.6+ 0.3 8.4+0.2
§ PCr, mMoles.|™ 16.2+ 0.7 144+ 0.6
QD
_% Pi, mMoles|™ 40+05 36+0.4
: PCr/ATP 1.9+0.1 1.7+0.1
(72}
% pHi 7.09 +£0.02 7.08+0.01
(@]
g ADP, pMoles.™* 59+ 7 68+ 6
S
';: A ATP, kIM™ -56.2+ 0.4 -56.0+ 0.5
% AMP, pMoles.|™ 0.48+0.10 0.76 £ 0.22
AMP/ATP* 10° 0.56 + 0.11 0.64 + 0.08
Glycogen,
umol glucosyl unit.gFW™ 122+ 0.8 5.5+ 0.7 ***

ATP, PCr, Pi and pHi were measured from **P NMR spectroscopy after 30 min
equilibration in normoxic perfusate containing pyruvate and glucose using the ATP measured
biochemically as standard. Correction from partial saturation of NMR signal dueto
incompl ete magnetization relaxation was applied. Free ADP, Free AMP and -A atp the free
energy of ATP hydrolysis were calculated using the equilibrium constant of CK and AK. No
significant difference was found in any of the energetic parameters except for the glycogen

content (measured in WT, n=4 and a2-KO n=5).
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Table 3 Enzymatic activities

% Control Reperfusion

>

§ WT, n=3 a2-KO, n=3 WT, n=7 a2-KO, n=5

(@]

é Creatine kinase 507 + 39 669 + 47 273 + 47° 258 + 39°

g. Adenylate kinase 370+ 12 389+ 9 116 + 16° 104 + 9°
Citrate synthase 150 + 17 133+ 6 137 + 10 140 + 15
LDH 203 +19- 211+ 15 118 + 8° 104 + 9°

Data from freeze clamped hearts. Control obtained after 20 min of basal perfusion;

Reperfusion: 35 min after LFl1angs (hearts of Fig. 1). Activities are expressed in Ul. g FW™.

=
0
1]
=
2
(]
o
=t
()]
(LY
o
s
©
<
1]
=
@,
o
=
[EEY

% significantly different from control p< 0.05. No significant difference between WT and a2-

KO for any variable.
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Table 4 Intrinsic contractile properties of the myofilaments

WT n=9 a2-KO n=9

Fiber diameter, um 239+17 215+10
Ca activated force
Resting force, mN.mm™> 3.8+0.6 4.0+0.7
Active force, mN.mm’ 34.2+2.4 32.3t1.7
pCaso 5.55+0.03 5.64 £0.03
Ny 2.90+£0.10 2.67+0.08
Rigor force

PMgATPs 3.28 £0.05 3.30+£0.05
pPMgATPse+ PCr 5.03+0.03 4.98+0.05
MM-CK efficacy 1.73+0.05 1.68+0.06

pCaso = -log 1/[Ca] is the concentration in Ca leading to half of the maximum active force. ny
Hill coefficient. pMgATPs, and pMgATPso+PCr are the concentrations of MgATP needed to
develop half of the rigor force (respectively in the absence and in the presence of PCr 12mM).
MM-CK efficacy = ((pMgATPsy +PCr)-pMgATPsp) is the shift in the apparent sensitivity to

MgATP induced by CK activation
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