Regular treadmill exercise restores cardioprotective signalling pathways in
obese mice independently from improvement in associated co-morbidities.
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ABSTRACT
Obesity is a major health issue that impedes the ability of preconditioning and
postconditioning to protect the myocardium against infarction secondary to dysregulation of
kinase signalling pathways. Moreover, exercise decreases cardiovascular mortality in obese
patients but the mechanism remains to be established. Wild-type (WT) and obese (ob/ob)
mice were assigned to sedentary conditions or regular treadmill exercise (1h/day, 5 days/7, 4
weeks, 4° slope, 10-30 cm/s) and underwent 30 min of coronary artery occlusion followed by
24 h of reperfusion for infarct size measurement. In WT, exercise reduced infarct size by 60%
and increased phosphorylation of kinases such as Akt, ERK 1/2, p70S6K, AMPK and
GSK31. Importantly, the level of corresponding phosphatases PTEN, MKP-3 and PP2C was
decreased. Calcium concentration inducing opening of mitochondrial permeability transition
pore (mPTP) was increased by exercise. In ob/ob, regular exercise induced a robust
cardioprotection by reducing infarct size (-67%), increasing kinase phosphorylation,
decreasing phosphatase levels and improving the resistance to mPTP opening. However
exercise did not modify hyperglycemia, hypercholesterolemia, hyperinsulinemia, fat mass and
body weight in obese mice. In conclusion, regular exercise induces cardioprotection against
myocardial infarction despite obesity and restores pro-survival signalling pathways with
simultaneous increase in kinase phosphorylations, decreased levels of phosphatases and
increased resistance of mPTP opening, independently from improvement in associated comorbidities.
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ABBREVIATIONS
ACC: acetyl-Co A Carboxylase; Akt: protein kinase B, ERK: extra-cellular signal regulated
kinase; Ex: exercised animals; GSK3β: glycogen synthase kinase 3β; MKP-3: mitogenactivated protein kinase phosphatase-3, mPTP: mitochondrial permeability transition pore;
ob/ob: leptin deficient mice; P-: phosphorylated form; PI3K: phosphatidylinositol-4,5biphosphate 3-kinase; PTEN: Phosphatase and tensin homologue deleted on chromosome 10;
PP2C: protein phosphatase 2C, p70S6K : p70S6 kinase; Sed: sedentary.
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1. INTRODUCTION
Cardiovascular diseases are a major cause of death in industrialized countries with
coronary artery disease being the most prevalent manifestation. Despite reperfusion, coronary
artery disease involving myocardial ischemia can result in myocardial infarction associated
with elevated morbi-mortality. Consequently, several strategies, pharmacological or not, have
been proposed to induce cardioprotection. Among them, regular exercise has been shown to
reduce cardiovascular morbi-mortality [1, 2] and is considered as the only practical and
sustainable countermeasure capable of providing cardioprotection against myocardial
infarction. Interestingly, clinical investigations have demonstrated that exercise is a
cardioprotective factor, independent of the presence of other risk factors [3-5].
Obesity is also a major health issue in western countries and its importance is constantly
growing. According to the World Health Organization, this disease has reached epidemic
proportions with more than 1 billion overweight adults and at least 300 million of them are
clinically obese. Obesity is a major and independent risk factor for coronary heart disease and
increased waist-to-hip ratio is associated with greater occurrence of myocardial infarction [6].
Most animal studies investigating cardioprotective strategies have been performed in young
healthy animals but it is well known that co-morbidities such as obesity impede the ability to
protect the myocardium against infarction. Indeed it has been previously reported that both
pre- and postconditioning failed to reduce infarct size in obese animals probably because of
their inability to activate the cardioprotective signalling pathways through kinase
phosphorylations. [7-9]. Nevertheless, it is known that exercise is able to decrease cardiac
events and mortality in obese or overweight patients [10-12].
In lean conditions, Golbidi et al. [13] have proposed to divide the potential beneficial
mechanisms of exercise into two large categories: mechanisms that decrease reactive oxygen
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species production and others that repair cellular damages. Among them, mitochondrial
adaptations seem to be crucial in exercise-induced cardioprotection [14, 15]. Indeed, these
organelles, in particular their mitochondrial permeability transition pore (mPTP), represent a
major target for protecting the myocardium against infarction [16]. The signalling pathway
including PI3K-Akt, ERK 1/2 or GSK3β, the so-called Reperfusion Ischemia Salvage Kinases
(RISK) pathway has been identified to converge toward the mitochondria and to induce
cardioprotection during both pre- and postconditioning [17, 18]. However, this signalling
pathway has not been extensively studied for understanding exercise inducedcardioprotection, in particular in obese subjects.
Accordingly, our aim was to investigate whether regular treadmill exercise was able to
condition the heart against myocardial infarction through pro-survival signalling pathways
during obesity. For this purpose, we investigated in a mouse model of obesity 1) the effects of
regular exercise against myocardial infarction and 2) the subsequent activation of the RISK
and AMPK pathways as well as mitochondrial adaptations.
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2. METHODS
2.1. Animals
Male 5 to 10 week-old wild-type C57BL/6J (WT) and obese (ob/ob) mice were used (R.
Janvier, Le Genest St Isle, France). Mice were housed in an air-conditioned room with a 12 h
light-dark cycle and received standard rodent chow and drinking water ad libitum. The
authors have been granted a license from the institutional office “Préfecture du Val de Marne”
(France) to conduct animal research (agreement A94-028-28). The investigation conformed to
the Guide for the Care and Use of Laboratory Animals published by the US National Institute
of Health.
2.2. Experimental protocol
Both WT and ob/ob mice were randomly subjected to regular treadmill exercise (Ex-WT
and Ex-ob/ob) or to sedentary conditions (Sed-WT and Sed-ob/ob). Exercised animals have
run 5/7 days during 4 weeks. The first week was an adaptation period with gradual speeds
during 30 min (10, 14, 18, 22, 26, and 30 cm/s, 4° slope, 5 min each step for WT and 8, 8, 10,
14, 18, and 20 cm/s, 4° slope, 5 min each step for ob/ob). For the three other weeks, mice ran
during one hour per day (30 and 20 cm/s for WT and ob/ob, respectively, 4° slope) without
any exhaustion. To take into account the differences in body weight, the speed was different
between the two strains in order to obtain similar vertical work [19]. After these 4 weeks of
exercise or sedentary conditions, mice were subjected to 30 min of ischemia followed by
reperfusion. Infarct sizes were measured at 24 h of reperfusion. Additional mice were used for
Western blot experiments and investigating mPTP opening by calcium. In this case, the heart
was excised at 10 min of reperfusion. All these final experiments were performed 24h after
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the last bout of exercise. Additional mice were used for biological and morphological
analyses.
2.3. Morphometry
Mice were anesthetized by intraperitoneal injection of pentobarbital sodium (60 mg/kg).
Fat and lean masses were determined by means of a PIXImus (Lunar Corporation, Madison,
WI, USA) using dual-energy x-ray absorptiometry.
2.4. Blood measurements
Blood glucose and cholesterol levels were measured using a multiparametric automat
(Automat type AU-400, Olympus, Hamburg, Germany). Insulin level was determined using
the Rat/Mouse Insulin ELISA kit (Millipore, Billerica, MA, USA). All these parameters were
obtained from fed animals.
2.5. Myocardial infarction
Mice were anesthetized by intraperitoneal injection of pentobarbital sodium (80 mg/kg),
intubated and ventilated mechanically. The body temperature was maintained at 37°C. A left
thoracotomy was performed in order to realize the sequence of coronary artery occlusion
followed by reperfusion with an 7-0 Prolene thread placed around the left coronary artery as
previously described [20]. Myocardial ischemia was confirmed by the occurrence of regional
cyanosis. Reperfusion was confirmed by visualisation of an hyperemic response and the chest
was closed in layers.
After 24 h of reperfusion, mice were reanesthetized. The chest was opened, the coronary
artery was re-occluded at the same location than previously performed and Evan's blue
solution was injected through the apex to delineate the area at risk. The heart was excised, the
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left ventricle was cut into 6 slices and the infarct area was identified by 2,3,5triphenyltetrazolium chloride (TTC) staining. The area at risk was identified as the non-blue
region and expressed as a percentage of the left ventricle weight. The infarcted area was
identified as the TTC positive zone and expressed as a percentage of area at risk.
2.6. Mitochondria
For measurement of mPTP opening, areas at risk were placed in medium containing 220
mM mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM EGTA (Sigma-Aldrich, St. Louis, MO,
USA), pH 7.4 at 4°C. The tissues were minced with scissor and homogenized on ice using a
Teflon Potter homogenizer and were centrifuged at 1000 g for 5 min. Supernatants were
centrifuged at 10000 g for 10 min. The final pellets were resuspended in the homogenization
buffer including 0.01 mM EGTA. Protein concentration was determined by the method of
Lowry et al. [21].
Mitochondrial Ca2+ retention was monitored as an index of mPTP opening.
Mitochondria were loaded with increasing concentrations of Ca2+ until the load reached a
threshold where mitochondria underwent a fast process of Ca2+ release due to mPTP opening.
Cardiac mitochondria (0.8 mg/ml), energized with 3.3 mM pyruvate/malate, were incubated
in a buffer (50 mM sucrose, 100 mM KCl, 10 mM HEPES and 5 mM KH2PO4) containing 3.3
µM Ca2+ Green-5N fluorescent probe (Interchim, Montluçon, France). The reaction was
started by the addition of successive 2.5 µM Ca2+ pulses. After each addition, a rapid uptake
was observed and was followed by a dynamic steady state corresponding to the equilibrium
between the influx and the efflux of Ca2+. When maximal Ca2+-loading threshold was
reached, this equilibrium was disrupted and Ca2+ was released. The concentration of Ca2+ in
the extra-mitochondrial medium was monitored by means of a Perkin-Elmer LS 50B
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fluorescence spectrometer (Perkin-Elmer, Waltham, MA, USA) at excitation and emission
wavelengths of 506 and 532 nm, respectively.
2.7. Western Blot analysis
Areas at risk were placed in medium containing 220 mM mannitol, 70 mM sucrose, 10
mM HEPES, 1 mM EGTA, 5µl/ml of protease inhibitor cocktail, 1 mM sodium
orthovanadate, 5 mM sodium fluoride, 1 mM sodium Na21-glycerol phosphate (SigmaAldrich, St. Louis, MO, USA), pH 7.4 at 4°C. The tissues were scissor minced and
homogenized on ice using a Teflon Potter homogenizer. The homogenates were centrifuged at
17600 g for 30 min at 4°C to collect the cytosol. The protein concentrations were determined
by the BCA Protein Assay kit (Pierce, Rockford, IL, USA).
Extracted protein samples were denatured at 90°C for 5 min. Proteins (25 µg/lane) were
separated by SDS-polyacrylamide gel electrophoresis, transferred to PVDF membranes and
probed with primary antibodies for phospho-Akt (Serine 473), phospho-ERK 1/2 (Threonine
202/Tyrosine 204), phospho-p70S6K (Threonine 389), phospho-p70S6K (Threonine
421/Serine 424), phospho-AMPK (Threonine 172), phospho-GSK3β (Serine 9), phosphoACC (Serine 79), total Akt, total ERK1/2, total p70S6K, total AMPK, total GSK3β, total
ACC, PTEN (all from Cell Signaling Technology, Danvers, MA, USA), MKP-3 (Epitomics,
Burlingame, CA, USA), PP2C (Abcam, Cambridge, UK). Blots were washed and then
incubated with goat anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). Blots were finally incubated using the
ECL detection system (Pierce, Rockford, IL, USA) and exposed to ECL chemiluminescence
film (Hyperfilm ECL, Amersham, Buckinghamshire, UK). Bands of interest were scanned
and quantified in a blinded manner using gel analysis software Image J-1.37 (National
Institute of Health, Bethesda, MD, USA).
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2.8. Statistical analysis
All values were expressed as mean ± SEM. Comparisons were performed using a
Kruskal-Wallis analysis followed by Mann-Whitney tests. Statistical significance was defined
as a value of p<0.05.
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3. RESULTS
3.1. Morphological and biological parameters
As shown in Table 1, body weights and fat masses were increased by 1.7-fold and 4.3fold respectively in ob/ob as compared to WT sedentary mice (p<0.05). Blood glucose,
cholesterol and insulin levels were significantly higher in ob/ob as compared to WT sedentary
mice. Regular exercise had no effect on these three biological parameters either in ob/ob or in
WT animals. In addition, body weights and fat masses were not affected by regular exercise.
3.2. Myocardial infarct sizes
The areas at risk were similar among all groups (41±1%, 41±3%, 38±1% and 38±3% for
Sed-WT, Ex-WT, Sed-ob/ob and Ex-ob/ob, respectively). Infarct size was significantly
increased in ob/ob vs WT sedentary mice (Figure 1). In exercised WT mice, infarct size was
reduced by 60% (43±3% vs 17±2% for Sed-WT and Ex-WT, respectively, p<0.05). In ob/ob
mice, regular exercise elicited a major cardioprotective effect as infarct size was significantly
reduced by 67% (58±3% vs 19±1% for Sed-ob/ob and Ex-ob/ob, respectively).
3.3. Signalling pathways
In exercised WT mice (Figure 2), the phospho-Akt/Akt ratio was significantly increased
after ischemia-reperfusion. As p70S6K is known to be phosphorylated at Threonine 389
through the Akt pathway, we examined its phosphorylation. Western blot revealed a raise in
phosphorylated p70S6K/p70S6K ratio by exercise (+65%, p<0.05). Concomitantly, PTEN
which participates to Akt inactivation was significantly decreased in exercised as compared to
sedentary animals. Interestingly, all these effects were also observed in ob/ob mice.
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As illustrated in Figure 3, exercised WT mice elicited major increases in the
phosphorylated form of ERK 1/2 and of one of its downstream kinase, i.e., p70S6K (Thr
421/Ser 424) while the ERK 1/2 corresponding phosphatase MKP3 levels were
simultaneously reduced as compared to sedentary WT mice. In ob/ob animals, exercise
allowed once again to induce major significant increases in the level of these phosphorylated
kinases and decrease in phosphatase levels.
Then we examined AMPK that plays a critical role in maintaining energy homeostasis
and cardiac function during stress situations such as ischemia (Figure 4). We found that
phosphorylation of AMPK and one of its characterized targets ACC, were significantly
increased after ischemia-reperfusion in exercised as compared to sedentary WT mice.
Concomitantly, levels of PP2C which inactivates AMPK, were significantly reduced. Similar
pattern of phosphorylation and phosphatase variation was observed in exercised vs sedentary
ob/ob animals.
We also investigated GSK3β, one of the downstream target of ERK 1/2 and Akt
signalling pathways that is known to play a role in mPTP opening (Figure 5A). We found that
phospho-GSK3β/GSK3β ratio was significantly increased by exercise. In ob/ob animals,
regular exercise also induced significant and similar increase in phosphorylation of GSK3β.
Finally, we evaluated the adaptation in mPTP opening by assessing its susceptibility to
calcium overload. The Ca2+ concentration required to open mPTP was significantly improved
by 95% in exercised as compared to sedentary WT mice (Figure 5B). Improved resistance to
mPTP opening was also observed in exercised ob/ob animals.
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4. DISCUSSION
The present study demonstrates that regular treadmill exercise induces protection against
myocardial infarction despite obesity and activates cellular cardioprotective kinases,
independently from improvement in associated co-morbidities. Therefore, regular exercise is
a powerful cardioprotective strategy that restores the activation of pro-survival signalling
pathways and protects cardiac mitochondria. This is of major importance as both pre- and
postconditioning failed to reduce myocardial infarct size in obese animals because of their
inability to activate these cardioprotective pathways in obese conditions (for review, [8]).
Importantly, the variations in phosphatase levels mirrored those of kinase phosphorylations as
the increased amount of phosphorylated forms of survival kinases was accompanied by a
reduction in phosphatases expression, i.e., PTEN, MKP-3 and PP2C. The mechanisms of this
protection also involved major cardiac mitochondrial adaptations illustrated by an increased
capacity of mitochondria to retain calcium showing a greater resistance to mPTP opening.
In the present study, we used the ob/ob mice model of obesity characterized by
hyperphagia with increased body weight and metabolic abnormalities. With regular exercise,
we did not however observe any significant changes in body weight, fat mass, glycemia,
cholesterolemia and insulinemia, probably related to maintained hyperphagia although
individual food intake was not measured in the present study. This is an important feature of
our experimental setting that allowed to avoid any confounding effect induced by changes in
these biological parameters. This latter point is in agreement with previous studies. MoienAfshari et al. [22] have shown that exercise restores coronary vascular function independently
of changes in hyperglycaemic and hyperinsulinemic status in db/db mice. In another study,
treadmill exercise failed to restore body weight in the db/db mouse model [23]. Therefore,
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exercise induced-cardioprotection in these obese animals was independent from any
improvement in associated co-morbidities.
Numerous experimental studies have reported cardioprotection with exercise and it has been
proposed that it could improve myocardial antioxidant capacity, increase cardiac ATPsensitive potassium channel expression, prevent calpaïn activation and decrease calcium
overload [24-27]. To our knowledge, although several pro-survival kinases and mitochondria
are described as major actors of cardioprotection [17, 18], no study has investigated their role
in exercise-trained animals, either healthy or obese, during myocardial ischemia-reperfusion.
Only Zhang et al [28] have described that long term aerobic exercise alleviated cardiac
dysfunction following myocardial infarction through a PI3K-Akt and GSK3β dependent
mechanism in rats. One major insight of the present study is the concomitant investigation of
the RISK pathway as well as its downstream target, the mitochondria but also AMPK and
several phosphatases. Indeed following ischemia-reperfusion in WT and ob/ob mice, we
observed that regular exercise induced activation of the RISK pathway through
phosphorylation of its components, i.e., Akt, ERK 1/2 and their common downstreams,
p70S6K and GSK 3β. In parallel, the variations of phosphatase levels mirrored those of
corresponding kinase phosphorylations as PTEN and MKP-3 were concomitantly decreased
by regular exercise. This point is of major importance as it is known that phosphatases limit
the efficacy of some cardioprotective strategies such as pre- or postconditioning during aging
or obesity [9, 29, 30]. One could suggest that reduced phosphatases expression would be
responsible for the activation of survival kinases which is known to be a crucial event for
protecting the myocardium against myocardial infarction. Indeed, it has been clearly
demonstrated for other cardioprotective strategy that phosphorylation of kinases at
reperfusion is essential for inducing cardioprotection independently from cellular events that
could occur prior to reperfusion [31]. Blockade experiments were not performed and will
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require other studies. Moreover, the use of inhibitors of ERK and Akt pathways might be
complicated as compensatory mechanisms and crosstalks between signalling pathways could
exist.
Activation of these signalling pathways is well known to target mitochondria by
protecting against mPTP opening and ultimately from cell death. Indeed, the critical role of
mPTP has been demonstrated during cardioprotection elicited by ischemic and
pharmacological pre- and post-conditioning [16, 18]. Accordingly, we evidenced that regular
exercise increased the capacity of mitochondria to retain calcium in WT but also similarly in
obese animals during ischemia-reperfusion. These findings are in accordance with the
prevention of the release of proapoptotic proteins from mitochondria by treadmill exercise
[32]. Another point deserves to be discussed. In sedentary animals, myocardial infarct sizes
were greater in ob/ob vs WT mice while the capacity of mitochondria to retain calcium was
similar. This apparent discrepancy might be related to the difference in calcium handling
between WT and ob/ob mice and therefore to a greater level of mPTP opening stimulation by
calcium in the cardiomyocyte. Indeed, calcium leak from sarcoplasmic reticulum through the
ryanodine channel and altered calcium reuptake could occur in ob/ob as previously reported in
db/db mice, these alterations being normalized by exercise [33].
We also investigated AMPK that plays a critical role in maintaining energy homeostasis
and cardiac function during stress situations such as ischemia. Indeed AMPK plays an
important protective role in limiting damage associated with ischemia-reperfusion in the heart
[34]. Exercised mice exhibited increased phosphorylations at Thr172 of AMPK and of one of
its characterized targets ACC. AMPK activation may protect the heart through improved
preservation of cardiac energetics. Once again, this activation was observed in both strains.
These results are in agreement with previous findings demonstrating that improving AMPK
activation protects the diabetic heart against ischemia-reperfusion [35]. Similarly to the
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balance between kinases and phosphatases for the RISK pathway, the phosphatase PP2C
level, which is known to inactivate AMPK, was reduced while the phosphorylated form of
AMPK was increased in exercised mice.
Other aspects deserve to be discussed. We can hypothesize that a small amount of
reactive oxygen species produced during each bout of exercise may trigger the cardiac
adaptations. Indeed, studies have demonstrated that cardioprotective effects of exercise or
tachycardia were abolished when anti-oxydants are given during exercise [36-38].
Furthermore, reactive oxygen species are able to stimulate the PI3K-Akt, ERK1/2 and AMPK
pathways [39-41]. This might partly explain potential beneficial adaptations of calcium
handling with exercise. Indeed, it has been previously reported that exercise increases
ryanodine-S-glutathionylation which inhibits ryanodine-mediated calcium leak [38].
5. CONCLUSIONS
Independently from improvement in associated co-morbidities, regular treadmill
exercise induces cardioprotection against myocardial infarction in obese mice. Despite
obesity, exercise is able to restore similar capacity to lean animal at activating pro-survival
signalling pathways, contrasting with other conditioning strategies. This mechanism might
participate to the beneficial effects of regular exercise against myocardial events in obese or
overweight patients.
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FIGURE LEGENDS
Figure 1
Infarct size (expressed as percentage of the area at risk) measured in wild-type (WT) and
ob/ob mice subjected to 30 min of coronary artery occlusion and 24 h of reperfusion in
exercise (Ex) or sedentary (Sed) conditions. Open circles represent individual values and
closed circles indicate the average. * p<0.05 vs corresponding sedentary group. † p<0.05 vs
corresponding WT group.
Figure 2
Western blot analysis of Akt and its phosphorylated form (panel A), p70S6K and its
phosphorylated form at Thr 389 due to the effect of Akt (panel B) as well as PTEN (panel C)
in wild-type (WT) and ob/ob mice in sedentary conditions (Sed) or after regular exercise (Ex).
Values are expressed as mean ± SEM (n=3 in WT groups and 4 in ob/ob groups). * p<0.05
vs corresponding sedentary group. † p<0.05 vs corresponding WT group.
Figure 3
Western blot analysis of ERK 1/2 and its phosphorylated form (panel A), p70S6K and its
phosphorylated form at Thr 421 and Ser 424 due to the effects of ERK1/2 (panel B) as well as
MKP-3 (panel C) in wild-type (WT) and ob/ob mice in sedentary conditions (Sed) or after
regular exercise (Ex). Values are expressed as mean ± SEM (n=3 in WT groups and 4 in
ob/ob groups). * p<0.05 vs corresponding sedentary group. † p<0.05 vs corresponding WT
group.
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Figure 4
Western blot analysis of AMPK, ACC and their phosphorylated forms (panels A and B) as
well as PP2C (panel C) in wild-type (WT) and ob/ob mice in sedentary conditions (Sed) or
after regular exercise (Ex). Values are expressed as mean ± SEM (n=3 in WT groups and 4 in
ob/ob groups). * p<0.05 vs corresponding sedentary group. † p<0.05 vs corresponding WT
group.
Figure 5
Western blot analysis of GSK3β and its phosphorylated form (panel A, n=3 in WT groups and
4 in ob/ob groups) as well as mitochondrial Ca2+ retention (index of mPTP opening) (panel B,
n=6-10) in wild-type (WT) and ob/ob mice in sedentary conditions (Sed) or after regular
exercise (Ex). Representative tracings of calcium-induced mPTP opening in exercised (a) and
sedentary (b) ob/ob mice (panel C). Values are expressed as mean ± SEM. * p<0.05 vs
corresponding sedentary group. † p<0.05 vs corresponding WT group.

Table 1. Morphological and biological parameters
WT
Sed

Body weight, g
Fat mass, % body weight
Glycemia (mmol/L)
Cholesterolemia (mmol/L)
Insulinemia (ng/mL)

ob/ob
Ex

25 ± 0.6 24.2 ± 1.0
12.5 ± 1.0 12.6 ± 0.6
10.3 ± 0.6 11.7 ± 1.1
2.4 ± 0.1 2.3 ± 0.1
0.9 ± 0.2 1.2 ± 0.4

Sed

Ex

42.8 ± 0.6 †
53.2 ± 0.5 †
18.8 ± 2.5 †
5.0 ± 0.5 †
12.9 ± 2.9 †

44.8 ± 0.7 †
55.6 ± 0.6 †
17.5 ± 2.1 †
4.9 ± 0.6 †
13.9 ± 3.5 †

Values are mean ± s.e.m. n = 5 to 10.
†, p<0.05 vs corresponding WT group.
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