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Abstract 

   This thesis determined whether changes in adenosine monophosphate-activated protein 

kinase (AMPK) activity would influence sarcoplasmic reticulum Ca
2+

-ATPase (SERCA) 

content and function in left ventricle (LV) and skeletal muscle isolated from sedentary or 

exercise trained mice.  The data indicate that AMPKα2 kinase dead transgenic (KD) mice, 

as compared to wild-type (WT) mice, were characterized by reduced SERCA1a, 

SERCA2a and higher phospholamban (PLN) protein levels in both cardiac and skeletal 

muscle.  Notably, exercise-training up-regulated myocardial SERCA2a protein content 

by 43%, as compared to sedentary WT mice.  In contrast, exercise-training did not alter 

myocardial SERCA2a protein content in KD mice.  Even so, exercise-training up-

regulated SERCA1a protein content in skeletal muscle in both WT and KD mice.  Based 

on these data, it appears that an AMPKα2-mediated mechanism influences SERCA2a 

content and function in the heart and skeletal muscle, which may contribute to the 

pathophysiology of models characterized by impaired AMPK activity and impaired 

calcium-cycling. 
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Chapter 1: Literature review 

The importance of muscle contraction 

   Muscle contraction and relaxation allow us to perform movements essential for our 

existence (eg; walking, eating or cardiac cycle).  The process that regulates muscle 

contraction is known as excitation-contraction coupling.  In  general, excitation-

contraction coupling processes are similar between cardiac and skeletal muscle; however, 

there are some differences.  For example, in cardiac muscle, an action potential allows 

extracellular calcium (Ca
2+

) to enter the sarcomere through the dihydropyridine receptors 

(DHPR).  Upon influx of Ca
2+

, a specialized receptor known as the ryanodine receptor 

(RyR) releases Ca
2+

 from the sarcoplasmic reticulum (SR)
1
, which acts as a storage site 

for intracellular Ca
2+

.  The release of Ca
2+

 from RyR triggers other RyR proteins to open, 

causing a large release of Ca
2+

 into the cytoplasm.  Collectively, this process is known as 

Ca
2+

-induced Ca
2+

 release (CICR) (as reviewed by Lamb
2
).  However, CICR does not 

regulate Ca
2+

 release in skeletal muscle.  Upon depolarization of skeletal muscle, DHPRs 

are directly activated, resulting in the opening of the RyR in the SR.  This causes a 

release of Ca
2+

 from the SR into the cytoplasm of the skeletal muscle cell (as reviewed by 

Lamb
2
).  Upon release from the SR, Ca

2+
 plays an important cell signalling role in both 

cardiac and skeletal muscle. 

   Two main proteins involved in muscle contraction are actin and myosin.  At rest, a 

protein complex consisting of troponin C and tropomyosin prevent actin and myosin from 

interacting with each other, thereby inhibiting muscle contraction.  Following the release 

of Ca
2+

 from the SR, intracellular Ca
2+ 

binds to troponin C and causes a conformational 

change to tropomyosin.  This process exposes the actin-binding site and allows actin-
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myosin cross-bridges to form, leading to muscle contraction
3-5

.  In order for rhythmic 

muscle contraction to occur, the process of actin-myosin cross-bridge cycling must 

happen multiple times, which involves the utilization of adenosine triphosphate (ATP) by 

the myosin ATPase located on the S1 segment of the myosin heavy chain (as reviewed by 

Geeves
6
).  Cellular energy demand increases by ~100-fold when transitioning from rest 

to exercise
7
, with ~90% of this increase in energy requirement being accounted for by 

skeletal muscle contraction
8
.  Therefore, muscle contraction consumes a significant 

amount of energy and challenges ATP homeostasis. 

 

Fiber-type differences 

   It should be noted that skeletal muscle consists of different fibre types, which 

contributes to differences in functional characteristics for each fiber type.  In mice, 

skeletal muscle is classified as being composed of either slow-twitch (type I) or fast-

twitch (type II) muscle fibres, with type II fibers being subdivided further to type IIa, 

type IIx/d and type IIb
9
.  Specifically, the gastrocnemius consists of 54% type IIb fibers, 

19% type IIdb, 12% type IIad, 6% type IIa fibers, 6% type I fibers and 2% type IId fibers 

in the C57BL/6J mouse strain
10

.  The speed of muscle contraction is dependent on 

myosin ATPase activity, with slow-twitch muscles having lower activity compared to 

fast-twitch muscles
11

.  In general, type I and type IIa fibres have the highest 

mitochondrial content
12, 13

, indicating that these two fiber-types are the most oxidative 

and resistant to fatigue.  Furthermore, type IIb fibers were found to have a high glycolytic 

capacity, with type IIx fibers having a moderate glycolytic capacity between the levels 

observed for type IIa and type IIb fibers
9, 14

. 
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What is the SR calcium-ATPase? 

      In order for muscle relaxation to occur, intracellular Ca
2+

 must be removed from 

troponin C to restore tropomyosin‟s inhibitory effect on the actin-myosin complex.  A 

protein known as the SR Ca
2+

 ATPase (SERCA) is primarily responsible for the reuptake 

of Ca
2+

 back into the SR following muscle contraction
15

.  This reuptake of Ca
2+

 occurs 

against a concentration gradient, thus SERCA activity requires energy whereby two Ca
2+

 

ions are transported back into the SR at the cost of one ATP molecule
3
.  However, several 

other types of Ca
2+

 pumps and exchangers are also responsible for regulating intracellular 

Ca
2+

 levels, including plasma-membrane Ca
2+

-ATPase, sodium-Ca
2+

 exchanger
16

, 

DHPR
2
 and inositol 1, 4, 5-triphosphate receptor

17
.  Even so, SERCA is the most 

important Ca
2+

 transporter during muscle relaxation because it is responsible for 

removing up to ~92% of intracellular Ca
2+18

.  Without proper SERCA function, muscle 

relaxation would be disrupted, potentially leading to problems in both skeletal and 

cardiac muscle function.  Recently, Tupling et al.
19

 utilized isolated extensor digitorum 

longus (EDL) and soleus muscle preparations incubated in a solution containing the 

SERCA inhibitor cyclopiazonic acid (CPA) to estimate the proportion of energy 

utilization that can be attributed to SERCA-mediated Ca
2+

-transport.  In their 

experiments, CPA maximally inhibited SERCA activity and reduced muscle oxygen 

consumption by 30%.  Importantly, CPA treatment did not alter high-energy phosphates 

and metabolites in resting muscle, which indicates that the observed differences in 

oxygen utilization (VO2) were not a result of impaired oxidative phosphorylation.  A 

search was conducted to identify SERCA‟s contribution to ATP consumption during 

muscle contraction; however, no information was found.  Even so, Tupling et al.
19
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estimate that SERCA pumps account for ~30% of resting metabolic rates in mice.  Thus, 

the importance of SERCA activity and function in regulating energy homeostasis is 

significant.   

   Several different SERCA isoforms are known to exist in mammals, namely SERCA1a, 

SERCA1b, SERCA2a, SERCA2b, SERCA3a, SERCA3b and SERCA3c.  Notably, the 

variety of SERCA isoforms appear to be expressed in a tissue specific manner.  First 

described by Brandl et al.
20

, a difference in SERCA protein isoforms was found between 

cardiac muscle and fast- and slow-twitch skeletal muscle fiber-types.  Using rabbit 

muscle, they demonstrated that cDNA from one SERCA isoform hybridized to mRNA 

from slow-twitch and cardiac muscle; whereas, a different SERCA isoform‟s cDNA only 

hybridized to mRNA isolated from fast-twitch muscle.  Indeed, additional literature has 

confirmed that SERCA2a is expressed in mouse slow-twitch skeletal and cardiac muscle; 

whereas SERCA1a is expressed in mouse fast-twitch skeletal muscle
21-24

 (Table 1).  This 

muscle specific expression pattern has since been confirmed in other animal models. 
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Table 1.  Tissue distribution of various proteins in mouse cardiac, as well as slow-

twitch and fast-twitch muscle. 

 Cardiac Slow-twitch Fast-twitch 

MHC MHC1α
25, 26

 

MHC1β
25, 26

 

MHC1β
9, 27

 MHCIIa
9, 27

 

MHCIIb
9, 27

 

MHCIId/x
9, 27

 

RyR RyR2
1
 RyR1

1
 RyR1

1
 

SERCA SERCA2a
21

 SERCA2a
21

 SERCA1a
21

 

PLN PLN
24

 Not detected
24

 

SLN SLN
24, 28

 SLN
28

 

AMPK AMPKα1
29

 

AMPKα2
29

 

AMPKβ1
30

 

AMPKβ2
30

 

AMPKγ1
31

 

AMPKγ2
31

 

AMPKα1
29, 32

 

AMPKα2
29, 32

 

AMPKβ1
30, 33

 

AMPKβ2
30, 33

 

AMPKγ1
31

 

AMPKγ2
31

 

AMPKγ3
31

 

AMPKα1
29, 32

 

AMPKα2
29, 32

 

AMPKβ1
30, 33

 

AMPKβ2
30, 33

 

AMPKγ1
31

 

AMPKγ2
31

 

AMPKγ3
31

 

LKB1 LKB1
34

 LKB1
35

 LKB1
35

 

CaMKK CaMKKβ
36

 CaMKKα
37

 

CaMKKβ
37

 

CaMKKα
37

 

CaMKKβ
37

 

MHC, Myosin heavy chain.  RyR, Ryanodine receptor.  SERCA, Sarcoplasmic 

reticulum calcium ATPase.  PLN, Phospholamban.  SLN, Sarcolipin.  AMPK, 

Adenosine monophosphate-activated protein kinase.  LKB1, Serine/threonine kinase 11.  

CaMKK, Calcium/calmodulin-dependent protein kinase.  Superscript, reference. 

 

 

How is SERCA regulated? 

   Following the release of Ca
2+

 into the cytosol, Ca
2+

 binds to high-affinity sites on 

SERCA, after which ATP is hydrolyzed.  This results in the phosphorylation of SERCA, 

inducing a conformational change and a transition from high-affinity to low-affinity for 

Ca
2+

.  The net result in the transport of Ca
2+

 from the cytosol into the SR, at a ratio of 2 

Ca
2+

:1 ATP
21

.  Additionally, a protein known as phospholamban (PLN) plays a pivotal 

role in the regulation of SERCA activity and function.  In its natural unphosphorylated 

state, PLN binds to and inhibits SERCA2a at submaximal Ca
2+

 concentrations
22

 (Figure 

1). 
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Figure 1.  Graphical representation of Calcium-dependent SERCA activity.  p-PLN, 

phosphorylated phospholamban.  SERCA, sarcoplasmic reticulum calcium ATPase.  

(Adapted from Asahi et al.
38

) 

 

 

   Upon the phosphorylation of PLN, this inhibition is relieved, which allows PLN to 

dissociate from SERCA, thereby enabling SERCA activity to increase at a submaximal 

Ca
2+

 concentration
22

.  Phosphorylation of PLN occurs via the action of either cyclic-

AMP-dependent protein kinase (PKA) or Ca
2+

/calmodulin-dependent protein kinase 

(CaMK)
22

 at residues serine 16 (PLN
Ser16

) and threonine 17 (PLN
Thr17

), respectively
39, 40

 

(Figure 2). 
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Figure 2.  Illustration of proposed phospholamban and sarcolipin regulation in 

cardiac and skeletal muscle.  Phospholamban and sarcolipin’s inhibitory effect over 

SERCA function is alleviated following phosphorylation at specific sites by various 

up-stream regulators.  Ca
2+

, calcium.  CamK, Calcium/calmodulin-dependent protein 

kinase.  CaMKK, Calcium/calmodulin-dependent protein kinase kinase.  cAMP, cyclic 

AMP.  PKA, protein kinase A.  PLN, phospholamban.  Ser16, serine 16.  SERCA, 

sarcoplasmic reticulum calcium ATPase.  SLN, sarcolipin.  STK16, serine/threonine-

protein kinase 16.  Thr17, threonine 17.  Thr5, threonine 5. 

 

 

 

 

   In regards to fiber-type specific expression, PLN mRNA was shown to be expressed in 

both atrial and ventricular tissue as well as in soleus and EDL in mice
24

.  However, PLN 

is not found in mouse fast-twitch skeletal muscle
22, 41

 (Table 2), which suggests another 

SERCA regulator may be present in this muscle type or that SERCA1a is not regulated 

by endogenous proteins. 

 

PKA CaMKSTK16

PLN
Ser16 P Thr17P

SERCA

SERCA

PLN

SERCA

SLN

Ca2+

epinephrine

cAMP
CaMKK

SLN
Thr5 P

SERCA

 SERCA mediated 

Ca2+ transport
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Table 2.  Phospholamban and sarcolipin mRNA and protein distribution in mouse 

cardiac and skeletal muscle. 

 PLN SLN 

 mRNA Protein mRNA Protein 

Ventricle 
24, 42

 
24

 X X 

Atrium 
24, 42

 
24

 
24, 42

 
24, 28

 

Soleus 
24

 X 
24, 42

 
28

 

Gastrocnemius X X 
43

 
28

 

EDL 
24

 X 
42

 
28

 

, mRNA or protein is present in tissue.  X, mRNA or protein is not present in tissue.  

Superscript, reference. 

 

 

   Sarcolipin (SLN), a protein analogous to PLN was first discovered in 1972, with recent 

research demonstrating that SLN exerts regulatory control over SERCA2a and SERCA1a 

in cardiac as well as slow- and fast-twitch muscle
22

.  Vangheluwe et al.
24

 have found 

SLN mRNA in mouse atrial tissue and soleus muscle, while recent evidence shows that 

SLN is expressed at the protein level in mouse atrial tissue, EDL, gastrocnemius and 

soleus muscles
28

 (Table 2).  Unfortunately, SLN remains a difficult protein to quantify, 

due to the absence of a commercially available and reliable antibody.  As summarized by 

Tupling et al.
28

, two different SLN antibodies have been used in previous studies to detect 

SLN protein levels.  One antibody directed at the COOH terminus of SLN has 

demonstrated high levels of SLN in soleus and low levels in EDL
44, 45

.  However, a 

second SLN antibody targeting the NH2 terminus showed very little to no SLN in either 

tissue
24

.  Futhermore, Ackermann et al.
46

 mention that the SLN antibody used in their 

studies was ineffective for immunoblotting. 

   Despite the difficulty in quantifying SLN‟s protein levels, both PLN and SLN appear to 

be important in the regulation of SERCA activity and function in cardiac and skeletal 
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muscle.  Specifically, Odermatt et al.
47

 demonstrated that SLN colocalizes with 

SERCA1a.  They also found that at low Ca
2+

 concentrations in human embryonic kidney 

293 cells (HEK-293), SLN decreases maximal SERCA1a activity by ~10%, indicating a 

reduction in SERCA affinity for Ca
2+

.  However, at high Ca
2+

 concentrations maximal 

SERCA1a activity was increased by ~30%.  Further evidence supporting SLN‟s 

inhibitory control over SERCA was demonstrated by Shanmugam et al.
48

, where they 

found reduced cardiac SLN protein levels in chronic atrial fibrillation patients compared 

to control subjects (53.1 ± 6.5% vs.  100.0 ± 5.5%, respectively).  This was associated 

with a concomitant increase in Vmax of Ca
2+

-dependent Ca
2+

 uptake in atrial fibrillation 

subjects (atrial fibrillation: 204 ± 8 nmol∙mg
-1

∙min
-1

 vs.  control: 135 ± 15 nmol∙mg
-1

∙min
-

1
), along with a decrease in intracellular Ca

2+
 levels that elicited 50% of Vmax (atrial 

fibrillation: 129 ± 9 nmol/L vs.  control: 159 ± 10 nmol/L).  These findings demonstrate 

that SERCA‟s affinity for Ca
2+

 is increased when SLN protein levels are decreased, 

leading to more efficient Ca
2+ 

transport. 

   In regards to sarcolipin regulation, a protein known as STK16 (Figure 1) has been 

shown to relieve SLN‟s inhibitory control over SERCA1a in HEK-293 cells through 

phosphorylation at sarcolipin threonine 5 (SLN
Thr5

)
49

.  Specifically, when a sarcolipin 

threonine 5 (SLN
T5A

) mutant was expressed, there was no change in the amount of Ca
2+

 

required to elicit 50% of maximal Ca
2+

 uptake when STK16 was added, indicating that 

SLN`s inhibitory control over SERCA was maintained.  Similarly, a study by Bhupathy 

et al.
50

 utilized adenoviral overexpression of a SLN
T5A

 mutant in cardiac myocytes, which 

resulted in impaired cell shortening compared to control myocytes (3.90 ± 0.34% vs.  

6.84 ± 0.52%, respectively).  Furthermore, overexpression of the SLN
T5A

 mutant also 
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resulted in increased time to 50% relaxation (SLN
T5A

: 0.14 ± 0.01 s vs.  control: 0.10 ± 

0.01 s, respectively), and decreased rates of relaxation (control: -58.64 ± 8.74 μm/s vs.  

control: -128.5 ± 18.54 μm/s).  Finally, SLN
T5A

 myocytes demonstrated increased time 

for intracellular Ca
2+

 removal when compared to control myocytes (0.12 ± 0.01 s vs.  

0.08 ± 0.004 s, respectively), indicating that SLN
T5A

 mutation interferes with SLN
Thr5

 

phosphorylation, thereby preventing the relief of SERCA inhibition and impairing Ca
2+ 

reuptake. 

 

Acute exercise down regulates SERCA function 

   SERCA plays an important role in regulating muscle relaxation through the 

sequestration of Ca
2+

.  However, published literature indicates that SERCA protein 

function is impaired following prolonged exercise to exhaustion (Table 3).  For example, 

in a study by Hill et al.
51

, subjects performed two sets of 90 repetitions for knee flexion 

and extension, after which muscle biopsies were taken.  They found that in human vastus 

lateralis muscle, Ca
2+

-uptake (which is a measure of SERCA-mediated Ca
2+

 transport) 

was reduced by 26% following isokinetic exercise.  Data from a study by Byrd et al.
52

 

shows that SERCA activity decreased by ~45% in rat gastrocnemius and vastus muscles 

following 45 minutes of treadmill running.  Additionally, maximal Ca
2+

 uptake was 

reduced by 40% after 20 minutes of exercise.  These results support the findings of 

Belcastro et al.
53

, in which exhaustive exercise results in significantly lower SERCA 

activity (~21%) compared to control tissue in rat gastrocnemius.  Furthermore, Duhamel 

et al.
54

 showed that maximal SERCA activity was reduced by 32% and 27% in a low 

carbohydrate diet group and a high carbohydrate diet group, respectively, in human 

vastus lateralis tissue following cycling exercise at ~70%  ̇O2peak.  A search was 
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conducted to identify the effects of acute exercise on SERCA function in mouse tissue, 

however no studies were found.  Even so, the described studies demonstrate that an acute 

bout of exercise impairs SERCA-mediated Ca
2+

 transport, which appears to directly 

contribute to muscle fatigue. 

 

Table 3.  Acute exercise effects on SERCA expression and function in cardiac and 

skeletal muscle. 

Study Tissue Exercise 

intervention 

Outcome 

Hill et al.
51

 Human vastus 

lateralis 

2 sets of 90 reps of 

knee flexion 

(60°/sec) and 

extension (240°/sec) 

•  Ca
2+

-uptake 

by 26% 

Byrd et al.
52

 Rat gastrocnemius 

and vastus muscles 

Treadmill running at 

21 m/min and 10% 

grade for 20 min, 45 

min or until 

exhaustion 

•  SERCA 

activity 

•  maximal Ca
2+

 

uptake by 40% 

Belcastro et al.
53

 Rat gastrocnemius Treadmill running at 

25 m/min at a 10% 

grade until 

voluntary 

exhaustion 

•  in SERCA 

activity by 21% 

Duhamel et al.
54

 Human vastus 

lateralis 

Cycling at ~70% 

VO2peak until 

volitional fatigue (< 

50 rpm) 

•  in SERCA 

activity by 32% 

(Lo CHO) and 

by 27% (Hi 

CHO) 

•  Ca
2+

 uptake 

by 36% (Lo 

CHO) and by 

24% (Hi CHO) 

 

 

Exercise-training enhances SERCA expression and function 

   Although acute exercise down regulates SERCA protein function, it remains possible 

that a chronic exercise-training program may stimulate muscles to adapt to overcome this 
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initial decrease in SERCA function (Table 4).  For example, Ferreira et al.
55

 demonstrated 

that SERCA2a protein content in C57BL/6J soleus increased by ~20% following 8 weeks 

of treadmill running, 5 days per week for 60 minutes at “the highest workload that can be 

maintained over time without continual blood lactate accumulation”
56

.  For that study, 

this workload equated to ~60% of maximal speed achieved during a graded treadmill 

exercise test.  Similarly, SERCA1a content also increased by ~20% in plantaris muscle.  

Bueno et al.
57

 used a similar treadmill training protocol and found that C57BL/6J mice 

demonstrated a ~17% increase in both SERCA2a and SERCA1a protein levels in soleus 

and plantaris, respectively, compared to their sedentary counterparts.  Interestingly, it was 

shown that SERCA2a mRNA expression significantly increased in rat gastrocnemius 

following both a moderate- or high-intensity training regime in a study by Kubo, et al.
58

.  

In that study, animals trained for five consecutive days, for a 6-week period.  One group 

performed moderate-intensity exercise consisting of running at 20 meters per minute 

(m/min) at 0% grade for 60 minutes; whereas the high-intensity group performed five 1-

minute sprints at 75 m/min at 15% grade, separated by 1-minute bouts of recovery at 20 

m/min at 15% grade.  An interesting finding from that study is that high-intensity interval 

training resulted in similar increases in gastrocnemius SERCA2a mRNA compared to 

moderate-intensity exercise-training (high-intensity = 1.50 ± 0.13; moderate-intensity = 

1.23 ± 0.12).  While the studies discussed above focused on rodent models, Duhamel et 

al.
59

 found that three consecutive days of  submaximal exercise-training resulted in a 14% 

increase in SERCA1a protein content in human quadriceps muscle, with no change in 

SERCA2a protein content.  Therefore, it is possible that the SERCA1a protein isoform 

may respond to exercise-training to a greater extent than does SERCA2a. 
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Table 4.  Exercise-training effects on SERCA expression and function in cardiac 

and skeletal muscle. 

Study Tissue Exercise-training 

intervention 

Outcome 

Ferreira et al.
55

 Mouse soleus 

and plantaris 

 

Treadmill running at 

MLSS, up to 60 min, 5 

days/week for 8 weeks 

 

•  soleus 

SERCA2a 

protein content 

•  plantaris 

SERCA1a 

protein content 

Bueno et al.
57

 Mouse soleus 

and plantaris 

Treadmill running at 

MLSS for 60 min, 5 

days/week for 8 weeks 

•  soleus 

SERCA2a 

protein content 

•  plantaris 

SERCA1a 

protein content 

Kubo et al.
58

 Rat 

gastrocnemius 

Moderate-intensity: 20 

m/min at 0% grade, for 

60 min 

High-intensity: 5x1 min 

sprints (75 m/min, 15% 

grade), 1 min recovery 

(20 m/min, 15% grade); 

both for 5 consecutive 

days/week f0r 6 weeks 

•  SERCA2a 

mRNA 

Duhamel et al.
59

 Human vastus 

lateralis 

Cycling at ~60% 

 ̇O2peak for up to 2 

hours, on three 

consecutive days 

•  SERCA1a 

protein content 

Tate et al.
60

 Rat heart (LV) Treadmill walking at 16 

m/min at 5% grade, up 

to 60 min/day, 5 

days/week, for 10 

weeks 

•  rate of SR Ca
2+

 

uptake 

Tate et al.
61

 Rat heart (LV) Treadmill walking at 16 

m/min at 5% grade, up 

to 60 min/day, 5 

days/week for 10 weeks 

•  SERCA2a 

mRNA and 

protein content 
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Wisloff et al.
62

 Rat 

intraventricular 

septum (IVS) 

Treadmill intervals: 85-

90% VO2max  for 8 min, 

2 min recovery at 50-

60% VO2max; both at 

~47% grade, 1.5 

hours/day, 5 days/week 

for 8 weeks 

•  SERCA2a 

content by 82% 

in exercised 

control group 

and by 34% in 

myocardial 

infarcted group 

Davidoff et al.
63

 Rat ventricular 

cardiomyocytes 

Voluntary wheel 

running for 5 weeks 

(~2,400 m/day) 

•  rate of 

cardiomyocyte 

shortening and 

relengthening 

Stolen et al.
64

 Mouse heart 

(LV) 

Treadmill intervals: 85-

90% VO2max for 4 min, 

2 min recovery at 50% 

VO2max, 80 minutes/day, 

5 days/week, 13 weeks 

•  SERCA2a 

content ~1.7-fold 

in diabetic group 

•  time to 50% of 

muscle 

relengthening 

•  rate of 

intracellular Ca
2+

 

removal 

 

 

   Skeletal muscle is not the only muscle type that undergoes adaptations following 

exposure to a chronic exercise-training.  As demonstrated by Tate et al.
60

, cardiac muscle 

tissue is also affected by exercise-training.  In their study, rats were assigned to one of 

three groups: sedentary mature, sedentary old and exercised old.  The exercise-trained 

group participated in 8-10 weeks of rapid walking at 16 m/min at a grade of 5%, 5 times 

per weeks with exercise sessions lasting up to 60 minutes.  Following the study, they 

determined that the exercise-training protocol increased the rate of SERCA-mediated 

Ca
2+

 uptake in cardiac muscle by ~53%.  The same exercise protocol was utilized in a 

later study by Tate et al.
61

 and it was shown that left ventricle (LV) SERCA2a mRNA 

and protein levels were increased by ~110% and ~25%, respectively in the exercised old 



15 
 

group compared to the sedentary old group.  Another study lead by Wisloff
62

 examined 

the influence of exercise-training on myocardial SERCA2a expression in a model of 

myocardial infarction (MI).  The four experimental groups consisted of: sham-sedentary, 

sham-training, infarction-sedentary and infarction-training.  The training program 

consisted of 8 weeks of sprint interval treadmill training at 25° incline, 5 days per week 

for 1.5 hours each session.  This training regimen resulted in an 82% increase in 

SERCA2a protein content in sham-training compared to sham-sedentary and a 34% 

increase in infarction-training compared to infarction-sedentary.  While this study utilized 

a procedure to induce myocardial infarction, their results demonstrate that exercise has 

the ability to enhance SERCA2a protein content in both healthy and infarcted hearts.  

Further support for the notion that exercise-training enhances SERCA2a protein content 

is found in a study by Davidoff et al.
63

.  In that study, rats were fed either a control or a 

high-sucrose diet, with subsets of each given access to exercise wheels.  Following 8 

weeks on a high sucrose diet, rates of cardiomyocyte shortening and relengthening were 

impaired compared to those on the control diet, indicating that both Ca
2+ 

release and 

uptake were impaired and that cardiac dysfunction was present.  Interestingly, 5 weeks of 

voluntary wheel running (for an average of ~2,400 m/day) completely reversed 

cardiomyocyte dysfunction and normalized Ca
2+

 transport.  Another study utilizing high-

intensity exercise-training was conducted by Stolen et al.
64

 where mice alternated 

between running for 4 minutes at 85-90% VO2max and running for 2 minutes at 50% 

VO2max.  Mice trained for 80 minutes/day, 5 days/week, for a total of 13 weeks.  

Following exercise-training, diabetes-induced muscle relengthening and intracellular 

Ca
2+ 

removal impairments were restored to WT levels.  Furthermore, exercise-training 
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also increased SERCA2a protein content ~1.7-fold in diabetic cardiomyocytes.  

Additionally, a recent study by Epp et al.
65

 demonstrated for the first time that exercise-

training can help prevent the development of diastolic dysfunction and impaired 

SERCA2a expression and function in diabetic cardiac muscle.  The results from all of the 

studies discussed indicate that prolonged exercise-training produces protective 

adaptations to enhance SERCA protein content and function.  However, it remains to be 

elucidated what mechanisms are responsible for how exercise-training regulates these 

changes in SERCA expression and function in cardiac and skeletal muscle. 

 

AMPK is a major energy regulator in cardiac and skeletal muscle 

   Adenosine monophosphate-activated protein kinase (AMPK) acts as an energy sensor 

in cardiac and skeletal muscle
66

 by sensing an increase in adenosine monophosphate 

(AMP) following exercise or other metabolic challenges
67

.  This results in an activation 

of energy metabolism and a transition from anabolic to catabolic pathways
68

.  

Structurally, AMPK is a heterotrimeric complex, consisting of α-, β- and γ-subunits
69-71

 

(Table 1).  In a paper by Stapleton et al.
29

 AMPKα1 and AMPKα2 were identified as the 

two major isoforms of AMPKα in cardiac and skeletal muscle tissue.  Similarly, the β-

subunit is divided into two subunits, namely β1 and β2
72

, with the β2-subunit being 

expressed in higher levels in skeletal muscle
33

.  Finally, all three γ-subunit isoforms (γ1, 

γ2 and γ3) appear to be found in skeletal muscle, with the γ3-subunit being expressed at a 

higher level than either the γ1- or γ2- subunit
31

.  All three subunits play an important role 

in AMPK‟s structure and function.  However, the α-subunit serves as the catalytic portion 

of the enzyme
30, 70, 73

, while the β-subunit has a structural role, where it acts as a 
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scaffolding protein to hold the α- and γ-subunits together
74, 75

.  Cheung et al.
31

 

demonstrated that γ-subunit contains a site involved in binding AMP.  As previously 

mentioned, the three subunits form a heterotrimeric complex and it is interesting to note 

that the α2 subunit is present in the two most highly expressed heterotimers in human 

skeletal muscle, namely the α2β2γ1 heterotrimer followed by α2β2γ3
73, 76

. 

    Activation of AMPK is important in regulating various physiological processes (Figure 

3) and there are multiple ways in which activation can occur.  Activation can occur 

through direct phosphorylation at Thr
172

 (AMPKα
Thr172

)
77

, which was found to be the 

main site of AMPK phosphorylation within the α-subunit
78

 and is required for maximal 

AMPK activation
71

.  Exercise results in the activation of AMPK through the conversion 

of AMP from ATP
77

, which causes an upward shift in the AMP:ATP ratio
70, 79

.  Notably, 

high-intensity exercise has been shown to significantly enhance AMPK activation of the 

α2β2γ3 heterotrimer
76

; whereas, lower intensity exercise results in moderate α2β2γ1 

activation and even less α1β2γ1 activation
80

.  AMPK can also be activated through an 

allosteric change, caused by AMP binding to the γ-subunit, which causes a 

conformational shift that exposes the α-subunit‟s active site
70, 71, 81

.  Moreover, the 

conformational change induced by AMP helps inhibit the dephosphorylation of 

AMPKα
Thr172 

in the presence of phosphatases, such as protein phosphatase 2Cα
71, 82

 and, 

thereby, prevents the de-activation of AMPK.  Allosteric changes to AMPK results in ~3 

fold increase in AMPK activity
71, 83

; whereas AMPK is activated ~1,000-fold when 

allosteric changes are combined with the phosphorylation at AMPKα
Thr17271

.  This 

indicates that phosphorylation is the major contributor to AMPK activation and 
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demonstrates that the phosphorylation of the AMPKα-subunit is an integral part of this 

process. 

 

Figure 3.  Proposed exercise-mediated regulation of adenosine monophosphate-

activated protein kinase in cardiac and skeletal muscle.  Exercise is capable of 

increasing AMPK phosphorylation though various regulatory proteins, while p-

AMPKα
Thr172

 is capable of activating SIRT1 through a positive feedback 

mechanism.  AMPK, Adenosine monophosphate-activated protein kinase.  Ca
2+

, 

calcium.  CamK, Calcium/calmodulin-dependent protein kinase.  CaMKKα, 

Calcium/calmodulin-dependent protein kinase kinaseα.  CaMKKβ, Calcium/calmodulin-

dependent protein kinase kinaseβ.  LKB1, Serine/threonine kinase 11.  NAD
+
, 

Nicotinamide adenine dinucleotide.  SIRT1, Sirtuin 1.  SIRT3, Sirtuin 3.  Thr172, 

Threonine 172. 

 

 

 

   Phosphorylation of AMPKα
Thr172

 occurs as a result of the action of a few upstream 

kinases, with the dominant AMPK kinase (AMPKK) being LKB1
84, 85

 (Figure 3).  In 

2003, the group of Hawley et al.
85

 showed that the AMPK activator, AICAR stimulates 

AMPKα
Thr172

 phosphorylation by activating LKB1, while Sakamoto et al.
35

 demonstrated 

LKB1

AMPK

CaMKKα

Exercise

SIRT1 SIRT3Ca2+

CaMKKβ

CaMK

Thr172P
NAD+
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that LKB1 activity is not altered by muscle contraction.  However, a more recent study 

showed that LKB1 mediates AMPKα
Thr172

 phosphorylation and AMPKα2 activity 

following exercise-training
86

.  Interestingly, recent evidence demonstrates that sirtuins 1 

and 3 (SIRT1 and SIRT3, respectively) also activate the LKB1 mediated pathway 

through increased LKB1 phosphorylation and deacetylation
87-90

 and that exercise-training 

increases SIRT1 and SIRT3 protein content and activity in skeletal muscle
89, 91, 92

.  

Furthermore, AMPK is also involved in increasing the activity of SIRT1 by inducing an 

increase in NAD
+93

, contributing to a positive feed-back loop, whereas AMPK does not 

appear to be involved in SIRT3 protein expression
94

.  While other factors may be 

involved in activating AMPK, such as leptin and adiponectin
95

, it appears as though their 

effects may be modulated via an LKB1-mediated pathway
96

. 

   Although LKB1 is a major activator of AMPK, it has been shown that the protein 

Ca
2+

/calmodulin-dependent protein kinase kinase (CaMKK) can also phosphorylate 

AMPKα
Thr172

 in response to the activation of Ca
2+

/calmodulin signalling
97-99

.  Even 

though CaMKK has different isoforms, it has been shown that CaMKKβ regulates 

AMPKα
Thr172

 phosphorylation in HeLa cells and rat brain tissue
97, 99

.  Specifically, when 

normalized to their ability to activate CaMKI, CaMKKβ phosphorylates AMPKα
Thr172

 7-

times more than CaMKKα
97

.  However, there is a controversy regarding the role of 

CaMKKα and CaMKKβ for regulating AMPKα in cardiac and skeletal muscle.  

CaMKKα and CaMKKβ were not detected in mouse skeletal muscle
97

, while CaMKKα 

was absent from cardiac tissue and CaMKKβ was only slightly detectable in the heart
36

.  

A more recent study has demonstrated that CaMKKα and CaMKKβ appear to be 

expressed in rat skeletal muscle, with AMPK activity decreasing when CaMKK was 
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inhibited
37

.  Therefore, it is possible that CaMKK may contribute to the exercise-induced 

changes in p-AMPKα
Thr172

. 

   As mentioned previously, two AMPKα isoforms exist, namely AMPKα1 and AMPKα2, 

with both isoforms being co-expressed in skeletal and cardiac muscle
29

.  Studies utilizing 

a muscle specific AMPKα2 kinase dead transgenic mouse model (AMPKα2KD) or whole-

body AMPKα2 knockout mice (AMPKα2KO) have shown that the AMPKα2 subunit 

plays a critical role in regulating various metabolic proteins.  For example, a study by 

Jorgensen et al.
100

 found that AMPKα2KO mice displayed a ~60-70% reduction in basal 

and exercise-induced skeletal muscle AMPKα
Thr172

 phosphorylation compared to wild-

type (WT) mice.  They also found that AMPKα2KO mice displayed a ~20% reduction in 

various mitochondrial marker protein content (cytochrome c, cytochrome c oxidase, 

citrate synthase and 3-hydroxylacyl-CoA dehydrogenase), which may reduce the capacity 

for oxidative phosphorylation.  A study by Mu et al.
101

 used AMPKα2KD mice to 

demonstrate that the AMPKα2 subunit is required for contraction-stimulated 

AMPKα
Thr172

 phosphorylation and subsequent AMPK activation.  Furthermore, 

contraction-stimulated glucose uptake was reduced by 30-40% in the AMPKα2KD mice.  

A more recent study by Lefort et al.
102

 found similar findings as Mu et al.
101

, with 

AMPKα2KD mice displaying no change in AMPKα
Thr172

 phosphorylation or AMPKα 

activity following muscle contraction.  They found that there was a 50% reduction in 

contraction-stimulated glucose transport in AMPKα2KD mice compared to WT animals.  

In a study by Habets et al.
103

, the presence of the AMPKα2KD transgene completely 

ablated the 1.6-fold increase in CD36-mediated long-chain fatty acid uptake and 

oxidation induced by AICAR.  From this finding, the researchers suggested that AMPKα2 
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is essential for contraction-induced increase in long-chain fatty acid uptake mediated 

through CD36.  Furthermore, they also demonstrated that the AMPKα2 subunit is 

important in downstream AMPK signaling within cardiac muscle, as evidenced by the 

decrease in ACC phosphorylation.  Jeppesen et al.
104

 used the same animal model to 

demonstrate that this impaired AMPK signaling also occurs in skeletal muscle.  These 

findings are in contrast with Dzamko et al.
105

, however it remains possible that 

differences in exercise stimulus, muscle tissue type and/or AICAR administration may 

account for these differences.  Regardless, based on these collective findings, AMPKα2 

appears to play an important role in the AMPK signalling pathway, both at rest and in 

response to exercise-training. 

 

Does AMPK exert regulatory control over SERCA? 

   AMPK‟s importance in regulating energy homeostasis within cardiac and skeletal 

muscle during muscle contraction and SERCA‟s importance in regulating metabolic rate 

of resting muscle lead us to ask the question of „whether AMPK may exert regulatory 

effects over SERCA?‟.  To date, very little is known in regards to whether AMPK exerts 

a regulatory effect on SERCA expression and function in cardiac and skeletal muscle, 

both at rest and in response to exercise-training.  In fact, only two papers by Dong et 

al.
106, 107

 are known to examine the possibility that AMPK regulates SERCA protein 

expression; whereas no published study has examined if AMPK mediates the exercise-

training-induced changes in SERCA protein expression.  Notably, Dong‟s studies 

demonstrate a relationship between these two proteins, where the partial or complete 

deletion of the AMPKα2 subunit reduced SERCA3 activity and expression in mouse and 
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human endothelial cells
107

.  Specifically, AMPKα2KO display a phenotype where 

SERCA activity was impaired by ~25% in mouse endothelial cells, while adenoviral 

overexpression of a constitutively active AMPKα2 protein restored SERCA activity in 

mouse aortic endothelial cells
107

.  In contrast, the use of gene silencing techniques to 

knock down AMPKα2 protein content also reduced SERCA activity in mouse aortic 

endothelial cells
107

.  Thus, Dong et al.
107

 concluded that SERCA3 function is regulated by 

AMPK expression and signalling in endothelial cells.  However, what remains to be 

elucidated is whether this regulation carries over to skeletal and cardiac muscle.  It must 

be noted that endothelial cells predominantly express SERCA3 and SERCA2b rather than 

the SERCA1a and SERCA2a isoforms found in skeletal and/or cardiac muscle.  This 

tissue-specific distinction is of importance when interpreting the data presented by Dong 

et al.
107

, because the various SERCA isoforms may be differentially regulated in each 

tissue. 

 

Fiber-type recruitment patterns 

   A phenomenon known as the „size principle‟ guides muscle contraction, with small 

motor units being recruited initially upon contraction and large motor units being 

recruited if additional force is required
108, 109

.  Interestingly, small motor neurons 

innervate slow-twitch muscle fibers and have a low firing threshold, whereas large motor 

neurons innervate fast-twitch muscle fibers and have a higher firing threshold
110-112

.  The 

gastrocnemius (gastroc) muscle utilizes the „size principle‟ during muscle contraction 

because it is a mixed fiber-type muscle
10, 113

 and ultimately, this phenomenon may lead to 

fiber-type specific differences in the expression and function of various proteins in mixed 
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fiber-type muscles.  Unfortunately, many studies take mixed fiber-type muscles and 

homogenize them as a whole and no significant differences are found in mRNA/protein 

content or enzyme activity pre- and post-exercise-training.  However, it remains possible 

that analyzing fiber-type specific responses in these same muscles will lead to significant 

differences.  The reason for this is fiber-types become mixed when homogenizing the 

tissue as a whole, which might mask the actual fiber-type specific change that may be 

occurring in different fiber types.  In contrast, if the different fiber types were isolated 

before analysis, it is possible that large changes may be observed between the different 

muscle fiber-types.  As an example, a study by McConell et al.
114

 looked at differences in 

AMPKα
Thr172 

phosphorylation following pre- and post-training exercise trials in human 

vastus lateralis muscle.  They found that an acute bout of exercise resulted in an 11-fold 

increase in AMPKα
Thr172

 phosphorylation amongst untrained participants.  Conversely, 

this increase in AMPKα
Thr172

 phosphorylation was abolished following 10 days of 

exercise-training.  However, that study failed to look at fiber-type specific differences.  A 

follow-up study by Lee-Young et al.
115

 used a similar exercise protocol as McConell et 

al.
114

 and found a ~50% increase in basal AMPKα
Thr172

 phosphorylation in type I, IIa and 

IIx fibers following 10 days of exercise-training when the muscle fibers were isolated 

from resting muscle.  However, a distinct response to an acute bout of exercise was 

observed between fiber types, where only type IIx fibers demonstrated an exercise-

induced increase in AMPKα
Thr172

 phosphorylation following exercise-training.  These 

findings demonstrate that exercise-induced differences in AMPKα
Thr172

 phosphorylation 

occur in a fiber-type specific manner, which may lead to fiber-type specific adaptations 

for proteins downstream of AMPK. 
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    Recent advancements in technology have made it possible to dissect individual muscle 

fibers from muscle cross-sections using laser capture microdissection (LCM)
116

.  In fact, 

we believe a modified version of this technique will allow for the dissection of areas of 

high or low slow-twitch fiber concentration from muscle slices, thereby making it 

possible to determine if type I or type II fibers are differentially adapting to exercise.  

Using this method avoids the need to homogenize and analyze muscle as a whole and 

potentially missing any fiber-type specific differences that may be occurring. 
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Chapter 2: Study design and methods 

Statement of problem 

   While is it currently known that the AMPKα2 subunit plays a role in regulating control 

over SERCA function in endothelial cells, it remains to be seen if this interaction occurs 

in skeletal and cardiac muscle.  Furthermore, although it is known that exercise-training 

enhances AMPK activity in cardiac and skeletal muscle, it is not yet known if the 

AMPKα2 pathway regulates the expression and function of SERCA proteins in response 

to exercise-training. 

 

Rationale 

   Based on the theoretical framework presented, I intend to determine if an AMPKα2-

related biological process regulates SERCA protein expression and function in cardiac 

and skeletal muscle of sedentary and exercise-trained C57BL/6J mice. 

 

Hypotheses 

   Four working hypotheses were tested in my proposal.  Specifically, I hypothesized that: 

1. SERCA protein expression and function will be reduced in cardiac and skeletal 

muscle isolated from the AMPKα2 kinase dead transgenic mouse (AMPKα2KD), 

which is known to have a 46-95% reduction in AMPKα
Thr172

 phosphorylation in 

cardiac and skeletal muscle, as compared to wild-type (WT) mice
101, 103, 104

. 

2. Exercise-training will increase the relative level of AMPKα
Thr172

 phosphorylation 

and enhance SERCA protein expression and function in cardiac and skeletal 

muscle isolated from WT mice 
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3. The exercise-stimulated increase in SERCA protein expression and function will 

be blunted in cardiac and skeletal muscle isolated from the AMPKα2KD mice, 

4. SERCA1a and SERCA2a isoforms will differentially adapt to exercise-training 

based on the specific fiber-type that is assessed.   

 

Animal model 

   Animals were treated in accordance with the guidelines of the University of Manitoba 

Animal Protocol Management and Review Committee and the Canadian Council on 

Animal Care
117

.  Two male AMPKα2 kinase dead transgenic (KD) mice (~2 months old; 

24g) were sent to us from Dr. Morris Birnbaum‟s laboratory (University of Pennsylvania) 

in order to establish a breeding colony of AMPKα2KD mice at our facility.  Male 

AMPKα2KD mice were provided access to female C57BL6/J mice in order to create a 

breeding colony.  The AMPKα2KD transgene is expected to be passed according to 

Mendelian frequency (50%).  The heterozygote AMPKα2KD  transgenic manipulation 

produces the overexpression of a dominant kinase dead AMPKα2 protein isoform, 

resulting in the inactivation of the α2 catalytic subunit
101

.  More specifically, arginine was 

substituted for lysine 45 to produce cDNA encoding a kinase dead AMPKα2 protein
33, 101

.  

Certain phenotypic differences are present in the AMPKα2 KD mouse model, including 

reduced voluntary wheel running activity and exercise intolerance, as demonstrated by 

Mu et al.
101

.  Additionally, AMPKα2 KD mice also display impaired mitochondrial 

respiration
118

, glucose uptake
101

 and fatty acid uptake/oxidation
103

.  Of note, is that basal 

muscle AMPKα2 activity is diminished by ~46% in cardiomyocytes
103

 and by ~70-95% 

in skeletal muscle
101, 104

 in this animal model.  Interestingly, this reduction in AMPK 
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activity is limited to cardiac and skeletal muscle using a muscle creatine kinase (MCK) 

promoter
101

, which allows muscle specific expression of the transgene
119, 120

.  For this 

reason, AMPK activity remains unaffected in the kidney, pancreas, lung, spleen, brain, 

liver and adipose tissue in this KD mouse model
101

.  Therefore, any differences seen 

between WT and KD mice will be due to local muscle differences instead of systemic 

changes in metabolism.  A whole-body AMPKα1 or AMPKα2 knockout mouse model 

was considered
121

.  However, their usefulness is limited in our study because differences 

for AMPKα
Thr172

 phosphorylation are seen in a wide array of tissues.  As a result, any 

differences observed for experiments using whole body knockout could not be 

attributable solely to muscular adaptations, making our hypothesis more difficult to test.  

After breeding sufficient mice for our experiments, 32 AMPKα2KD mice and 32 wild-

type (WT) mice (2 months of age at the start of the experimental protocol) were fed a 

low-fat Western diet (TestDiet product 5TJS; 12% kcal from fat, 72% kcal from 

carbohydrates and 16% kcal from protein).   

 

Exercise-training 

   All animals were divided into 1 of 2 experimental groups.  Specifically, half of the WT 

and half of the KD mice were housed in standard animal cages and were considered to be 

the sedentary group (i.e.  non-exercise trained).  The remaining animals were housed in 

cages that contained a voluntary running wheel (Coulbourn Instruments; ACT-551; 

Figure 4) for a maximum of 5 months and were considered to be the exercise-trained 

groups. 
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Figure 4.  Mouse running wheel (Coulbourn Instruments; ACT-551). 

 

 

 

   The voluntary wheel running system is beneficial because it allows animals to run at 

will.  In our experience with voluntary wheel running, mice may run up to an average of 

9 km/day, whereas another study showed that certain C57BL/10 mice ran an average of 

~7 km in a 24 hour period
122

.  It has also been demonstrated by Duncan et al.
123

 that 

distance run in a voluntary wheel is inversely proportional to the age of mice.  

Furthermore, mice appear to run further and at a higher intensity at night
101, 124

, which is 

facilitated with the voluntary wheel running protocol.  With this protocol, the total 

number of wheel counts will be collected on a computer and will be converted to total 

running distance.  Unfortunately, KD mice have been shown to display reduced running 

activity by 20-30%
101

, which may result in decreased total voluntary running distance.  

Forced treadmill running is an alternative exercise-training modality intended to help 

standardize the amount of exercise each animal performs.  However, treadmill running 

would be conducted during the day, which is when mice appear to be less active
101, 124

.  

Furthermore, studies investigating the effects of treadmill running in mice have used 
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speeds ranging from 12-20 m/min
125-129

.  Using the highest speed of 20 m/min would 

result in a total running distance of 1.2 km in one hour and the total time required to 

achieve the distances ran with voluntary running wheels would be substantial.  

Additionally, mice run at varying intensities throughout the day
124

 and this behaviour 

would be difficult to reproduce accurately on a treadmill.  Voluntary wheel running has 

previously been shown to modify AMPK activity in vivo and has previously been used 

for this purpose
130, 131

.  For these reasons, our study utilized voluntary running wheels in 

order to maximize the exercise-training induced adaptations. 

 

Graded exercise test 

   Exercise-training induced changes in mouse running capacity were measured using a 

graded treadmill exercise test
132

(Columbus Instruments; Exer-3/6 Treadmill; Figure 5), as 

modified by our lab.  Hoydal et al.
132

 demonstrated a strong correlation between VO2max 

and running speed for both mice and rats using their protocol.  For baseline testing, mice 

ran at 7 m/min with speed being increased by 1.6 m/min until fatigue.  For follow-up 

testing, mice warmed up at 60% of previous max speed for 2 minutes, followed by 

increases to 70% and 80% of previous max speed for an additional 2 minutes each.  Mice 

then ran at 95% of previous max speed for the final 2 minutes of warm-up.  From this 

point, the treadmill speed was increased by 0.8 m/min until the animal is fatigued.  

Animals were deemed fatigued when they could no longer maintain a running pace.  

Tests were conducted at baseline, 1, 2, 3, 4 and 5 months. 
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Figure 5.  Mouse treadmill (Columbus Instruments; Exer-3/6 Treadmill). 

 

 

Oral glucose tolerance test 

   An oral glucose tolerance test (OGTT) was conducted at the completion of the exercsie-

training protocol to determine if there were any differences between groups.  Briefly, the 

mice were fasted for 8 h and one drop of blood was taken from a tail prick at baseline.  

The mice were then provided an oral administration of glucose (2 g/kg body weight) and 

blood was sampled again 15, 30, 60, and 120 min thereafter.  Blood glucose was 

measured using a glucose meter (AlphaTRAK). 
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Echocardiography 

    Echocardiography was employed to identify changes in left ventricular structure and 

function in vivo, as previously described
133-135

.  Prior to conducting echocardiograms 

(either the day of, or a day before), mice were weighed and 1 cm of hair was be removed 

from the thorax region using Nair.  Nair was removed using 70% ethanol, after which a 

layer of acoustic gel was applied.  A GE Vivid 7 machine (GE Medical Systems) was 

used and a 13-MHz probe was placed over the gel to acquire both a parasternal long axis 

view and a parasternal short axis view.  Heart rate (HR), ejection fraction (EF), left 

ventricular internal dimension in diastole (LVIDd), left ventricular posterior wall 

dimension (LVPWd), tissue doppler imaging (TDI), early ventricular filling velocity (E 

wave), atrial ventricular filling velocity (A wave), E/A ratio and deceleration time (DT) 

were the variables measured.  Echocardiography is a valid method for examining mouse 

heart structure and function
136

.  Echocardiography was performed at the conclusion of the 

study by our collaborators in the Dr. Jassal research group
133

. 

 

Tissue removal 

   Upon completion of the 5-month exercise-training protocol, animals were removed 

from the running wheel cages approximately 2 hours before tissue collection.  This tissue 

isolation procedure was utilized in order to minimize sedentary time in exercise-trained 

mice after having been exposed to an exercise wheel for 5 consecutive months.  This 

ensured that mice could remain active as long as possible, as opposed to changing their 

environment for an extended period of time prior to tissue collection.  The animals were 

anesthetized (15.0 mg ketamine: 1.0 mg xylazine ∙ (100 g body mass)
-1

) and 
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gastrocnemius (gastroc) from one leg and the heart (i.e.  left ventricle) were removed 

from each animal.  Half of this tissue was frozen immediately in liquid nitrogen and the 

remaining tissue was homogenized using a glass mortar and pestle (Kimble Chase 

Glassware; 885451-0021, 885452-0021) for further study.  All homogenization was done 

in phenylmethylsulfonyl fluoride (PMSF) buffer, consisting of: 250 mM sucrose, 5 mM 

HEPES (pH 7.5), 0.2 mM PMSF and 0.2%NaN3 in a ratio of 1:10 (w/v).  The gastroc 

from the second leg was isolated and placed in a cryomold, covered with Tissue-Tek 

O.C.T.  compound (Fisher Scientific; 14-373-65) and frozen in melting isopentane on 

liquid nitrogen.  All tissues were stored at -80°C until further use. 

 

Western blot analysis 

   Total protein content of muscle homogenates was quantified in triplicate using the 

bicinchoninic acid (BCA) protein assay.  Twenty micrograms of sample was loaded and 

resolved on 7.5 - 15% SDS-polyacrylamide gels (depending on protein size), followed by 

transfer onto polyvinylidene difluoride membranes (PVDF; Bio-Rad Laboratories).  Blots 

were blocked in either 5% milk or 5% BSA in tris-buffered saline tween (TBST), 

depending on the protein of interest, for one hour at room temperature.  After blocking, 

blots were immuno-labeled with anti-SERCA1a (Cell Signaling Technology; #4219), 

anti-SERCA2a (Cell Signaling Technolgy; #4388), anti-AMPKα (Cell Signaling 

Technology; #2532), anti-phosphorylated-AMPKα
Thr172

 (Cell Signaling Technology; 

#4188), anti-PLN (Santa Cruz Biotechnology, Inc.; sc-21923), anti-phosphorylated-PLN 

Thr17 (Santa Cruz Biotechnology, Inc.; sc-17024-R), anti-phosphorylated-PLN Ser16 

(Santa Cruz Biotechnology, Inc.; sc-12963), anti-phosphorylated-ACC (Cell Signaling 
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Technology; #3661) and anti-cytochrome C oxidase (COX IV; Cell Signaling 

Technology; #4844) primary antibodies overnight at 4°C.  After incubation in primary 

antibody, blots were washed 3 times with TBST for 10 minutes each, followed by 

incubation in secondary anti-rabbit antibody (Cell Signaling Technology; #7074) or anti-

goat antibody (Santa Cruz Biotechnology, Inc.; sc-2020) for 2 hours at room temperature.  

Blots were then washed another 3 times in TBST for 10 minutes each.  Membranes were 

then incubated in ECL reagent (Thermo Scientific; 32106 or Amersham; RPN2232) and 

visualized with the Fluor-S-Max MultiImager (Bio-Rad Laboratories).  Blots were then 

be stripped and re-imaged for β-tubulin (Cell Signaling Technology; #2128), using the 

same techniques listed above.  A loading control (LC) was loaded in each gel in order to 

standardize protein levels.  A wild-type left ventricle sample was used as a loading 

control for left ventricle samples, while a wild-type gastrocnemius sample was used as a 

loading control for gastrocnemius samples.  To quantify blots, the intensity of the protein 

of interest was normalized to the loading control, while β-tubulin intensity was also 

normalized to the loading control.  Finally, the normalized intensity of the protein of 

interest was divided by the normalized β-tubulin intensity to produce a ratio.  This 

process was carried out for all samples.  

 

RNA isolation from left ventricle tissue 

   Approximately 100-150 mg of tissue was homogenized in a tube with 2 ml of TRIzol 

reagent (Life Technologies; 15596-026), after which 200 μl of choloform was added to 

each sample.  Samples were then agitated by hand for 15 seconds, followed by incubation 

at room temperature for 3 minutes.  Tubes were then centrifuged at 12,000g for 15 
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minutes at 4°C.  The aqueous phase was then transferred to a fresh tube and 500 μl of 

isopropanol was added to each sample.  Tubes were then shaken by hand and incubated at 

room temperature for 10 minutes, followed by another shake and then centrifuged at 

12,000g for 10 minutes at 4°C.  After centrifugation, supernatant was discarded and 1 ml 

of 75% ethanol was used to re-suspend the pellet and then sample was centrifuged at 

7,500g for 10 minutes at 4°C.  Supernatant was once again discarded and the pellet was 

air dried for 10 minutes.  The pellet was then re-suspended in ~50-70 μl of RNase and 

DNase free water and then incubated for 10 minutes at 60°C. 

 

Left ventricle qPCR 

   Prior to carrying out qPCR, primers were checked for specificity by running the 

amplified product in an agarose gel.  The primers were only used when the amplified 

product corresponded to the predicted amplicon length with the presence of a single 

visible band.  Afterwards, the primers were diluted in DNase/RNase free water to a final 

concentration of 10 μM.  For DNase preparation (Invitrogen; 18068-015), each reaction 

required: 1 μL 10x DNase buffer, 1 μl DNase I, 200 ng of RNA and DEPC-treated water 

to 10 μl.  Incubate each reaction at room temperature for 15 min.  Stop each enzymatic 

reaction by adding 1 μl of 25 mM EDTA and incubate at 65°C for 10 minutes.  Once 

DNase step has been completed, pipette each reaction into a well of a PCR plate and add 

(to each well): 25 μl of 2x SYBR Green RT-PCR reaction mix (Bio-Rad Laboratories; 

170-8893), 0.75 μl forward primer, 0.75 μl reverse primer, 10 μl DNase-treated RNA 

sample, 1 μl iScript reverse transcriptase for one-step RT-PCR (Bio-Rad Laboratories; 

170-8893) and 12.5 μl of nuclease-free water.  The reaction protocol was setup so that 



35 
 

cDNA synthesis occurred at 50°C for 10 minutes, followed by reverse transcriptase 

inactivation at 95°C for 5 minutes.  Afterwards, PCR cycling and detection was carried 

out at 95°C for 10 seconds and 60°C for 30 seconds for 45 cycles.  Melt curve analysis 

was then completed for 80 cycles at 95°C for 1 minute, then 55°C for 1 minute and 

finally between 55°C and 95°C for 10 seconds (increasing by 0.5°C per cycle).  All steps 

were completed using the Bio-Rad iCycler iQ PCR Thermal Cycler (Bio-Rad 

Laboratories. 

   The following genes were targeted in left ventricle qPCR using primers specific for 

SERCA2a, PLN, RyR2, and GAPDH (Table 5).  GAPDH was used as a control to 

account for any potential variations in the amount of RNA input and the efficiency of 

reverse transcription. 

 

Table 5.  Forward and reverse primers for left ventricle qPCR (n.b. All primers 

span introns). 

Gene Forward primer (5’-3’) Reverse primer (5’-3’) 

SERCA2a TGGAGAACGCTCACACAAAG CTCAATCACAAGTTCCAGCA 

PLN CTTTTGCCTTCCTGGCATAA AGGTTCTGGAGATTCTGACG 

RyR2 GACCAACTCCTAGATTTC GTCCTCTGATTGTTAAGTC 

GAPDH TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 

 

 

Immunohistochemistry 

   Immunohistochemistry was performed in order to identify type I muscle fibres in the 

gastroc that was stored in O.C.T.  compound (Figure 6).  More specifically, frozen 

gastrocnemius tissue was sectioned into 12 μm-thick cross-sections in the transverse 

plane using a Cryostat machine (Leica Microsystems) at -20°C.  Following sectioning, 
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slides were fixed in 4% paraformaldehyde for 20 minutes on glass slides.  Slides were 

washed 3 times for 15 minutes each in 0.1 M phosphate buffered saline (PBS; 0.1 M 

phosphate buffer + 0.9% NaCl), followed by incubation in 0.1 M PBS + 10% normal 

donkey serum for 1 hour at room temperature.  Sections were then incubated in primary 

anti-myosin heavy chain 1 antibody (Sigma; M-8421) at a 1:1,000 dilution in 0.1 M PBS 

+ 1% normal donkey serum overnight at room temperature.  After 3 washes for 10 

minutes in 0.1 M PBS, slides were incubated in secondary donkey anti-mouse antibody 

(Jackson Labs; 715-065-150) at a 1:500 dilution in 0.1 M PBS + 1% normal donkey 

serum for one hour at room temperature.  Slides were washed another 3 times for 10 

minutes in 0.1 M PBS and then tissues were treated with Vectastain ABC (Vector 

Laboratories; PK-4000) for 1 hour at room temperature.  Another 2 washes for 10 

minutes in 0.1 M PBS and 1 wash for 10 minutes in 0.1 M phosphate buffer (PhB) were 

performed, followed by a 2-10 minute incubation in ImmPACT DAB peroxidase 

substrate (Vector Laboratories; SK-4105).  Finally, slides were washed 3 times for 10 

minutes in 0.1 PhB, dried and then mounted.  Type I muscle fibers were stained dark 

brown, distinguishing them from type II muscle fibers which will be very light in colour 

(Figure 6). 
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Figure 6.  Slow, skeletal myosin (Sigma-Aldrich; M8421) immunostained mouse 

gastrocnemius cross-section.  Dark staining, type 1 skeletal muscle fiber.  Light 

staining, type II skeletal muscle fiber. 

  

 

Laser capture microdissection (LCM) 

   Following staining, LCM was performed using the Zeiss PALM MicroBeam laser 

capture microdissection system (Carl Zeiss Canada Ltd.).  Areas of ~7,500 μm
2
 

containing a high percentage of type I muscle fibers (Figure 7) were dissected from each 

slice and collected in the adhesive caps of PCR tubes (Carl Zeiss Canada Ltd.; 415190-

9201-000).  Following LCM, samples were incubated in a mixture of RNeasy lysis buffer 

(Qiagen; 74004) and β-mercaptoethanol for 30 minutes.  For simplicity, we will refer to 

this LCM-enriched type I fiber population as “LCM-TypeI”.  The same procedure was 

carried out for type II muscle fibers, which will be referred to as “LCM-TypeII” 

throughout this document.  Following the LCM of type I and type II muscle fibers from a 

single slide, we then took the next slide from the same tissue and lysed the whole slice.  
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We will refer to this LCM whole tissue sample as “LCM-Whole”.  All samples were 

stored at -80°C until further use. 

 

Figure 7.  Gastrocnemius cross-section pre- and post-LCM.  Slides were stained with 

cresyl violet stain to highlight cross-section structure. 

 

 

 

 

RNA isolation from microdissected muscle samples 

   RNA was isolated from LCM samples using the RNeasy Micro Kit (Qiagen; 74004), 

with modifications, following the total RNA isolation from microdissected cryosections 

protocol.  Microdissected samples (type I or type II fibers) were pooled together and 

topped up to 300 μL of buffer RLT.  Twenty ng of carrier RNA were then be added to the 

sample, followed by 293μl RNase free H2O + 7μl proteinase k.  The samples were 

A. Gastrocnemius cross-section pre-LCM B. Gastrocnemius cross-section post-LCM

C. Areas of high slow-twitch fibreconcentration D. Areas of high fast-twitch fibre concentration
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incubated at 55°C for 10 minutes, after which 300 μL of ethanol was added to the 

solution.  Samples were then put into a column and centrifuged, followed by the addition 

of 350 μL of RW1 buffer.  After another spin, any traces of genomic DNA were removed 

using deoxyribonuclease (DNase) I (80 μL of a 1:7 dilution in RDD buffer) and then 

another wash with RW1 buffer.  Another spin was performed, after which 500 μL of RPE 

buffer was applied to the sample.  The sample was spun again, after which 500 μL of 

80% ethanol was added and then RNA will be collected in a new collection tube using 

RNase free water.  The same protocol was used for whole gastroc samples, except 

without carrier RNA.  Following RNA isolation, RNA concentration, protein 

contamination and RNA integrity of all samples were assessed using the 2100 

Bioanalyzer, 2100 Bioanalyzer RNA Pico 6000 kit and 2100 Expert Software (Agilent 

Tehnologies). 

 

qPCR from microdissected muscle samples 

   The SuperScript VILO cDNA Synthesis Kit (Invitrogen; 11754-050) was used to 

perform reverse transcription.  The same quantity of RNA (~8,148 ng) was used for all 

samples, with the total sample volume being made up to 14 μl with nuclease-free water.  

Reverse transcription reactions were carried out in a Master Cycler Gradient Thermal 

Cycler (Eppendorf).  Prior to real-time polymerase chain reactions (qPCR), synthesized 

cDNA was preamplified with the TaqMan PreAmp Master Mix Kit (Applied Biosystems; 

4391128).  Fourteen preamplification cycles were used in order to produce a larger 

volume of cDNA to test a greater number of genes.  Incubation of the preamplification 
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reactions was performed using the Master Cycler Gradient thermal cycler (Eppendorf), 

with all preamplified cDNA being made to a final volume of 1 ml. 

   qPCR reactions were performed in triplicate on 96-well qPCR plates.  Each well 

contained: 1.00 μlTaqMan Gene Expression Assay, 4.00 μl nuclease-free water, 10 μl 

iTaq Universal Probes Supermix (Bio-Rad Laboratories; 172-5130) and 5 μl preamplified 

cDNA.  Multiple plates were compared, with whole muscle cDNA serving as a calibrator 

sample.  A water lane was set-up on all plates in order to rule out any contamination of 

plates or reagents.  The reaction protocol was setup as follows, using the Bio-Rad iCycler 

iQ PCR Thermal Cycler (Bio-Rad Laboratories): 

 Polymerase activation and DNA denaturation: 1 minute at 95°C 

 PCR cycling and detection (40 cycles): 15 seconds at 95°C and 30 seconds at 

60°C 

The following genes were targeted in laser captured gastrocnemius qPCR using TaqMan 

gene expression assays for MHCβ, PGC-1α, SERCA1, SERCA2 and β-tubulin (Table 6).  

β-tubulin was used as a control to account for any potential variations in the amount of 

RNA input. 

 

Table 6.  TaqMan gene expression assays. 

Gene Assay ID 

MHCβ Mm01319006_g1 

PGC-1α Mm01208835_m1 

SERCA1 Mm01275320_m1 

SERCA2 Mm01201431_m1 

β-tubulin Mm00726185_s1 
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SERCA activity assay 

   Kinetic properties of calcium-dependent SERCA activity were measured using a 

spectrophotometric assay
137

, as modified by Tupling et al.
138

 and Duhamel et al.
139

 for use 

on a plate reader (SPECTRAmax; Molecular Devices).  Samples were thawed, with three 

samples being measured on a plate.  Depending on protein concentration and tissue type, 

8 (gastroc samples) to 25 (left ventricle) μg of protein was mixed with 4.25 mL of assay 

buffer.  Calcium-dependent activity was then measured by varying the amount of calcium 

(10-25 μL of 1 mM CaCl2) loaded in an eppindorf tube that contained 250 μL of cocktail.  

The assay buffer contained 4.25 ml ATPase buffer, 15 μL lactate dehydrogenase, 15 μL 

pyruvate kinase and 8.8 μL ionophore.  In order to obtain basal ATPase activity, 2 μL of 

the SERCA inhibitor CPA
140

 was used in one sample, which, when subtracted from total 

Ca
2+

-stimulated ATPase activity, enabled the calculation of Ca
2+

-stimulated SERCA 

activity.  After plotting the graph of enzyme activity versus Ca
2+

 concentration, maximal 

enzyme activity (Vmax), Ca50 and the Hill coefficient were calculated.  Vmax was defined 

the peak SERCA activity; whereas, Ca50 was defined as the concentration of Ca
2+

 that 

elicits 50% of Vmax when graphed using a sigmoidal fit of the data, as calculated by 

Graph Pad Prism (version 5.04).  The Hill coefficient was defined as the slope of the 

relationship between [Ca
2+

]f and SERCA activity and is obtained through nonlinear 

regression using the portion of the SERCA activity curve that corresponds to 10-90% 

Vmax
59, 141

. 
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Statistical analyses 

   All data were analyzed using a 2-way ANOVA with two between group comparisons 

(Factor 1: genetic background and Factor 2: exercise-training).  When significant 

differences (P<0.05) were observed within the ANOVA, a Newman-Keuls post hoc was 

utilized to identify differences between specific means.  Data is presented as mean ± SE. 
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Chapter 3: Results 

General characteristics of animals 

   Physiological parameters of WT and KD mice (sedentary and exercise-trained) are 

presented in Table 7.  Wild-type animals that had access to voluntary running wheels ran 

an average of 4 ± 1 km∙day
-1

 and KD mice ran an average of 5 ± 1 km∙day
-1

 throughout 

the 5 month protocol.  At the time of tissue collection there was no difference in body 

mass between groups.  Similarly, there were no differences in heart mass, heart mass to 

body mass ratio or the OGTT area under the curve. 
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Table 7.  General characteristics of C57BL/6J mice used in this study at time of tissue collection. 

  WT+Sed WT+Ex KD+Sed KD+Ex 

Body mass (g) 31 ± 2 34 ± 3 31 ± 2 31 ± 2 

Heart mass (mg) 88 ± 3 98 ± 5 88 ± 6 94 ± 6 

Heart mass : body mass ratio (mg/g) 2.9 ± 0.1 3.0 ± 0.2 2.8 ± 0.1 3.0 ± 0.1 

Oral glucose tolerance test (area under the curve) 2011 ± 83 1988 ± 189 1962 ± 82 1767 ± 92 

Values are means ± SE (n = 8 mice per group).  WT+Sed, wild-type mice housed in standard cages 

(sedentary condition).  WT+Ex, wild-type mice housed in cages with voluntary exercise wheels (exercised 

condition).  KD+Sed,  AMPKα2 kinase dead mice housed in standard cages (sedentary condition).  KD+Ex, 

AMPKα2 kinase dead mice housed in cages with voluntary exercise wheels (exercised condition). 
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Graded exercise treadmill test 

   To determine whether exercise-training resulted in changes in running capacity, a 

graded exercise treadmill test was performed at the end of the study protocol (Table 8).  

A main effect of genotype was observed for maximum speed achieved during the graded 

exercise treadmill test, where WT > KD (P < 0.05).  Furthermore, a main effect of 

exercise was also observed, where Sed < Ex (P < 0.01). 

 

Table 8.  Five month graded exercise treadmill test. 

  WT+Sed WT+Ex KD+Sed KD+Ex 

Maximum speed achieved (m/min) 18 ± 1 25 ± 2 14 ± 1 21 ± 2 

Values are means ± SE (n = 8 mice per group).  WT+Sed, wild-type mice housed in 

standard cages (sedentary condition).  WT+Ex, wild-type mice housed in cages with 

voluntary exercise wheels (exercised condition).  KD+Sed, AMPKα2 kinase dead mice 

housed in standard cages (sedentary condition).  KD+Ex, AMPKα2 kinase dead mice 

housed in cages with voluntary exercise wheels (exercised condition).  Main effect of 

genotype, where WT > KD (P < 0.05).  A main effect of exercise was observed, where 

Sed < Ex (P < 0.01). 

 

 

Left ventricle metabolic marker protein abundance 

   Protein expression was assessed using Western blotting techniques in order to 

determine if any changes occurred as a result of genotype or exercise-training.  In left 

ventricle samples (Figure 8), total AMPK protein levels were not affected by genotype or 

exercise.  Alternatively, there was a main effect of genotype on p-AMPKα
Thr172

, p-

AMPKα
Thr172

/AMPK ratio and p-ACC, where WT > KD (P < 0.01).  In contrast, no 

effect of genotype was observed for COX IV.  While there was no effect of exercise on p-

AMPKα
Thr172

, p-AMPKα
Thr172

/AMPK ratio and p-ACC, a main effect of exercise was 

observed for COX IV protein abundance, where Sed < Ex (P < 0.005). 
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Figure 8.  Representative Western blots and graphs depicting left ventricular 

protein expression of AMPK, p-AMPKα
Thr172

, p-AMPKα
Thr172

/AMPK ratio, p-ACC 

and COX IV from sedentary and exercise-trained animals.  Graphs indicated the 

mean ± SE (n = 5 mice per group).  (A) Representative AMPK Western blot, (B) 

Representative p-AMPKα
Thr172

 Western blot, (C) Representative p-ACC Western blot, 

(D) Representative COX IV Western blot, (E) AMPK, (F) p-AMPK
Thr172

, (G) p-

AMPK
Thr172

/AMPK ratio, (H) p-ACC and (I) COX IV.  A main effect of genotype was 

observed for p-AMPK
Thr172

, p-AMPK
Thr172

/AMPK ratio and p-ACC, where WT > KD (P 

< 0.01).  A main effect of exercise was observed for COX IV, where Sed < Ex (P < 

0.005).  WT+Sed, wild-type mice housed in standard cages (sedentary condition).  

WT+Ex, wild-type mice housed in cages with voluntary exercise wheels (exercised 

condition).  KD+Sed, AMPKα2 kinase dead mice housed in standard cages (sedentary 

condition).  KD+Ex, AMPKα2 kinase dead mice housed in cages with voluntary exercise 

wheels (exercised condition).   

 

 

Gastrocnemius metabolic marker protein abundance 

   Similar to left ventricle samples, total AMPK protein abundance in gastroc samples 

(Figure 9) was not affected by genotype or exercise.  However, a main effect of genotype 
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was observed for p-AMPKα
Thr172

, p-ACC and COX IV, where WT > KD (P < 0.05).  

There was also a main effect of exercise observed for p-AMPKα
Thr172

 and COX IV, 

where Sed < Ex (P < 0.05).  In contrast, p-ACC remained unchanged following exercise-

training. 

 

Figure 9.  Representative Western blots and graphs depicting gastrocnemius protein 

expression of AMPK, p-AMPKα
Thr172

, p-AMPKα
Thr172

/AMPK ratio, p-ACC and 

COX IV from sedentary and exercise-trained animals.  Graphs indicated the mean ± 

SE  (n = 5 mice per group).  (A) Representative AMPK Western blot, (B) Representative 

p-AMPKα
Thr172

 Western blot, (C) Representative p-ACC Western blot, (D) 

Representative COX IV Western blot, (E) AMPK, (F) p-AMPK
Thr172

, (G) p-

AMPK
Thr172

/AMPK ratio, (H) p-ACC and (I) COX IV.  A main effect of genotype was 

observed for p-AMPK
Thr172

, p-AMPK
Thr172

/AMPK ratio, p-ACC and COX IV, where WT 

> KD (P < 0.05).  A main effect of exercise was observed for p-AMPK
Thr172

 and COX 

IV, where Sed < Ex (P < 0.05).  WT+Sed, wild-type mice housed in standard cages 

(sedentary condition).  WT+Ex, wild-type mice housed in cages with voluntary exercise 

wheels (exercised condition).  KD+Sed, AMPKα2 kinase dead mice housed in standard 

cages (sedentary condition).  KD+Ex, AMPKα2 kinase dead mice housed in cages with 

voluntary exercise wheels (exercised condition). 
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Left ventricle SERCA2a, PLN, p-PLN
Thr17

 and p-PLN
Ser16

 protein levels 

   In left ventricle samples (Figure 10), there was an decrease of ~40% in SERCA2a 

protein abundance in sedentary KD mice compared to sedentary WT mice (P < 0.05).  

Notably, exercise-training increased SERCA2a protein content by ~43% in WT mice, as 

compared to WT sedentary mice (P < 0.05).  In contrast, exercise-training did not alter 

the content of SERCA2a protein in LV samples isolated from KD mice.  In fact, 

SERCA2a protein content was ~59% lower in exercise-trained KD mice, as compared to 

WT exercise-trained mice (P < 0.05).   

   There was a main effect of genotype observed for PLN, where WT < KD (P < 0.05) 

and a main effect of exercise observed for PLN, where Ex < Sed (P < 0.05).  No 

difference in p-PLN
Thr17

 was observed between WT+SED and KD+SED mice.  

Additionally, exercise did not alter p-PLN
Thr17 

protein levels in WT mice.  Interestingly, 

p-PLN
Thr17

 was ~61% and ~158% higher in exercise-trained KD mice, as compared to 

KD+Sed mice and WT+Ex mice (P < 0.05).  A different response was observed for p-

PLN
Ser16

 phosphorylation.  In fact, p-PLN
Ser16

 phosphorylation was reduced by ~49% in 

KD+Sed mice, as compared to their WT counterparts (P < 0.05).  Furthermore, although 

exercise-training did not alter p-PLN
Ser16

 phosphorylation in WT mice, exercise did 

increase p-PLN
Ser16

 phosphorylation by ~194% in exercise-trained KD mice (P < 0.05).  

However, the relative levels of p-PLN
Ser16

 phosphorylation was similar between exercise-

trained WT and exercise-trained KD mice. 
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Figure 10.  Representative Western blots and graphs depicting left ventricular 

protein expression of SERCA2a, PLN, p-PLN
Thr17

 and p-PLN
Ser16

 from sedentary 

and exercise-trained animals.  Graphs indicated the mean ± SE  (n = 5 mice per group).  

(A) Representative SERCA2a Western blot, (B) Representative PLN Western blot, (C) 

Representative p-PLN
Thr17

 Western blot, (D) Representative p-PLN
Ser16

 Western blot, (E) 

SERCA2a, (F) PLN, (G) p-PLN
Thr17

 and (H) p-PLN
Ser16

.  A main effect of genotype was 

observed for PLN, where WT < KD (P < 0.05).  A main effect of exercise was observed 

for PLN, where Sed > Ex (P < 0.05).  *, different from Sed of same genotype (P < 0.05).  

#, different from WT from same training condition (P < 0.05).  WT+Sed, wild-type mice 

housed in standard cages (sedentary condition).  WT+Ex, wild-type mice housed in 

cages with voluntary exercise wheels (exercised condition).  KD+Sed, AMPKα2 kinase 

dead mice housed in standard cages (sedentary condition).  KD+Ex, AMPKα2 kinase 

dead mice housed in cages with voluntary exercise wheels (exercised condition). 

 

 

Gastrocnemius SERCA1a, SERCA2a, PLN, p-PLN
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 protein 

levels 

   Western blotting was also used to assess changes in protein content and 

phosphorylation in gastroc muscle (Figure 11).  A main effect of genotype and exercise-

training was observed for SERCA1a protein content, where WT > KD (P < 0.05) and Sed 
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< Ex (P < 0.01), respectively.  While presence of the KD transgene had no effect on 

SERCA2a protein levels, a main effect of exercise-training was observed for SERCA2a, 

where Sed < Ex (P < 0.05). 

   Similar to observations made in cardiac muscle, there was a main effect of genotype 

observed for PLN, where WT < KD (P < 0.05) and a main effect of exercise observed for 

PLN, where Ex < Sed (P < 0.05).  In contrast to the observations made in LV tissue for p-

PLN
Thr17

 phosphorylation levels, the gastroc data indicate that no differences between 

groups were observed for genotype or exercise-training status.  No differences between 

WT+Sed and KD+Sed were observed for p-PLN
Ser16

 phosphorylation in gastroc sample.  

However, exercise-training increased p-PLN
Ser16

 phosphorylation by ~158% in WT mice 

compared to their sedentary counterparts (P < 0.05).  In contrast, exercise-training did not 

alter p-PLN
Ser16

 phosphorylation in KD mice. 
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Figure 11.  Representative Western blots and graphs depicting gastrocnemius 

protein expression of SERCA1a, SERCA2a, PLN, p-PLN
Thr17

 and p-PLN
Ser16

 from 

sedentary and exercise-trained animals.  Graphs indicated the mean ± SE  (n = 5 mice 

per group).  (A) Representative SERCA1a Western blot, (B) Representative SERCA2a 

Western blot, (C) Representative PLN Western blot, (D) Representative p-PLN
Thr17

 

Western blot, (E) Representative p-PLN
Ser16

 Western blot, (F) SERCA1a, (G) SERCA2a, 

(H) PLN, (I) p-PLN
Thr17

 and (J) p-PLN
Ser16

.  A main effect of genotype was observed for 

SERCA1a, where WT > KD (P < 0.05) and for PLN, where WT < KD (P < 0.05).  A 

main effect of exercise was observed for SERCA1a and SERCA2a, where Sed < Ex (P < 

0.05) and for PLN, where Sed > Ex (P < 0.05).  *, different from Sed of same genotype 

(P < 0.05).  WT+Sed, wild-type mice housed in standard cages (sedentary condition).  

WT+Ex, wild-type mice housed in cages with voluntary exercise wheels (exercised 

condition).  KD+Sed, AMPKα2 kinase dead mice housed in standard cages (sedentary 

condition).  KD+Ex, AMPKα2 kinase dead mice housed in cages with voluntary exercise 

wheels (exercised condition). 
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Left ventricle mRNA expression 

   Levels of mRNA expression in left ventricular tissue were assessed using qPCR (Figure 

12).  A main effect of genotype was observed for SERCA2a mRNA expression, where 

WT > KD (P < 0.05).  However, exercise-training had no effect on SERCA2a mRNA 

expression.  Interestingly, PLN mRNA was reduced by 52% in sedentary KD mice, as 

compared to WT+Sed mice (P < 0.05).  Notably, exercise-training down-regulated PLN 

expression by ~48% in WT mice, as compared to WT+Sed mice (P < 0.05).  Exercise-

training also reduced PLN expression by an additional ~35% in KD mice, as compared to 

KD+Sed mice (P < 0.05).  Finally, it was notable that KD+Ex mice also had a ~40% 

reduction in PLN expression as compared to WT+Ex mice (P < 0.05).  In regards to 

RyR2 mRNA expression, sedentary KD mice had 66% less RyR2 mRNA in comparison 

to WT+Sed mice (P < 0.05).  Notably, exercise-training also reduced RyR2 mRNA 

expression by ~79%, as compared to WT+Sed mice (P < 0.05).  In contrast, exercise-

training increase RyR2 expression by ~91% and ~210%, as compared to KD+Sed mice 

and WT+Ex mice, respectively (P < 0.05). 
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Figure 12.  Quantitative PCR data characterizing left ventricle mRNA expression of 

SERCA2a, PLN and RyR2 from sedentary and exercise-trained animals.  Graphs 

indicated the mean ± SE  (n = 5 mice per group).  (A) SERCA2a, (B) PLN and (C) RyR2.  

A main effect of genotype was observed for SERCA2a, where WT > KD (P < 0.05).  *, 

different from Sed of same genotype (P < 0.05).  #, different from WT from same 

training condition (P < 0.05).  WT+Sed, wild-type mice housed in standard cages 

(sedentary condition).  WT+Ex, wild-type mice housed in cages with voluntary exercise 

wheels (exercised condition).  KD+Sed, AMPKα2 kinase dead mice housed in standard 

cages (sedentary condition).  KD+Ex, AMPKα2 kinase dead mice housed in cages with 

voluntary exercise wheels (exercised condition). 

 

 

Laser captured gastrocnemius mRNA expression 
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in LCM-Whole tissue samples isolated from WT mice, as compared to WT sedentary 

mice (P < 0.05).  However, exercise-training did not alter the expression of MHC-1β in 

LCM-Whole tissue samples isolated from KD mice.  In fact, the observed interaction 

effect indicated that MHC-1β expression was ~72% lower in LCM-Whole tissue isolated 

from KD+Ex, as compared to WT+Ex mice (P < 0.05).  A similar interaction effect was 

observed for MHC-1β expression for LCM-TypeI tissue.  Specifically, exercise-training 

increased MHC-1β mRNA by ~167% in WT mice, as compared to WT sedentary mice (P 

< 0.05).  However, exercise-training was without effect in LCM-TypeI tissue samples 

isolated from KD mice.  Furthermore, MHC-1β expression was ~71% lower in LCM-

TypeI tissue isolated from KD+Ex, as compared to WT+Ex mice (P < 0.05).  When 

comparisons were made for LCM-TypeII tissue samples, no statistical changes in MHC-

1β expression were observed between groups.  It is worth noting that the relative 

expression level of MHC-1β was 40-140 fold lower in LCM-TypeII tissue, as compared 

to LCM-TypeI tissue. 
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Figure 13.  Quantitative PCR data characterizing mRNA expression of MHC-1β 

from laser captured gastrocnemius of sedentary and exercise-trained animals.  

Graphs indicated the mean ± SE  (n = 5 mice per group).  (A) LCM-Whole, (B) LCM-

TypeI and (C) LCM-TypeII.  *, different from Sed of same genotype (P < 0.05).  #, 

different from WT from same training condition (P < 0.05).  WT+Sed, wild-type mice 

housed in standard cages (sedentary condition).  WT+Ex, wild-type mice housed in 

cages with voluntary exercise wheels (exercised condition).  KD+Sed, AMPKα2 kinase 

dead mice housed in standard cages (sedentary condition).  KD+Ex, AMPKα2 kinase 

dead mice housed in cages with voluntary exercise wheels (exercised condition). 
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PGC-1α mRNA, as compared to WT+Sed mice (P < 0.05).  Notably, exercise-training 

increased PGC-1α mRNA by ~131% in WT mice, as compared to their sedentary 

counterparts (P < 0.05).  However, there was no effect of exercise-training amongst KD 

mice.  In fact, PGC-1α mRNA expression was not different when comparisons were 

made between WT+Ex and KD+Ex mice.  Finally, although there was no effect of 

genotype on PGC-1α mRNA expression, a main effect of exercise observed for PGC-1α 

mRNA expression measured in LCM-TypeII tissue, where Sed < Ex (P < 0.05). 
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Figure 14.  Quantitative PCR data characterizing mRNA expression of PGC-1α 

from laser captured gastrocnemius of sedentary and exercise-trained animals.  

Graphs indicated the mean ± SE  (n = 5 mice per group).  (A) LCM-Whole, (B) LCM-

TypeI and (C) LCM-TypeII.  A main effect of exercise was observed for PGC-1α whole 

gastrocnemius and PGC-1α fast-twitch fibers, where Sed < Ex (P < 0.05).  *, different 

from Sed of same genotype (P < 0.05).  #, different from WT from same training 

condition (P < 0.05).  WT+Sed, wild-type mice housed in standard cages (sedentary 

condition).  WT+Ex, wild-type mice housed in cages with voluntary exercise wheels 

(exercised condition).  KD+Sed, AMPKα2 kinase dead mice housed in standard cages 

(sedentary condition).  KD+Ex, AMPKα2 kinase dead mice housed in cages with 

voluntary exercise wheels (exercised condition). 
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SERCA1a mRNA expression in LCM-Whole tissue, where Sed < Ex (P < 0.05).  In 

contrast, SERCA1a mRNA expression was not altered by genotypic or exercise-training 

in LCM-TypeI tissue.  However, the pattern of change for SERCA1a mRNA in LCM-

TypeII tissue was similar to that observed for LCM-Whole tissue, where genotype had no 

effect but a main effect of exercise was observed (i.e.  Sed < Ex; P < 0.05). 
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Figure 15.  Quantitative PCR data characterizing mRNA expression of SERCA1a 

from laser captured gastrocnemius of sedentary and exercise-trained animals.  

Graphs indicated the mean ± SE  (n = 5 mice per group).  (A) LCM-Whole, (B) LCM-

TypeI and (C) LCM-TypeII.  A main effect of exercise was observed for SERCA1a 

whole gastrocnemius and SERCA1a fast-twitch fibers, where Sed < Ex (P < 0.05).  

WT+Sed, wild-type mice housed in standard cages (sedentary condition).  WT+Ex, 

wild-type mice housed in cages with voluntary exercise wheels (exercised condition).  

KD+Sed, AMPKα2 kinase dead mice housed in standard cages (sedentary condition).  

KD+Ex, AMPKα2 kinase dead mice housed in cages with voluntary exercise wheels 

(exercised condition). 
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was not different when comparisons were made between WT+Sed and KD+Sed mice.  

However, SERCA2a mRNA increased by 19-fold in exercise-trained WT mice, as 

compared to their sedentary counterparts (P < 0.01).  This exercise-stimulated response 

was blunted in KD mice, where exercise-training stimulated a 9-fold increase for 

SERCA2a mRNA in LCM-TypeI tissue (P <0.01).  In fact, SERCA2a mRNA expression 

in LCM-TypeI tissue was ~54% lower amongst KD+Ex mice, as compared to WT+Ex 

mice (P < 0.01).  Finally, the pattern of change for SERCA2a mRNA in LCM-TypeII 

tissue was similar to that observed for LCM-Whole tissue, where genotype had no effect 

but a main effect of exercise was observed (i.e.  Sed < Ex; P < 0.05). 
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Figure 16.  Quantitative PCR data characterizing mRNA expression of SERCA2a 

from laser captured gastrocnemius of sedentary and exercise-trained animals.  

Graphs indicated the mean ± SE  (n = 5 mice per group).  (A) LCM-Whole, (B) LCM-

TypeI and (C) LCM-TypeII.  A main effect of exercise was observed for SERCA2a 

whole gastrocnemius and SERCA2a fast-twitch fibers, where Sed < Ex (P < 0.05).  *, 

different from Sed of same genotype (P < 0.01).  #, different from WT from same 

training condition (P < 0.01).  WT+Sed, wild-type mice housed in standard cages 

(sedentary condition).  WT+Ex, wild-type mice housed in cages with voluntary exercise 

wheels (exercised condition).  KD+Sed, AMPKα2 kinase dead mice housed in standard 

cages (sedentary condition).  KD+Ex, AMPKα2 kinase dead mice housed in cages with 

voluntary exercise wheels (exercised condition). 

 

 

   For RyR1 mRNA expression (Figure 17), there was no effect of genotype or exercise-
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< KD (P < 0.05).  Exercise-training was without effect on RyR1 mRNA expression in 

LCM-TypeII tissue. 

 

Figure 17.  Quantitative PCR data characterizing mRNA expression of RyR1 from 

laser captured gastrocnemius of sedentary and exercise-trained animals.  Graphs 

indicated the mean ± SE  (n = 5 mice per group).  (A) LCM-Whole, (B) LCM-Type1 and 

(C) LCM-TypeII.  A main effect of genotype was observed for RyR1 fast-twitch fibers, 

where WT < KD (P < 0.05).  WT+Sed, wild-type mice housed in standard cages 

(sedentary condition).  WT+Ex, wild-type mice housed in cages with voluntary exercise 

wheels (exercised condition).  KD+Sed, AMPKα2 kinase dead mice housed in standard 

cages (sedentary condition).  KD+Ex, AMPKα2 kinase dead mice housed in cages with 

voluntary exercise wheels (exercised condition). 
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Calcium-dependent SERCA activity in left ventricle and gastrocnemius samples 

   To assess the kinetic properties of calcium-dependent SERCA activity, a 

spectrophotometric assay was conducted.  For left ventricle samples (Figure 18), a main 

effect of genotype was observed for Vmax and Hill coefficient, where WT > KD (P < 

0.05).  No effect of exercise-training was observed for either parameter in LV tissue.  

Similarly, no differences were observed for Ca50 between any of the groups. 
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Figure 18.  Calcium-dependent SERCA activity from left ventricle samples isolated 

from sedentary and exercise-trained animals.  Graphs indicate the mean ± SE  (n = 8 

mice per group).  (A) Maximal SERCA activity (Vmax), (B) Hill coefficient and (C) Ca50.  

Main effect of genotype for Vmax and Hill coefficient, where WT > KD (P < 0.05).  

WT+Sed, wild-type mice housed in standard cages (sedentary condition).  WT+Ex, 

wild-type mice housed in cages with voluntary exercise wheels (exercised condition).  

KD+Sed, AMPKα2 kinase dead mice housed in standard cages (sedentary condition).  

KD+Ex, AMPKα2 kinase dead mice housed in cages with voluntary exercise wheels 

(exercised condition). 

 

 

   For gastroc samples (Figure 19), a main effect of genotype was observed for Vmax, 
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reduced Ca50 by ~26% amongst WT mice (73 ± 4 nmol∙L
-1

), as compared to WT+Sed 

mice (54 ± 3 nmol∙L
-1

).  However, exercise-training did not alter Ca50 amongst KD mice.  

Finally, Ca50 was not different when comparisons were made between WT+Ex and 

KD+Ex mice. 

 

Figure 19.  Calcium-dependent SERCA activity from gastrocnemius samples 

isolated from sedentary and exercise-trained animals.  Graphs indicate the mean ± SE  

(n = 8 mice per group).  (A) Maximal SERCA activity (Vmax),  (B) Hill coefficient and  

(C) Ca50.  Main effect of genotype on Vmax, where WT > KD (P < 0.05).  *, different 

from Sed of same genotype (P < 0.05).  #, different from WT from same training 

condition (P < 0.05).  WT+Sed, wild-type mice housed in standard cages (sedentary 

condition).  WT+Ex, wild-type mice housed in cages with voluntary exercise wheels 

(exercised condition).  KD+Sed, AMPKα2 kinase dead mice housed in standard cages 

(sedentary condition).  KD+Ex, AMPKα2 kinase dead mice housed in cages with 

voluntary exercise wheels (exercised condition). 
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Echocardiography 

To determine whether changes in cardiac structure and function occurred, in vivo 

echocardiography was performed (Table 9).  While no effect of genotype was observed 

for heart rate, a main effect of exercise-training was observed, where Sed > Ex (P < 

0.05).  Additionally, no effects of genotype or exercise-training were observed for 

ejection fraction.  In contrast, an interaction effect was observed for left ventricular 

internal diastolic dimension (LVIDd).  Specifically, LVIDd increased by ~13% in 

sedentary KD mice, as compared to sedentary WT mice (P < 0.05).  Exercise-training 

also stimulated an increase of ~13% for LVIDd amongst WT+Ex mice, as compared to 

WT+Sed mice (P < 0.05).  However, there was no effect of exercise-training amongst KD 

mice.  Additionally, there was no difference in LVIDd between exercise-trained WT and 

exercise-trained KD mice.  Left ventricular posterior wall dimension (LVPWd), tissue 

Doppler imaging (TDI) of left ventricular posterior wall, E wave, A wave and E/A ratio 

did not change based on genotype or exercise-training.  An interaction effect (P<0.05) 

was observed for deceleration time (DT), where the DT for KD+Sed mice was ~43% 

higher than the values observed for sedentary WT mice.  Although exercise-training did 

not alter DT in WT mice, exercise-training did result in a 29% faster DT amongst KD+Ex 

mice, as compared to KD+Sed mice (P < 0.05).  Finally, DT was not different when 

comparisons were made between WT+Ex and KD+Ex mice. 
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Table 9.  Echocardiography parameters at 20 weeks. 

  WT+Sed 
 

WT+Ex 
 

KD+Sed 
 

KD+Ex 

 
Heart rate (beats/min) 686 ± 11 

 

659 ± 16 

 

701 ± 12 

 

658 ± 18 

 Ejection fraction (%) 82 ± 1 

 

82 ± 2 

 

79 ± 1 

 

82 ± 1 

 Left ventricular internal diastolic dimension (LVIDd; mm) 2.4 ± 0.04 

 

2.7 ± 0.09 * 2.7 ± 0.05 # 2.7 ± 0.05 

 Left ventricular posterior wall dimension (LVPWd; mm) 0.9 ± 0.01 

 

0.9 ± 0.02 

 

0.9 ± 0.02 

 

0.9 ± 0.02 

 TDI of left ventricular posterior wall (cm/sec) 1.7 ± 0.1 

 

1.6 ± 0.1 

 

1.7 ± 0.1 

 

1.7 ± 0.1 

 Early ventricular filling velocity (E wave; mm/sec) 613 ± 47 

 

651 ± 48 

 

664 ± 45 

 

574 ± 29 

 Atrial ventricular filling velocity (A wave; mm/sec) 387 ± 42 

 

434 ± 47 

 

379 ± 49 

 

356 ± 45 

 E/A ratio 1.5 ± 0.08 

 

1.5 ± 0.10 

 

1.7 ± 0.11 

 

1.8 ± 0.18 

 Deceleration time (DT; ms) 24.4 ± 1.8 

 

26.9 ± 3.3 

 

34.9 ± 3.2 # 21.6 ± 1.1 * 

Values are means ± SE  (n = 8 mice per group).  WT+Sed, wild-type mice housed in standard cages (sedentary condition).  WT+Ex, 

wild-type mice housed in cages with voluntary exercise wheels (exercised condition).  KD+Sed, AMPKα2 kinase dead mice housed 

in standard cages (sedentary condition).  KD+Ex, AMPKα2 kinase dead mice housed in cages with voluntary exercise wheels 

(exercised condition).  A main effect of exercise-training was observed for heart rate, where Sed > Ex.  (P < 0.05).  *, different from 

Sed of same genotype (P < 0.05).  #, different from WT from same training condition (P < 0.05). 
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Chapter 4: Discussion 

   A recent paper by Dong et al.
107

 demonstrated that AMPKα2 signaling is involved in 

the regulation of SERCA3 function in endothelial cells.  However, it remains to be 

elucidated whether AMPK is involved in the regulation of SERCA1a and SERCA2a in 

skeletal and cardiac muscle.  Therefore, the primary purpose of this study was to 

determine the role that AMPKα2 may play in regulating SERCA expression and function 

within cardiac and skeletal muscle tissue.  Furthermore, it has previously been 

demonstrated that exercise-training enhances AMPK activity
142, 143

, while also up-

regulating SERCA1a and SERCA2a expression and function in cardiac
60-63

 and skeletal 

muscle
55, 57-59

.  With this in mind, a secondary aim of this study was to determine whether 

exercise-induced changes in SERCA1a and SERCA2a expression and function in cardiac 

and skeletal muscle are mediated through an AMPKα2-mediated process.  Finally, a 

previous study by Lee-Young et al.
115

 has indicated that exercise-training up-regulates 

AMPKα
Thr172

 phosphorylation in a fiber-type specific manner.  Therefore, the final 

objective of this study was to determine if the genetic manipulation of AMPKα2 or 

exercise-training would stimulate fiber-type specific changes in SERCA1a or SERCA2a 

expression in skeletal muscle. 

 

AMPKα2 KD mice are characterized by a down-regulation of AMPK signaling 

   In order to test our hypotheses, we made the decision to utilize a KD mouse model in 

our study.  As expected, we observed a main effect of genotype where the p-

AMPKα
Thr172

/AMPK ratio was reduced by 45-50% in both cardiac and skeletal muscle.  

These findings indicate that the KD transgenic model was effective for reducing the 
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relative level of AMPK activation in both cardiac and skeletal muscle, which is in 

agreement with previous studies using the same animal model
101, 103, 104

.  Additionally, 

the observed changes in total p-ACC in KD mice, as compared to WT mice, support 

previously published data
103

.  However, it must be acknowledged that Habets et al.
103

 

published data indicating that p-ACC protein levels were reduced to an even greater 

extent in KD mice than the levels reported in this study.   

 

AMPKα2 KD transgene and exercise-training affect exercise capacity 

   Another method that was utilized to determine the efficacy of our animal model for 

testing our hypotheses was to have the mice perform a graded exercise test, as previously 

described by Hoydal et al
132

 and modified by our lab.  Our data clearly indicate that 

genotype influenced the maximum speed achieved during the graded exercise test, where 

KD mice did not achieve as high of a speed as their WT counterparts.  We interpret these 

observations as an indication that animals that are characterized by impaired AMPKα2 

signaling have reduced aerobic capacity or an attenuated ability to adapt to progressive 

increases in exercise intensity during an acute bout of exercise.  Previous reports in the 

literature support this idea and have demonstrated that incremental exercise progressively 

activates AMPK
Thr172

 phosphorylation
142

, and more specifically AMPKα2 activity in 

vivo
144

.  Notably, other reports that have utilized animal models characterized with 

impaired AMPK signaling indicate that exercise tolerance is lower in animals with 

decreased AMPK signaling.  Specifically, Fujii et al.
145

 used an animal model similar to 

ours and observed ~63% decrease in total workload as measured by graded exercise 

treadmill test in KD mice compared to WT mice.  Another study by O‟Neill et al.
126

 had 
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AMPKβ1β2 knockout mice perform a graded exercise treadmill test and demonstrated that 

AMPKβ1β2 knockout mice had ~57% reduction in maximal running speed.   

   With respect to the effect of exercise-training, our graded exercise test data for WT 

mice agree with data published by Hoydal et al.
132

 and demonstrate that the voluntary 

wheel running model of exercise-training increases graded exercise test performance.  

Our data also indicate that KD mice significantly improved their graded exercise test 

performance in response to 5 months of exercise-training.  It is likely that the enhanced 

performance amongst KD mice may be explained, at least in part, by the fact that cardiac 

and skeletal muscle COX IV protein levels were elevated following exercise-training in 

KD mice.  Specifically, exercise-training up-regulated COX IV protein levels by ~57% 

and ~119% in left ventricle tissue isolated from WT and KD mice, respectively, as 

compared to their sedentary counterparts.  Exercise-training also up-regulated COX IV 

protein levels by ~105% and ~60% in skeletal muscle isolated from WT and KD mice.  

These data support previous literature indicating that exercise-training up-regulates COX 

IV by ~60% in skeletal muscle
146

.  Based on the fact that COX IV protein levels were 

enhanced following exercise-training in KD mice, it appears that exercise-training 

activates multiple pathways in order to up-regulate the expression of proteins involved in 

the regulation of oxidative phosphorylation.  Alternatively, it is possible that the residual 

AMPK
Thr172

 phosphorylation
104

 observed in KD mice was sufficient to enable the 

training-induced increases in COX IV and, thereby, contribute to the enhanced graded 

exercise test performance. 
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Regulation of SERCA2a in cardiac tissue 

   This study supports previous observations that SERCA2a protein abundance appears to 

be influenced by an AMPKα2-mediated signaling process
147

.  Specifically, our data 

indicate that SERCA2a protein content was ~40% lower in left ventricle tissue isolated 

from sedentary KD mice, as compared to sedentary WT mice.  Moreover, this study is the 

first to demonstrate that exercise-training influences SERCA protein content in an 

AMPKα2-related manner.  It was observed in this study that exercise-trained KD mice 

had a ~59% lower amount of SERCA2a protein content than their exercise-trained WT 

counterparts.  The general changes observed for SERCA2a protein abundance are 

supported by similar changes in mRNA.  For example, qPCR data indicate that 

SERCA2a mRNA levels were down-regulated by 34% in sedentary KD mice, as 

compared to WT sedentary mice, and by ~30% in exercise-trained KD mice, as compared 

to exercise-trained WT mice.  It was also notable that a main effect of genotype was 

observed for Vmax, where maximal SERCA2a activity was ~17% higher amongst WT 

mice, as compared to KD mice.  This reduction in maximal SERCA activity was similar 

in magnitude to that reported previously in endothelial cells
107

.  Specifically, Dong et 

al.
107

 reported that maximal SERCA3 activity was impaired by ~25% in endothelial cells 

isolated from AMPKα2 knock-out mice.  Even so, the current study is the first to report 

that a transgenic animal model characterized by a 50% lower amount of AMPKα2 

signaling is also characterized by reduced SERCA2a protein abundance in cardiac tissue 

from exercise-trained mice.  Additionally, our data from sedentary mice is in agreement 

with previously published data that have utilized the same and other experimental models 

that are characterized by impaired AMPK activity
147-149

.  For example, the AMPKα2 KD 
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model was used by Turdi et al.
147

 and they found a reduction in cardiac SERCA2a protein 

abundance.  Furthermore, diabetic animals tend to have low levels of p-AMPK
Thr172148, 149

 

while also being characterized by reduced SERCA2a mRNA expression, protein 

abundance and enzyme activity in cardiac tissue
64, 148, 150-153

.  Collectively, these changes 

in AMPK signaling and SERCA2a proteins are thought to contribute to the development 

of diastolic dysfunction in the diabetic heart (i.e.  as indicated by a slower myocardial 

relaxation rate)
64, 149, 150, 152, 153

. 

   Our data indicate that exercise-training enhanced myocardial SERCA2a protein content 

by ~43% in WT mice.  These data support previously published reports indicating that 

exercise-training up-regulates SERCA2a protein content in  rats
61, 65

 and WT mice
154

.  

However, we must acknowledge that these exercise-stimulated changes in protein content 

amongst WT mice were not supported by similar changes in myocardial SERCA2a 

mRNA expression in the current study.  Tate et al.
61

 have previously reported that 

myocardial SERCA2a mRNA expression is up-regulated by ~110% following a 

treadmill-based exercise-training protocol.  It is possible that the difference in training 

models could account for the discrepancies.  Specifically, our study employed voluntary 

wheel running, which enables mice to select the intensity and duration for which they 

run.  In contrast, Tate et al.
61

 used a 10 week treadmill-based training protocol, where 

mice ran up to 60 minutes at 16 m·min
-1

 at a 5% grade, 5 days·week
-1

.  It is also possible 

that this discrepancy could be explained by the tissue sampling protocol that was utilized 

in each study.  Specifically, animals in the current study were removed from the running 

wheel cages approximately 2 hours before tissue collection; whereas, Tate et al.
61

 

collected tissue 24 hours after the last exercise bout.  Finally, it is possible that the 
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exercise-training reduced the post-translational rate of SERCA2a protein turnover, which 

may explain why protein content was enhanced even though mRNA expression appeared 

to be unchanged.   

   A novel observation reported for the first time was the observation that exercise-

training did not influence myocardial SERCA2a protein content in KD mice.  We 

interpret this data as an indication that the transgenic knockdown of AMPKα2 signaling 

prevents the exercise-stimulated adaptations in myocardial SERCA2a protein content.  

Published literature has previously demonstrated that the AMPKα2 subunit is important in 

the regulation of expression and function of various proteins.  Specifically, Jorgensen et 

al.
100

 identified the importance of AMPKα2 in regulating hexokinase II, glucose-

transporter-4 (GLUT4), cytochrome c, cytochrome c oxidase, citrate synthase and 3-

hydroxyacyl-CoA dehydrogenase protein levels.  However, their data showed differences 

between sedentary AMPKα2 knockout mice and exercise-trained AMPKα2 knockout 

mice.  Thus, the lack of AMPKα2 did not eliminate exercise-induced changes in protein 

abundance in the study by Jorgensen et al. 
100

.  In contrast, Mu et al.
101

 demonstrated that 

contraction-stimulated glucose uptake was reduced by 30-40% in skeletal muscle of KD 

mice compared to WT mice.  They also demonstrated that the likely cause for this 

reduced glucose uptake was due to inhibition of GLUT4 translocation to the cell surface.  

Finally, a study by Lefort et al.
102

 found that KD mice display decreased p-ACC 

compared to WT mice, however muscle contraction still caused an increase in p-ACC in 

KD mice.  Collectively, these data indicate that the AMPKα2 subunit plays an important 

role in the expression and regulation of a multitude of proteins. 
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Regulation of SERCA1a and SERCA2a in skeletal muscle 

   We also examined the regulation of SERCA protein isoforms in skeletal muscle tissue.  

Notably, we report for the first time that sedentary KD mice displayed ~27% lower 

SERCA1a in gastroc muscle tissue, as compared to sedentary WT mice.  However, an 

effect of genotype was not observed for SERCA2a in gastroc muscle tissue isolated from 

KD mice.  Even so, maximal SERCA activity (Vmax) was reduced by ~12-14% in 

sedentary and exercise-trained KD mice, as compared to their WT counterparts.  It is 

important to indicate that the Ca
2+

-dependent SERCA activity assay employed in this 

study cannot be used to assess the activity of specific SERCA protein isoforms.  Thus, we 

cannot determine if changes in SERCA1a or SERCA2a protein content contributed to the 

observed changes in Vmax.  The observed changes in SERCA1a protein content in 

gastrocnemius muscle were not explained by similar changes in SERCA1a mRNA.  

Although it is unclear why this discrepancy exists, a study by Racz et al.
155

 recently 

demonstrated that diabetes does not alter SERCA1a mRNA expression or protein levels 

in skeletal muscle.  Although the current study did not utilize the same diabetic model, it 

is important to indicate the transgenic model utilized in the current study and the 

streptozotocin diabetic model utilized by Racz et al.
155

 are both characterized by 

reductions in p-AMPK
Thr172 156, 157

.  Even so, it must be acknowledge that Racz et al.
155

 

examined the regulation of SERCA1a in soleus muscle and not the gastrocnemius, which 

was utilized in the current study.  Furthermore, in the study by Peters et al.
158

 it was 

observed that SERCA1a mRNA expression was decreased in fast-twitch skeletal muscle 

in a rat model of congestive heart failure (which is a model that is characterized by 

reduced protein levels and activity of the different AMPK subunits
159

).   
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   It was of particular interest that exercise-training enhanced SERCA1a protein 

abundance in skeletal muscle isolated from both WT (~47% increase) and KD (~66% 

increase) mice, as compared to their sedentary counterparts.  It was also notable that 

exercise-training also enhanced SERCA2a protein content in skeletal muscle.  These 

findings add to the literature that has previously demonstrated that exercise-training 

increases SERCA1a protein content in skeletal muscle
32, 55, 59

.  However, the observed 

changes in SERCA1a and SERCA2a protein content due to exercise were not 

accompanied by similar changes in maximal SERCA activity (Vmax).  Exercise-training 

did enhance Ca50 by ~26% amongst WT mice, as compared to WT+Sed mice.  However, 

this exercise-stimulated change was not observed amongst KD animals, which can most 

likely be explained by the fact that Ca50 was ~21% lower amongst KD+Sed mice, as 

compared to WT+Sed mice.  The exercise-stimulated increases in SERCA1a and 

SERCA2a protein expression were accompanied by a 53-59% up-regulation of SERCA1a 

and SERCA2a mRNA in WT and KD mice, respectively.  This observation amongst WT 

mice contrasts the findings published by Kubo et al.
58

, which indicated that SERCA1a 

mRNA expression was unchanged in response to a 6 week treadmill-based exercise-

training protocol (where mice ran at 20 m∙min
-1

 for 60 minutes a day which equates to 1.2 

km∙day
-1

).  It is possible that the different modes of exercise-training may explain this 

discrepancy.   

 

Fiber-type specific differences in various protein content 

   A study by Lee-Young et al.
115

 found that AMPK activation occurs in a fiber-type 

specific manner, with type IIx muscle fibers demonstrating a higher level of 
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AMPKα
Thr172

 phosphorylation following a single bout of exercise, both before and after 

10 days of exercise-training.  That report was the main reason why the current study 

sought to determine whether SERCA1a and SERCA2a isoforms are differentially 

regulated in a fiber-type specific manner.  In order to test hypothesis 4, the laser capture 

microdissection technique was utilized to enrich areas of high and low type I fiber 

content based on the expression pattern of MHC-1β.  It is important to indicate that the 

differences in non-normalized levels of MHC-1β mRNA measured in the different LCM 

tissue types (i.e.  Whole, TypeI and TypeII) confirmed our selection of high 

concentration areas of slow-twitch and fast-twitch muscle fibers.  These enriched samples 

were then lysed to collect mRNA and analyzed using qPCR.  This laser capture method 

has been employed in previous studies to examine mitochondrial adaptations in different 

muscle fibers
160

, electron transport system abnormalities
161

 and changes in fiber-type 

distribution in obese and diabetic animals
162

.  A more recent study (published after this 

project was started) has utilized LCM to identify fiber-type specific changes in mRNA of 

various proteins, including SERCA1a and SERCA2a as a result of atrophy
163

.  In fact, 

Vanderburg et al
163

 demonstrated that lack of activity increased SERCA1 mRNA 

expression while SERCA2a mRNA expression decreased in gastrocnemius slow-twitch 

muscle fibers.  Alternatively, SERCA1 mRNA levels remained unchanged despite an 

increase in SERCA2a mRNA in fast-twitch muscle fibers.  Even so, to our knowledge, 

the current study is the first to utilize the LCM technique to examine changes in mRNA 

expression of various proteins following exercise-training.   

   It was notable that exercise-training stimulated a 3-fold increase in MHC-1β mRNA 

expression in LCM-Whole tissue isolated from WT mice, as compared to sedentary WT 
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mice.  Similar changes for MHC-1β mRNA levels were observed in LCM-TypeI as well 

as LCM-TypeII tissue samples.  This data supports previous observations made by 

Klitgaard et al
164

, where they reported a greater increase of MHC-1β protein levels in 

vastus lateralis muscle in subject who regularly exercised (i.e.  walking, cycling and 

jogging).  Our novel data also indicate that exercise-training did not alter MHC-1β 

mRNA expression in the LCM-Whole or enriched LCM-TypeI or LCM-TypeII tissue 

isolated from KD mice.  We interpret these observations as an indication that the 

AMPKα2 subunit may play a role in exercise-induced changes of MHC-1β mRNA in 

skeletal muscle.   

   Exercise-training also up-regulated PGC-1α expression in LCM-Whole and LCM-

TypeII tissue.  This exercise-stimulated effect was also observed for LCM-TypeI tissue 

isolated from WT mice, but not KD mice.  We believe this discrepancy can be explained 

by the higher levels of PGC-1α expression in LCM-TypeI tissue isolated from KD+Sed 

mice.  As summarized by Winder et al.
165

, muscle contraction has been shown to increase 

PGC-1α mRNA expression and protein abundance.  Specifically, Baar et al.
166

 

demonstrated that both PGC-1α mRNA and protein increased in skeletal muscle 

following completion of a swimming protocol.  Furthermore, a study by Terada & 

Tabata
167

 showed an increase in PGC-1α protein content in soleus, plantaris and 

gastrocnemius following the completion of a running exercise protocol.  Pilegaard et 

al.
168

 also demonstrated an increase in skeletal muscle PGC-1α mRNA expression after 

exposure to a prolonged exercise protocol.   

   A novel observation generated using the LCM technique was the identification of a 

main effect of exercise-training for SERCA1a mRNA expression in LCM-Whole and 
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TypeII tissue, but not amongst LCM-TypeI tissue.  This observation was also supported 

by a similar main effect of exercise-training for SERCA2a mRNA expression in LCM-

Whole and TypeII tissue.  Based on these observations, it appears that factors other than 

the AMPKα2 subunit alone may regulate SERCA1a or SERCA2a mRNA expression in 

LCM-Whole and type II skeletal muscle fibers.   

   It was also observed that SERCA2a mRNA expression was up-regulated by exercise-

training amongst LCM-TypeI tissue isolated from WT mice.  However, although 

exercise-training also enhanced the expression of SERCA2a mRNA in LCM-TypeI tissue 

isolated from KD mice, the exercise-stimulated response was blunted by 54%.  We 

interpret this observation as evidence indicating that the AMPKα2 subunit influences the 

regulation of SERCA2a in type I skeletal muscle fibers following exercise-training.  We 

must acknowledge that these observations do not match the results published by Kubo et 

al.
58

, which indicated that exercise-training does not alter SERCA1a mRNA expression in 

gastroc tissue.  However, Kubo et al.
58

 did report that SERCA2a mRNA levels increased 

by ~124% in gastrocnemius tissue.  It is likely these discrepancies may be explained by 

difference in experimental protocols, where the use of the LCM technique to enrich type I 

and type II muscle fibers in the current study is one example.  In fact, it is important to 

point out that in response to exercise, SERCA2a mRNA expression was up-regulated by 

~2.5-fold in LCM-TypeII tissue isolated from WT mice, but by 270-fold in LCM-Type1 

fibers.  Thus, it appears that the magnitude of change observed for SERCA2a mRNA was 

significantly higher amongst type I fibers, as compared to type II fibers.  This exercise-

stimulated fiber-type specific difference in expression may be explained, at least 

theoretically, based on the size principle, which indicates that type I fibers are recruited 
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initially upon contraction to remain active until they become fatigued.  It is also notable 

that the presence of the AMPKα2 kinase dead transgene negatively influenced the 

regulation of SERCA2a mRNA in type I skeletal muscle fibers, but not type II muscle 

fibers following exercise-training.  It is unclear to us why this fiber type specific 

difference was observed; however, it may have been influenced by the observed up-

regulation of MHC-1β amongst both LCM-TypeI and TypeII fiber samples.  In fact, an 

up-regulation of SERCA2a mRNA would be consistent with an exercise-induced 

transition from fast-to-slow twitch fiber types. 

 

Regulation of PLN 

   The kinetic properties of SERCA proteins can be acutely regulated by at least two 

endogenous regulator proteins, namely SLN and PLN.  Unfortunately, a reliable antibody 

for SLN is not yet commercially available.  Moreover, SLN is not expressed in the left 

ventricle
24

.  It was demonstrated in our study that PLN protein levels were increased in 

KD mice compared to WT mice, in both cardiac and skeletal muscle.  Our data support 

previous studies that have shown that PLN protein content is negatively regulated in 

animal models that are characterized by reduced AMPK activity
65, 152, 153, 169

.  For 

example, it is known that PLN protein content is up-regulated in diabetic animal models, 

which further inhibits SERCA-mediated Ca
2+

-transport at submaximal Ca
2+

-

concentrations
152, 153, 169

.  While total PLN protein content increased in KD mice, it must 

be mentioned that myocardial PLN mRNA expression was reduced by 52% and ~40% in 

KD+Sed and KD+Ex mice, respectively, as compared to their WT counterparts.  We 

interpret these data as an indication that there may be a reduced rate of post-translational 
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PLN protein turnover.  Additionally, a main effect of exercise was observed for PLN, 

where PLN protein levels in exercise-trained mice were lower compared to their 

sedentary counterparts in both cardiac and skeletal muscle.  This exercise-induced 

reduction in cardiac PLN protein abundance can be explained by decreases in PLN 

mRNA expression in WT+Ex and KD+Ex mice, as compared to WT+Sed and KD+Sed 

mice, respectively.  It must be acknowledged that our data demonstrating an effect of 

exercise-training on PLN protein content is not in agreement with Rose et al. 
170

.  

Although we cannot explain this discrepancy, it is possible that differences in exercise-

training protocols may account for different observations. 

   Although total PLN content is an important regulator of SERCA2a protein function in 

the heart, the relative phosphorylation status of p-PLN
Thr17

 and p-PLN
Ser16

 is known to 

relieve the inhibition that PLN exerts on SERCA activity at submaximal Ca
2+

-

concentrations
22

.  Therefore, we examined the phosphorylation status of p-PLN
Thr17

 and 

p-PLN
Ser16

.  It is notable that p-PLN
Ser16

 protein content was decreased in sedentary KD 

mice compared to sedentary WT mice, while there was no change in p-PLN
Thr17

 protein 

content.  The changes in p-PLN
Ser16

 are in agreement with Zhong et al. 
149

, however they 

also observed a decrease in p-PLN
Thr17

 protein levels.  Differences in findings may be due 

to the use of a STZ-induced diabetic animal model in the study by Zhong et al. 
149

.
 
 

Furthermore, exercise-training did not alter p-PLN
Thr17

 or p-PLN
Ser16

 in WT mice.  

However, this data is in contrast to data presented by Kemi et al.
154

, where it was 

demonstrated that exercise-training enhances p-PLN
Thr17

 by ~50% but does not alter p-

PLN
Ser16

 status in WT mice.  It is possible that this discrepancy can be explained by the 

different exercise-training models employed by Kemi et al.
154

, as compared to the 
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voluntary wheel running model utilized in this study.  Additionally, our data indicates 

that exercise-training increased p-PLN
Thr17

 and p-PLN
Ser16

 by ~61% and ~194%, 

respectively, in KD mice as compared to their sedentary counterparts; whereas there was 

no effect of exercise-training in WT mice.  This increase in p-PLN
Thr17

 and p-PLN
Ser16

 

may be a compensatory response in an effort to prevent any negative outcomes that may 

occur due to an increase in total PLN protein levels.  Moreover, it was evident that 

KD+Sed mice were characterized by a ~49% lower level of p-PLN
Ser16

, as compared to 

WT+Sed mice.  Thus, it is possible that the AMPKα2 has a role in regulating the 

exercise-stimulated changes in PLN phosphorylation.  Support for this notion is provided 

by the observation that exercise-training enhances p-PLN
Ser16

 in the high-fat fed, low 

dose streptozotocin-injected diabetic rat (which is an inducible model of type 2 diabetes) 

and also in the db/db mouse (which is a genetic model of type 2 diabetes)
64

.  However, it 

should be noted that Ca50 was not altered in the left ventricle samples isolated from any 

experimental group in the current study.  Therefore, it is unclear if the observed changes 

in PLN phosphorylation would be of physiological relevance.  Even so, it was observed 

that the Hill coefficient, which is a measure of SERCA2a Ca
2+

-binding-affinity, was 

significantly higher amongst WT mice, as compared to KD mice.  This change would be 

expected to enhance SERCA2a activity at sub-maximal Ca
2+

-concentrations amongst 

WT, as compared to KD mice.   

   We also examined the relative phosphorylation levels of PLN in skeletal muscle.  

Specifically, the only effect observed was in exercise-trained WT mice had ~158% higher 

p-PLN
Ser16

 protein levels, as compared to sedentary WT mice.  The lack of change in p-

PLN
Thr17

 matches the findings of Rose et al.
170

 where exercise-training had no effect on 
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p-PLN
Thr17

 in skeletal muscle.  It is notable that Rose et al.
171

 also demonstrated in a 

different study that a single bout of exercise can enhance the phosphorylation status of p-

PLN
Thr17

 in human quadriceps muscle, but that this acute effect of exercise is lost 

following 3 weeks of exercise-training
170

.  Interestingly, Ca50 was enhanced by ~26% 

amongst WT+Ex mice, as compared to WT+Sed mice.  Moreover, Ca50 was enhanced by 

~21% amongst KD+Sed mice, as compared to WT+Sed mice.  This observation generally 

tracks the changes observed for p-PLN
Ser16

. 

 

AMPKα2 KD mice are characterized by a prolonged cardiac deceleration time 

   Our study utilized echocardiography and tissue Doppler imaging (TDI) to monitor 

changes in cardiac structure and function between WT and KD mice or as a result of 

exercise-training.  Notably, LVIDd was ~13% larger amongst sedentary KD mice 

compared to sedentary WT mice.  Epp et al.
65

 recently demonstrated that the high-fat fed, 

low dose streptozotocin-injected diabetic rat is also characterized by an enlargement of 

LVIDd.  Similar changes in LVIDd have also been reported for high sucrose fed diabetic 

rats
172

 and streptozotocin-induced type 1 diabetic rats
173, 174

.  However, it must be 

acknowledged that diabetes had no effect on LVIDd in the db/db mouse (which is a 

genetic model of type 2 diabetes)
175

.  Echocardiography data also indicate that LVIDd 

increased by ~13% following exercise-training amongst WT mice, as compared to 

sedentary WT mice.  It has previously been shown that exercise-training does not alter 

LVIDd in exercise-trained humans (people participated in up to 50 minutes of 

running/jogging at 70% of heart rate reserve up to 5 days∙week
-1

 for an average of 7.3 

months)
176

 or mice (exercise 5 days∙week
-1

 for 8 weeks alternating between a maximum 

speed of 41 m∙min
-1

 (sprint) and a minimum speed of 16 m∙min
-1

 (recovery))
177

.  It is 
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possible that the 5-month exercise-training period employed in the current study was of 

sufficient duration to induce the observed changes, whereas shorter protocol did not.  

Even so, it must be acknowledged that no other structural parameters indicated that 

cardiac hypertrophy had occurred (e.g.  changes in heart:body weight ratios, thickening 

of the posterior wall thickness, etc).   

   Tissue Doppler imaging was also employed in this study.  Notably, deceleration time 

was prolonged by ~43% in sedentary KD mice, as compared to sedentary WT mice.  

Exercise-training enhanced the deceleration time by ~38% amongst KD mice so values 

were similar to those observed in WT+Sed and WT+Ex mice.  This observation suggests 

that diastolic function may be impaired in sedentary KD mice.  However, caution must be 

utilized when interpreting the change in deceleration time because no changes in other 

parameters that may indicate the development of diastolic dysfunction were observed 

(e.g.  E/A ratios were unchanged in any experimental group).  It should also be 

mentioned that this observed change in DT amongst KD mice does not support the 

observations made by Nielsen et al.
178

, which indicated that deceleration time is enhanced 

in the type I diabetic heart.   

 

The link between AMPK and SERCA 

   Together, our data supports previous literature that identifies a potential link between 

AMPK and SERCA
107, 147

.  More specifically, it appears as though a decrease in 

AMPKα2 activity negatively influences SERCA expression and function in cardiac and 

skeletal muscle.  Additionally, this relationship between AMPKα2 and SERCA appears to 

occur in sedentary mice and in exercise-trained mice.  Figure 20 was developed as a way 

to summarize my data and to provide an overview of how the parameters that we 
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manipulated in the experiment and outcome measures are related.  Other experimental 

models that are characterized by reduced AMPK activity include diabetes
157, 179

, aging
147

 

and heart failure
159

.  Furthermore, it has been demonstrated that diabetes
64

, aging
147

 and 

heart failure
180-182

 models are characterized by impaired SERCA expression and function.  

My observation that a transgenic animal model characterized by reduced AMPK
Thr12

 

phosphorylation, namely the KD mouse, provides data  indicating that an AMPK-

mediated mechanism may be directly contributing to the observed reduction in SERCA 

protein content. With this data in mind, it is possible that impaired AMPK signaling 

contributes to the down-regulation of SERCA protein content and the pathophysiology of 

diabetes, aging and heart failure.  Furthermore, the data presented in this thesis suggest 

that AMPK phosphorylation may be a target that can be exploited to enhance SERCA 

expression and function in models characterized by reduced AMPK activity.  
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Figure 20.  The link between AMPKα2 and SERCA expression and function in cardiac and skeletal muscle.  (A) AMPKα2 KD 

transgene and its downstream effects on SERCA expression and function and (B) Exercise and its downstream effects on SERCA 

expression.  AMPK, adenosine monophosphate activated protein kinase.  AMPKα2 KD, AMPKα2 kinase dead mice.  SERCA, 

sarcoplasmic reticulum calcium ATPase. 

 

 

 

 

 

A. AMPKα2 KD transgene and its downstream effects on SERCA 
expression and function.

B. Exercise and its downstream effects on SERCA expression.

AMPK

Thr172P
AMPKα2

KD

Left Ventricle
 SERCA2a protein
 SERCA2a mRNA
 SERCA2a Vmax

Whole gastrocnemius
 SERCA1a protein
 SERCA Vmax

 Ca2+ transport
 Contractility

?

AMPK

Thr172P

Exercise

Left Ventricle
 SERCA2a protein

-blunted in AMPKα2 KD mice

Whole gastrocnemius
 SERCA1a protein/mRNA
 SERCA2a protein/mRNA

Type I
 SERCA2a mRNA

-blunted in AMPKα2 KD mice

Type II
 SERCA1a mRNA
 SERCA2a mRNA

 Ca2+ transport
 Contractility

?



86 
 

Limitations 

   While we interpret our data as an indication that AMPKα2 plays a role in regulating 

SERCA expression and function in cardiac and skeletal muscle, it would be negligent to 

ignore the various limitations that exist within our animal model and experimental 

methods.  For example, one limitation with this study is that the researcher was not 

blinded to the genotype or exercise-training status of the mice performing the graded 

exercise tests.  It is possible that the researcher provided greater levels of encouragement 

to exercise-trained mice knowing that they should be performing to a higher level than 

sedentary animals.  Additionally, knowing which animals were WT or KD may have 

caused similar issues for encouragement and determining when animals were fatigued.  

However, this limitation is mitigated by the observation that COX IV protein levels were 

higher amongst exercise-trained, as compared to sedentary mice, as well as amongst WT, 

as compared to KD mice.  These changes in COX IV protein content indicate that a 

greater adaptation for exercise tolerance was obtained by the expected groups.  Thus, 

despite the researcher being aware of which animals were WT or transgenic and which 

were sedentary or exercise-trained, our Western blotting results provide support that the 

differences observed in the graded exercise test were based on physiological parameters. 

   A second limitation in this study is that we did not identify extreme responders with 

respect to exercise and p-AMPKα
Thr172

.  It remains possible that mice who ran further 

distances may demonstrate greater changes in p-AMPKα
Thr172

 and SERCA expression 

and function.  Alternatively, it is possible that mice that ran the shortest distances did not 

adapt in a similar manner.  Likewise, we did not consider the effects of exercise intensity 

in our experiments. Therefore, it is possible that animals that ran similar total distances 
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but did so by running at slower or faster speeds may have responded differently. Finally, 

we collected tissue after 5 months of exercise training and did not consider the effects of 

shorter training protocols or the acute effects of a single bout of exercise. 

   Another limitation exists within the use of laser capture microdissection.  This method 

was somewhat limited in its ability to select slow- and fast-twitch muscle fibers.  For this 

study, we used stained slices to identify areas with a high concentration of either type I or 

type II muscle fibers.  Unfortunately, this approach does not allow the specific selection 

of single type I or type II fibers alone.  As a result, we were forced to isolate an enriched 

area of mostly type I or mostly type II fibers within each LCM sample.  Our results 

would be more specific if we would have used immunohistochemistry to identify type 

IIa, type IIx and type IIb muscle fibers rather than simply using the approach that 

employed to stain type I fibers based on MHC-1β isoform content.  Even with this 

limitation, our LCM mRNA expression data indicate that the approach we used to isolate 

MHC-1β expression was 200-fold lower in LCM-TypeII tissue, as compared to LCM-

TypeI tissue samples.  Thus, we believe this data supports our decision to characterize 

fiber-type specific changes between type I and type II skeletal muscle samples. 

   A fourth limitation within this study is that our KD animal model does not result in 

complete inactivation of AMPK.  In our study, AMPK phosphorylation was reduced by 

~55% in cardiac muscle and by ~36% in skeletal muscle.  Thus, the residual p-AMPK 

activity would be expected to stimulate some AMPKα2-dependent signaling pathways.  

For example, we provide data indicating that p-ACC, which is a downstream target of p-

AMPK, was not completely inhibited.  However, muscle-specific AMPKα1 and AMPKα2 

knockout mice are not yet commercially available.  Additionally, whole-body AMPKα1 
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and AMPKα2 knockout animals would be alter the physiological functions of a variety of 

tissues other than cardiac and skeletal muscle.  Therefore, we decided to use the AMPKα2 

kinase dead mouse model because it provided us with the best option for examining our 

hypotheses.  Additionally, many of our results have demonstrated that the KD mouse 

model is sufficient to demonstrate the importance of the AMPKα2 subunit for regulating 

protein content in cardiac and skeletal muscle. 

    Another limitation for this study is the use of Western blotting techniques.  While 

Western blots are useful in identifying changes in protein levels, it is a semi-quantitative 

technique.  Any differences found are relative to the samples used as opposed to knowing 

exact amount of the desired protein in each sample.  Quantitative measures do exist (i.e. 

ELISA, protein-based multiplex technique), however these methods were not conducted. 

 

Conclusion 

      Our novel study shows that the AMPKα2 subunit plays a role in SERCA expression 

and function in cardiac and skeletal muscle.  Specifically, SERCA2a protein content was 

lower in both sedentary and exercise-trained KD mice compared to their WT 

counterparts.  These changes in SERCA2a protein content are supported by similar 

reductions in SERCA2a mRNA expression in KD mice when compared to WT mice.  

Furthermore, KD mice demonstrated a reduction in maximal SERCA2a enzyme activity 

in cardiac muscle.  While these differences in SERCA2a protein were not observed in 

skeletal muscle, KD mice did demonstrate reduced SERCA1a protein abundance and a 

decrease in maximal SERCA activity in skeletal muscle when compared to WT mice.  

Interestingly, decreases in cardiac and skeletal muscle SERCA activity can be explained 



89 
 

in part by increases in total PLN protein abundance in KD mice compared to WT mice.  

Taken together, these findings support our hypothesis that AMPKα2 kinase dead 

transgenic mice will have reduced SERCA protein expression and function in both 

cardiac and skeletal muscle. 

   Exercise-training did not have an effect on p-AMPKα
Thr172

 protein levels in left 

ventricle tissue, however in gastrocnemius muscle exercise-training resulted in an 

increase of p-AMPKα
Thr172

.  Despite the lack of increase in cardiac p-AMPKα
Thr172

, 

exercise-trained WT mice did display an increase in SERCA2a protein content, however 

no changes were observed in maximal SERCA2a activity or SERCA2a mRNA 

expression.  An increase in SERCA1a and SERCA2a protein content in gastrocnemius 

was observed in response to exercise-training, which can be explained by exercise-

induced increases in SERCA1a and SERCA2a mRNA expression.  These changes in 

SERCA protein abundance and mRNA expression were not accompanied by exercise-

induced changes in SERCA Vmax.  These findings therefore partially support our second 

hypothesis that exercise-training will increase the relative level of AMPKα
Thr172

 

phosphorylation and enhance SERCA protein expression and function in cardiac and 

skeletal muscle isolated from WT mice. 

   Notably, the exercise-induced increase in left ventricle SERCA2a protein content seen 

in WT mice was blunted in KD mice.  Furthermore, while exercise-training increased 

SERCA1a protein content in gastrocnemius from both WT and KD mice, exercise-trained 

KD mice demonstrated reduced SERCA1a protein levels compared to exercise-trained 

WT mice.  Unfortunately, these differences in SERCA2a and SERCA1a protein content 

cannot be explained by concomitant changes in mRNA.  Therefore, our data partially 
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support our third hypothesis that the exercise-stimulated increase in SERCA protein 

expression and function will be blunted in cardiac and skeletal muscle from isolated from 

KD mice. 

   Data from our laser captured mRNA experiments presents novel data with respect to 

skeletal muscle SERCA1a and SERCA2a mRNA expression.  It was demonstrated that 

exercise-training increased SERCA1a mRNA in fast-twitch muscle fibers; however, 

similar changes were not observed in slow-twitch fibers.  Furthermore, our data show that 

SERCA2a mRNA expression increased in both slow-twitch and fast-twitch muscle fibers.  

Therefore, our findings support our final hypothesis that SERCA1a and SERCA2a 

isoforms will differentially adapt to exercise-training based on the specific fiber-type 

assessed. 

   What remains to be elucidated is the exact mechanism that links AMPK and SERCA.  

Interestingly, the literature indicates that the activation of the SERCA2 promoter is 

regulated by SP1
183

 and it has been shown that an AMPK mediated pathway can regulate 

SP1 phosphorylation
184, 185

.  Furthermore, there is evidence in the literature indicating 

that SIRT1 signaling prevents the reduced cardiac SERCA2 promoter activity that occurs 

when cardiomyocytes are exposed to high glucose conditions
186

.  Since SIRT1 and 

AMPK signaling are known to cross talk, it remains possible that AMPKα2 activity may 

play a role in the regulation of SERCA promoter activity through a SP1-mediated or 

another yet to be identified mechanism.  

   In summary, the novel data presented in this study demonstrate the importance of 

AMPKα2 phosphorylation in the regulation of SERCA expression and function, either 

directly or via SERCA mediators (i.e.  PLN).  Furthermore, it appears as though exercise-
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training influences SERCA expression differentially in different fiber-types. Collectively, 

these data describe a novel AMPK-dependent mechanism that appears to regulate 

SERCA protein content and function in cardiac and skeletal muscle. It is possible that 

this AMPK-mediated mechanism may help explain the pathophysiology of conditions 

that are characterized by impaired AMPK activity and impaired calcium-cycling (such as 

diabetes, aging, heart disease or physical inactivity). Furthermore, this data suggests that 

AMPK signaling may be targeted by physical activity or novel therapies to enhance 

SERCA protein content and function in cardiac and skeletal muscle. 
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