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A B S T R A C T

Carazolol (CZL) is a known agonist of β3 and antagonist of β1 and β2 adrenoceptors (AR), used in the animal
production industry to improve meat quality by reducing animal stress and skeletal muscle (SM) proteolysis.
Here we sought to better understand the direct effect CZL has on SM. We study CZL effect on calcium (Ca2+)
regulation by enzymatic activity kinetics of the Ca2+-ATPase (SERCA), in isolated sarcoplasmic reticulum (SR)
from SM and on the mechanical properties of isolated muscle. In isolated SR from SM previously incubated with
0.03 mM CZL, but absent during SR isolation and during SERCA activity determination, the activity was reduced
by 45%. Thermal analysis of SERCA activity with CZL shifted the transition temperature of inactivation (Ti) from
Ti= 47 to 44 °C. When isolated SR from fast and slow SM was exposed to CZL, inhibition of SERCA occurred in a
dose dependent manner. Slow and fast SM Ti of SERCA shifted to a lower temperature in the presence of CZL and
a second transition appears at temperatures< 40 °C. In isolated extensor digitorum longus (EDL) and soleus
muscles, CZL reduces the contraction force and increases susceptibility to fatigue. However, recovery force after
fatigue in either muscle was higher. Our results suggest that Carazolol penetrates the plasma membrane and
interacts with SERCA, thus having an important effect on skeletal muscle function. The inhibition of SERCA may
lead to a decrement in SR Ca2+-release promoting further failure in muscle contraction.

1. Introduction

Skeletal muscle (SM) is the most abundant tissue in vertebrates, of
which 80% dry weight pertains to protein [1]. In general, SM is divided
into two main types. Fast SM is characterized by having glycolytic
metabolism; fast contraction-relaxation (c-r) cycles and is sensible to
the physiological process of fatigue. Conversely, slow SM has oxidative
metabolism, slow c-r cycles and is resistant to fatigue, which can be
defined as a reversible decline in force production after prolonged ac-
tivity [2]. Each muscle type presents an isoform of Ca2+-regulatory
protein present in the Sarcoplasmic Reticulum (SR); the Sarco/En-
doplasmic Reticulum Ca2+-ATPase (SERCA), SERCA1 in fast acting
twitch muscle and SERCA2 present in slow twitch muscle. Both SERCA
isoforms are single unit integrated membrane proteins that mediate the
ATP driven intraluminal transport of Ca2+ against a concentration
gradient [3]. Previous studies have revealed that each isoform is syn-
thesized from two distinct and separate homologous genes [4]. SERCA
has the highest affinity for Ca2+ removal from cytoplasm and is mainly

responsible for setting resting Ca2+ concentrations [5]. The removal of
Ca2+ from the cytoplasm by SERCA leads to muscle relaxation while
massive release of SR Ca2+ through the Ryanodine Receptor Ca2+-
channel (RyR) causes muscle contraction. Contraction force and fatigue
resistance are mechanical properties that are affected by systemic
conditions such as nutrition [6], muscle activity [7,8], diseases [9,10],
ageing [11,12] and pharmacological effects [13,14]. Skeletal muscle
expresses β1 and β2-AR that upon activation increase glycolysis and
protein accretion [15,16]. The β3-AR were first known to be expressed
in white and brown adipose tissue where upon activation, increase li-
polysis [17,18]. The existence of β3-AR in SM has been suggested in
other studies through pharmacological studies, where a functional po-
pulation involved in proteolysis inhibition has been noted [19,20].
Furthermore, direct evidence of β3-AR expression in human SM has
been confirmed using specific monoclonal antibodies [21]. The β
blocker CZL is well known potent agonist of the human and murine β3-
AR [22]. For this, it has been used in human and veterinary medicine as
an antihypertensive drug [23,24]. Even though most research involving
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CZL has been used systemically in animals, its effects in peripheral
tissues such as SM remains to be explored. Previous research has de-
monstrated that β3 agonists such as CZL exerts an inhibitory action on
proteolysis in rat slow SM but not in fast SM.

In the present study, we observed that CZL when incubated in intact
SM and washed out before SR isolation, inhibited SERCA activity.
Suggesting an effect on Ca2+ regulation during c-r cycles through
SERCA inhibition. We therefore investigate whether CZL effect on SM
function is related to its permeability of Sarcolemma. We used thermal
analysis to see if CZL interaction with SERCA is direct. The thermal
inactivation analysis of SERCA hydrolytic activity in SERCA1 de-
termined in mainly fast SM and SERCA2 determined in mainly slow SM,
indicates a direct effect on the enzyme consistent with the premise that
CZL can penetrate the cell. Ultimately, leading to an inhibitory effect on
muscle mechanical properties, being a mechanism independent of the
β3-AR signalling pathway.

2. Materials and methods

2.1. Animals

All procedures were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals of the Institute for Laboratory
Animal Research of the United States and approved by the Internal
Committee for the Care and Use of Laboratory Animals of the School of
Medicine, National Autonomous University of Mexico (UNAM) (NOM-
062-ZOO1999).

2.2. Experiments in isolated sarcoplasmic reticulum

2.2.1. Isolation of sarcoplasmic reticulum
Male Wistar rats weighing 280–300 g were euthanised by cervical

dislocation on the same day of SR isolation. The EDL and soleus were
quickly isolated, which predominantly contain fast and slow twitch fi-
bres respectively. Membranes were obtained from fast and slow skeletal
muscle (EDL and soleus muscles). The isolation was performed by dif-
ferential centrifugation in a discontinuous sucrose gradient as pre-
viously described [25,26]. Membrane isolation was performed in the
absence of any reducing agent in the buffer. The microsomal fraction
was placed in a sucrose gradient of 25%, 27.5% 32% and 35% (w/v).
The interface 27.5/32% was identified as Light SR (LSR), since it con-
tains the maximum ATPase activity stimulated by Ca2+ (SERCA). The
protein concentration of each sample was determined using Coomassie
Plus Protein Assay Reagent (Pierce, Rockford, IL, USA) with BSA as the
standard.

2.2.2. Isolation of SR from intact muscle exposed to extracellular Carazolol
Isolated EDL muscle incubated in Krebs solution with 0.03mM CZL

for 10min, was placed in the experimental chamber. After incubation,
muscle was washed to remove CZL. The treated muscles were used for
SR membrane isolation at 4 °C as described in Section 2.2.1.

2.2.3. SERCA hydrolytic activity
Total ATPase activity was measured in isolated LSR by the colori-

metric determination of Pi using malachite green as described by
Lanzetta [27]. Aliquots of 5 μg protein/ml were incubated in a solution
containing in mM; 100 KCl, 5 MgCl2, 5 NaN3, 20 Tris-malate, 0.1 CaCl2
and 0.34 Mg-ATP (pH 7). The reaction was stopped with a solution
containing 0.045% malachite green hydrochloride/4.2% ammonium
molybdate in 4 N HCl, 0.25ml sodium citrate (34%) and 0.8 ml Triton
X-100 for each 100ml of solution, and the absorbance was read at
660 nm. These experiments were performed in the absence and pre-
sence of CZL using the concentrations indicated in the figure legend.

2.2.4. Thermal inactivation of ATPase activity
LSR membranes (0.05 mg/ml) were incubated in a solution

containing in mM: 100 KCl, 5 MgCl2, 5 NaN3, 20 Tris-malate and 0.1
CaCl2 (pH 7) in a thermal cycler at a heating rate of 1°C/min as de-
scribed previously [28,29]. Samples were recovered at time intervals of
1min from 25 to 70°C, as indicated in the corresponding figure legends,
and placed on ice for approximately the same amount of time until all
samples were collected. The ATPase activity at room temperature
(25°C) was determined, and an inactivation curve was generated. The
first derivative of the inactivation curve was used to determine the Ti,
which is defined as the temperature recorded for half inactivation. For
all inactivation experiments, where the curves are not symmetrical, the
Ti does not correspond exactly to half of the curve.

The values for SERCA activity were normalized to those of maximal
activity at 30min of reaction of the control group equal 1. For SERCA
inactivation curves the values were normalized to those of maximal
activity at 30min of reaction of the control equal 1.

2.3. Intact muscle experiments

2.3.1. Muscle preparation
Male Wistar rats weighing 280–300 g were euthanised by cervical

dislocation, and the EDL and soleus muscles were isolated at room
temperature. The isolated muscle was placed into an acrylic chamber
that was equipped with platinum electrodes along each side of the
chamber wall to allow contact with the Krebs solution as previously
described [30,31]. Briefly, we used Krebs solution containing (in mM)
135 NaCl, 5 KCl, 1 MgCl2, 2.5 CaCl2, 11 dextrose, 1 NaPO4 dibasic, and
15 NaHCO3 and a gas mixture of 95% O2 and 5% CO2 to reach a pH of
7.0. The EDL muscle was fastened by its distal tendon to forceps and by
its proximal tendon to a force transducer (FT-03, Grass Medical In-
struments, RI, USA). The platinum electrodes were connected in par-
allel to two stimulators (S88, Grass Medical Instruments, RI, USA).

2.3.2. Stimulation protocol
Single twitch (ST) of 0.6 ms were used to reach the voltage for

maximal tension. To obtain the optimal sarcomere length (2.4 μm), the
muscles were stretched to the length at which the twitch force was
maximal. Fig. 4 shows the schematic representation of the stimulation
protocol; the muscles were stretched to the optimum length at which
the two Single Twitch (ST) force was maximal (1 Hz and 100 V), fol-
lowed by six tetanic stimulations (T1 to T6) of 75 Hz for 3 s at 90 V
followed by 2min rest. The calculated force was considered the control
maximal tetanic tension and the weight of the muscle. At the end of the
protocol, the muscle was rested for 20min before new stimulation was
applied to probe for muscle force recovery (R).

All values are expressed as means± standard deviation of the mean
(SDM). Normalized force was obtained from the maximal force of each
group equal 1 (control and in presence of CZL).

2.4. Dot blot assay

Microsomal fractions of EDL and soleus muscles were isolated from
male Wistar rats weighting 280–300 g. The isolated microsomal frac-
tions were analysed by dot blot assay. Aliquots of approximately 5 μl of
the same amount of protein concentration of each preparation were
placed on a nitrocellulose membrane and let dry for 15min. The
membrane was blocked with 5% non-fat dry milk (Bio-Rad) and in-
cubated with β3-AR (M-20; Polyclonal, Santa Cruz) with a dilution of
1:500 for one hour at room temperature. Thereafter washing and in-
cubation with the corresponding peroxidase labelled antibody was
carried out for 30min. Signal for dot-blot were developed using
Millipore Immobilon system. Using ImageJ 1.6.0 (NIH), the total op-
tical density above local background surrounding was independently
determined for each representative dot. The relative optical density was
calculated by dividing the densitometry of each sample with the white
adipose tissue control.
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3. Results

3.1. Carazolol on SERCA activity

3.1.1. Effect of extracellular applied Carazolol in intact muscle on the
isolated SR SERCA

Isolated EDL muscle incubated in Krebs solution with 0.03mM CZL
for 10min, was placed in the experimental chamber. After incubation,
muscle was washed to remove CZL. The treated muscles were used for
SR membrane isolation. Fig. 1 shows the effect of muscle incubated
with CZL on the SERCA1 hydrolytic activity. Fig. 1A displays the nor-
malised thermal inactivation of SERCA; where activity was 45% lower
at 25 °C for the muscle previously incubated with CZL. To better vi-
sualize the inactivation temperature (Ti) in these cases, the inverse of
the first derivative of the thermal inactivation curves was generated and
plotted in Fig. 1B, for control muscle the Ti was 47 °C ± 0.7 and 44 °C
for muscle pre-incubated with CZL (n=5).

3.1.2. Carazolol on SERCA1 from isolated SR of EDL muscle
The effect of CZL on SERCA1 from isolated EDL muscle SR, was

dose-dependent. The curves in Fig. 2A reveal the concentration de-
pendent effect of CZL on SERCA1 specific activity, which for control SR

corresponds to 20 μmole Pi/mg/min (100%), where 12%±1
(p < 0.1) of the activity is lost with 0.25mM CZL with respect to
control, while 50%±19 (p < 0.1) is lost at 0.5 mM (n=3).

The kinetics of SERCA1 in the absence and presence of 0.25 and
0.5 mM CZL is reduced, at 30min the activity is inhibited by 24%±4
and 37%±8 (n=3) respectively (Fig. 2B). To observe if CZL inhibi-
tion was due to a direct interaction with SERCA1 a thermal inactivation
analysis was performed. The thermal inactivation curves in Fig. 2C
displays the inactivation of SERCA at 30min of reaction, every minute
from 25 to 60 °C, as a function of increasing temperature at a scan rate
of 1 °C/min, in the absence and presence of 0.25 and 0.5mM CZL.
Fig. 2D represents the first derivative of the thermal inactivation curves
of hydrolytic activity from control SERCA1 with a Ti at 47 °C ± 0.7
(n= 5) (p < 0.01). In the presence of CZL two well-defined transitions
were observed; in 0.25mM CZL the Ti was at 45 °C±1.5 (p < 0.02)
and at 32 °C±0.1 (n=3); in 0.5mM CZL the Ti was at 43 °C±0.7 and
at 37 °C± 0.3 (±AEM, n=2)

3.1.3. Carazolol on SERCA2 from isolated SR of soleus muscle
The effect of CZL on SERCA2 isolated from soleus muscle SR was

dose-dependent as well. Fig. 3A shows the concentration dependent
effect of CZL on SERCA2 specific activity which for control SR

Fig. 1. SERCA1 activity previously incubated
with 0.03 mM Carazolol. A) Thermal inactiva-
tion curve of: (●) SERCA1 hydrolytic activity
control, n= 5 and (△) SERCA1 activity in
isolated SR form EDL muscle incubated with
0.03 mM Carazolol prior to SR isolation. B)
Invers of the derivative curve of SERCA1
thermal inactivation as a function of increased
temperature calculated from Fig. 1A.

Fig. 2. Effect of Carazolol on SERCA1 from
isolated SR of EDL muscle. A) Carazolol con-
centration effect on specific activity of SERCA1
hydrolytic activity n= 3, (normalised values
to those of maximal activity at 1min reaction).
B) Hydrolytic activity of SERCA1 (●) control;
n= 3, (◒) 0.25mM; n= 3 and (○) 0.5 mM
Carazolol; n= 3 as a function of time (nor-
malized values to those of maximal activity at
30min reaction of the control). C) Thermal
inactivation curves of SERCA1 hydrolytic ac-
tivity (●) Control; n= 5, (◑) 0.1 mM; n= 2,
(◒) 0.25mM; n=3 and (○) 0.5 mM CZL;
n= 2, (normalized values to those of maximal
activity at 30min reaction of the unheated
control). D) Derivative curve of thermal in-
activation of SERCA1 ATP hydrolytic activity
as a function of increased temperature. Control
(●), 0.25mM (◒) and (○) 0.5 mM Carazolol.
The values are calculated from the data in
Fig. 2C.
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corresponds to 10 μmole Pi/mg/min (100%), where 27%±5
(p < 0.02) of the activity is lost with 0.25mM, 67%±17 (n= 4)
(p < 0.01) is lost with 0.5 mM CZL. Fig. 3B displays the kinetics of
SERCA2 in the absence and presence of 0.25 and 0.5mM CZL, at 30min
the activity is inhibited by 41%±7 and 76%±9 (n= 4) respectively.
To observe if CZL inhibition was due to a direct interaction with
SERCA2 a thermal inactivation analysis was performed. The thermal
inactivation curves in Fig. 3C displays the inactivation of SERCA2 in the
absence and in the presence of 0.25 and 0.5 mM CZL as a function of
increasing temperature at a scan rate of 1 °C/min from 25 to 70 °C.
Fig. 3D represents the first derivative of the thermal inactivation curves
of hydrolytic activity from SERCA2 with a Ti at 43 °C ± 1.6 (n= 5)
(p < 0.1). In the presence of CZL two well-defined transitions were
observed; with 0.25mM CZL the Ti was at 44 °C±1.3 (p < 0.01) and
37 °C± 1.8 (p < 0.1) (n= 4); with 0.5mM CZL the Ti was at
41 °C± 0.7 and at 36 °C±0.3 (±AEM, n= 2).

3.2. Effect of Carazolol on isolated muscle mechanical activity

Schematic representation of muscle stimulation protocol used to
produce fatigue is shown in Fig. 4.

3.2.1. Effect of Carazolol concentration on EDL and soleus muscle
mechanical activity

Fig. 5 shows the normalised force produced by EDL and soleus
muscles in the absence and in the presence of CZL concentrations. At
0.03mM CZL, EDL muscle force decay 52%±7 and in soleus muscle
force decay was 36%±5 (n= 5).

3.2.2. Effect of Carazolol on muscle fatigue in EDL muscle
Fig. 6 shows the effect of CZL on the tetanic stimulation for EDL

muscle. Fig. 6A is a representative experiment expressed as a normal-
ized force where maximal force of each group is equal to 1. Beginning
from the first tetanus it was observed that in the presence of CZL fatigue
was two times faster. Additionally, decrement in force increases pro-
portionally with subsequent tetanic stimulations. On the sixth tetanic
stimulation, the force of muscles incubated with CZL was reduced by
23%±7 with respect to the control in the absence of CZL. Fig. 6B is the
statistical representation of the experiment presented in Fig. 6A
(n= 5).

Fig. 3. Effect of Carazolol on SERCA2 from
isolated SR of soleus muscle. A) Carazolol
concentration effect on SERCA2 hydrolytic
activity n= 4 (normalised values to those of
maximal activity at 1 min reaction). B)
Hydrolytic activity of SERCA2 (●) Control;
n= 4, (◒) 0.25mM; n= 4 and (○) 0.5 mM
Carazolol; n= 4, (normalized values to those
of maximal activity at 30min reaction of the
control). C) Thermal inactivation curves of
SERCA2 hydrolytic activity (●) Control; n= 5,
(◒) 0.25mM; n=3 and (○) 0.5 mM Carazolol;
n= 2, (normalized values to those of maximal
activity at 30min reaction of the unheated
control). D) Derivative curve of thermal in-
activation of SERCA2 ATP hydrolytic activity
as a function of increased temperature. Control
(●), 0.25mM (◒) and (○) 0.5 mM Carazolol.
The values are calculated from the data in
Fig. 3C.

Fig. 4. Schematic representation of the fatigue protocol. Stimulation protocol;
two Single twitch (ST) followed by six tetanic stimulations (T1 to T6) were
followed by 2min rest. After T6, a 20min rest was applied, and a recovery
tetanus was then followed (R) with the same parameters of T1 to T6. The de-
tailed protocol is explained under materials and methods (2.3.2.).

Fig. 5. Muscle force as a function of Carazolol concentration determined after a
fatigue protocol. Isolated EDL (●) and Soleus (▴) muscles. The values were
normalised to those of maximal force of the control group equal 1 and the
maximal force in presence of CZL group equal 1.
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3.2.3. Effect of Carazolol on muscle fatigue in soleus muscle
Fig. 7 shows the effect of CZL on the tetanic stimulation for soleus

muscle. Fig. 7A is a representative experiment expressed as a normal-
ised force where maximal force of each group is equal to 1. In this
muscle, CZL did not have an effect of tetanic force. Therefore, tetanic
fatigue is not produced by the CZL. On the sixth tetanic stimulation, the
force of muscles incubated with CZL was reduced by 43%±8 with
respect to the control. Two times more susceptible to loss of force than
EDL muscle under the same conditions. Statistical analysis showed that
the difference between each tetanus in both muscle types was sig-
nificant with respect to each point and both curves compared to each
other (p < 0.05). Fig. 7B is the statistical representation of the ex-
periment presented in Fig. 7A (n= 5).

Since CZL is thought to influence SM through β3-AR, we search for
the evidence to probe the presence of β3-AR in isolated Sarcolemma of
EDL and soleus muscle.

3.3. β3 adrenoceptors in skeletal muscle

The β3-AR in SM has been determined to be present in SM [19],
however as we did not find the experimental evidence, we used a dot
blot assay as described in material and methods to provide the ex-
perimental evidence to show the presence of β3-AR in fast and slow SM.
Fig. 8 show both types of SM contain equal concentrations of β3-AR. We
used isolated white adipose tissue as a positive control and BSA as a
negative control for β3-AR. Fast and slow SM contains 20% less signal

than white adipose tissue, known to have a significant amount β-AR
[18,19].

4. Discussion

The action of CZL on SM, has been observed to cause a decrease in
muscle tension and proteolytic activity, bringing about an overall in-
crease in skeletal muscle mass [32]. It is assumed that these effects are
mediated exclusively through the specific antagonistic action on β1 and
β2-AR and agonist action of β3-AR. However, from the results pre-
sented in this study; 1) SR isolated from intact skeletal muscle exposed
to CZL results in inhibition of SERCA hydrolytic activity, 2) there is an
inhibitory effect of CZL on both SERCA1 and SERCA2 isoform from
isolated SR, 3) direct interaction of CZL on both SERCA isoforms as
determined by thermal analysis. 4) CZL decrease muscle force in fast
and slow SM, 5) and increases fatigue in both SM types 6) β3 AR are
present in both fast and slow SM. This data leads us to consider that CZL
can cross to the inner side of the SM fibre, penetrates the SR and in-
teract with SERCA. There exists an alternative mechanism that might
explain the loss in force and fatigue increase observed in our study,
which involves a direct, non-specific effect on SERCA.

4.1. Carazolol effect on SERCA in intact SM

The application of CZL to the external solution of SM would imply
that the inhibition of SERCA and muscle mechanical activity we had
observed is mediated exclusively through CZL interaction with β-AR.
However, when CZL is applied externally to intact SM and washed out
before SR isolation, the SERCA hydrolytic activity was inhibited and
evaluated by thermal analysis. The Ti of SERCA is clearly shifted to a
lower temperature as compared to control, indicating that the nature of
the interaction between SERCA and CZL is direct [26,28,29]. This result
signifies that CZL can penetrate and cross the Sarcolemma and access
intracellular membranes like SR. CZL labelled with [18F] has been
found to cross the hematoencephalic barrier implying its cell membrane
diffusibility [33]. Similar results were obtained by PET-studies shown
high [18F]-CZL uptake in heart and lung [34]. On the other hand, it has
been reported that shortly after intravenous administration of CZL
negligible amounts were circulating, but when applied with in-
tramuscular or intra-adipose injection, considerable amount of CZL
remain in SM and adipose tissue [35]. Other studies with several hy-
drophobic compounds have demonstrated that this is not an isolated
case. Dihydropyridine receptor antagonists like Verapamil, D-600 and
Diltiazem are compounds that have been shown to penetrate the Sar-
colemma and interact directly with SERCA [26,36,37].

In rat SM, SR Ca2+ uptake variations in fast and slow twitch fibres
arise from differences in SERCA1 and SERCA2 isoforms. SERCA1 in fast
twitch fibres such as EDL is expressed approximately six times more at
the protein level than SERCA2, the isoform predominately expressed in
slow twitch fibers such as soleus [38]. Therefore, it is likely to observe
dissimilarities when incubated with CZL, especially since the two
SERCA isoforms present differences in structure, function and regula-
tion.

4.2. Carazolol effect on SERCA activity in isolated SR

Previous studies have proven that SERCA isoforms present qualita-
tively similar enzymatic properties [39]. The differences seen in Ca2+

transport arise from their expression pattern and in specific regulation
in SM types. It is well established that SERCA2 isoform is regulated by
the small molecular weight protein phospholamban (PLB) located in the
SR of cardiac and slow muscle for many species, but apparently absent
in rats [40]. The activity of SERCA2 depends on the phosphorylation
state of a secondary molecule (PLB) or Sarcolipin (SLN) [41]. Depho-
sphorylated PLB binds and inhibits Ca2+ transport, in its phosphory-
lated state PLB relieves inhibition, increasing the relaxation rate of

Fig. 6. Effect of Carazolol on EDL muscle fatigue. A) Representative experiment
of fatigue and force recovery for control muscle (thin line) and for muscle with
0.03 mM CZL (thick line). B) shows the statistical representation of experiments
in panel A, Control (●) and Carazolol (○) n=5. * P < 0.05. The values were
normalised to those of maximal force of the control group equal 1 and the
maximal force in presence of CZL group equal 1.

Fig. 7. Effect of Carazolol on Soleus muscle fatigue. A) Representative experi-
ment of fatigue and force recovery for control muscle (thin line) and for muscle
with 0.03mM CZL (thick line). B) Shows the statistical representation of ex-
periments in panel A, Control (●) and Carazolol (○) n= 5. * p < 0.05. The
values were normalised to those of maximal force of the control group equal 1
and the maximal force in presence of CZL group equal 1.
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contraction [42]. In this study, both control SERCA isoforms present a
similar activity. However, in SR incubated directly with CZL, it can be
seen that SERCA inhibition behaves differently depending on the iso-
form. When incubated with the same concentration of CZL, SERCA2 is
inhibited approximately two times more when activity is expressed in
its normalized form. A possible interpretation of this data is that CZL is
inhibiting the two isoforms by exposing different affinities, since
SERCA1 and SERCA2 activity is reduced differently.

4.3. Direct effect of CZL on SERCA1 and SERCA2

The thermal analysis curves generated with the incubation of CZL
reveals some interesting information about SERCA activity. A negative
shift of △Ti= 2 °C occurs when CZL 0.25mM is incubated with
SERCA1 and is further reduced with increasing CZL concentration. This
indicates that thermal stability is reduced in a concentration dependent
manner, which relates with protein conformational changes in SERCA1
with CZL. A comparison of SERCA 1 and SERCA2 from slow SM thermal
inactivation profiles has not been evaluated until now. Control SERCA2
presents a Ti= 43 °C, further proving that the two isoforms are struc-
turally different as they differ in their thermal inactivation profiles. In
both isoforms, it can be said that thermal stability decreases with CZL.
Since activity is directly related to structure, the shifts in Ti signify that
denaturalization is achieved at lower temperatures when SERCA is in-
cubated with CZL. Therefore, the addition of CZL is somehow affecting
the ability to resist thermal denaturalization in both SERCA isoforms.
Interestingly, the addition of CZL causes the activity under control
conditions to separate into two thermodynamically distinct activities. A
possible explanation for this is that CZL interaction with SERCA2 results
in the formation of two populations, one as a monomeric unit and the
other as a more stable and active oligomer. There are evidences that
SERCA 2 from cardiac muscle requires aggregation with PLB in order to
become fully active [43]. Although it has been suggested that PLB is
absent specifically in rat slow skeletal muscle [44] in our experimental
condition SERCA2 behaves as if it is forming oligomers. This suggests
that CZL interferes with the association of SERCA2, most likely through
a SERCA2 conformational change obstructing the association with PLB
or SLN. This new data would then correlate with SERCA2 existing as an
oligomer, whose aggregation state is regulated under physiological
conditions.

4.4. Effect of Carazolol on the mechanical activity of EDL and soleus
muscles

Force production in SM is directly related to intracellular calcium
concentration [Ca2+]i caused by massive Ca2+ release from SR. EDL
muscle force during tetanic stimulation decreases, implying that the
mechanism in charge of Ca2+ SR recovery is inhibited during highly
repetitive stimulation. Carazolol decreases force in both SM types,
being more effective on slow SM, additionally muscle fatigue and force
recovery are aggravated in the presence of CZL. As we have shown,
SERCA2 function is more prone to CZL than SERCA1. Combined, these
results indicate that this difference in sensitivity relates with inhibition
of SERCA2. It is well known that fatigue is a physiological phenomenon
poorly developed in slow SM [45]. The effects of CZL on fatigue and

force recovery in slow muscle imply that fatigue is directly related to
SERCA2, as many hypotheses have pointed out for fast SM [46–48]. It
can therefore be said that SERCA2 function is more prone to CZL than
SERCA1. Thus, fatigue resistance may be related with the oligomer-
ization of SERCA2.

There is a discrepancy on CZL concentration required to reach an
effect on SERCA from isolated SR in comparison to the ten times lower
concentration to reduce muscle force from isolated muscle. The dif-
ference in concentration seen, could be explained by the moment of CZL
application. In the case of pre-incubation with CZL, SERCA is in the
presence of CZL for 18 h at 4 °C and the activity is measured thereafter.
On the other hand, CZL is applied to the isolated SR directly at 25 °C.
Since temperature directly affects the conformation of enzymes, we
assume that this difference in activity with respect to concentration in
these experiments is caused by the fact that SERCA conformation at
lower temperature is more susceptible to CZL inhibition, that its effect
is maintained even after the isolation protocol is complete.
Furthermore, we propose that CZL crosses the plasma membrane bar-
rier but the effect of is not specific. Therefore, more than one cellular
component could be targeted and present a synergic effect. Although it
has been initially proposed that the pharmacological effect of CZL on
SM is through specific activation of β3-AR located in the Sarcolemma,
our results strongly imply that CZL effect on SM function can be also
explained through SERCA inhibition.

4.5. β3 adrenoceptors (β3-AR) in skeletal muscle

It is well established that β3-AR are present in white and brown
adipocytes [49]. Ligand binding studies have shown that membranes
from adipose tissue and soleus muscle have identical binding sites for
β3-AR as well as a similar population of said receptors in both tissues
[20]. Immunoassays confirm that β3-AR is located in SM [21]. We
however, have not found the experimental evidence to refer in our
discussion. In this study, we confirm the presence of the β3-AR and
show that both fast and slow skeletal muscle have similar concentra-
tion. Additionally, chronic pharmacological in vivo experiments with
mice suggest that muscle force increases with β3 agonists, assumed to
be a result of β3-AR signalling in SM [50]. However, CZL, a compound
known to exert its action through β3-AR has an inhibitory effect on SM
mechanical properties when added directly to the isolated rat SM. The
contradictory result observed may be due to a different target of CZL
when applied systemically (in vivo), since a direct exposure of SM to
CZL has strong inhibitory effect on muscle force and decrease fatigue
resistance for both slow and fast SM.

In conclusion, we have seen that CZL a suggested β3-AR agonist
used in health and animal production has a deleterious effect on SM
function that can be explained by a direct interaction with SERCA, an
intracellular membrane protein in charge of muscle relaxation.
Furthermore, the finding that CZL has a strong effect on slow SM fatigue
provides us with a pharmacological tool to investigate the molecular
nature of the Slow SM physiological resistance to fatigue.

Acknowledgments

Carazolol was a donation of Dr. Jorge Luengo Creel from Schütze-

Fig. 8. Dot blot of β-adrenoceptors in skeletal muscle. Representative dot blots of plasma membrane in; A) soleus muscle, B) EDL muscle, C) white adipose tissue D)
Bovine Serum Albumin (BSA). White adipose tissue serves as a positive control for β3-AR and BSA as a negative control.

I. Ramirez-Soto, et al. Cell Calcium 79 (2019) 20–26

25



Segen of Mexico SA, CV. This study was supported by grants DGAPA-
IN21812 and IN218215 (Dirección General del Personal Académico,
Universidad Nacional Autónoma de México (UNAM)) to (AO). IRS and
ER were supported during their Baccalaureate Thesis (DGAPA). We
gratefully acknowledge Dr. Enrique Pinzón-Estrada and Dr. Ismael
Torres-Saldaña from the Faculty of Medicine, UNAM for the laboratory
animal husbandry collaboration.

References

[1] D.J. Millward, Protein turnover in skeletal muscle. The measurement of rates of
synthesis and catabolism in skeletal muscle protein using [14C] Na2CO3 to label
proteins, Clin. Sci. 39 (1970) 577–590.

[2] D.G. Allen, G.D. Lamb, H. Westerblad, Skeletal muscle fatigue: cellular mechanisms,
Physiol. Rev. 88 (2008) 287–332.

[3] L. Dode, J.P. Andersen, N. Leslie, J. Dhitavat, B. Vilsen, A. Hovanian, Dissection of
the functional differences between Sarco(endo)plasmic Reticulum Ca2+ ATPase
(SERCA) 1 and 2 isoforms and characterization of Darier disease (SERCA2) mutants
by steady-state and transient kinetic analyses, J. Biol. Chem. 278 (2003)
47877–47889.

[4] W. Kwan-Dun, W. Sen Lee, J. Wey, D. Bungard, J. Lytton, Localization and quan-
tification of endoplasmic reticulum Ca2+ -ATPase isoform transcripts, Am. J.
Physiol. 269 (1995) C775–C784.

[5] D.H. MacLennan, W.J. Rice, N.M. Green, The mechanism of Ca2+ transport by sarco
(Endo)plasmic reticulum Ca2+ -ATPases, J. Biol. Chem. 272 (46) (1997)
28815–28818.

[6] J. Lopes, D.M. Russell, J. Whitwell, K.N. Jeejeebhoy, Skeletal muscle function in
malnutrition, Am. J. Clin. Nutr. 36 (1982) 602–610.

[7] M.J.N. McDonagh, C.T.M. Davies, Adaptive response of mammalian skeletal muscle
to exercise with high loads, Eur. J. Appl. Physiol. Occup. Physiol. 52 (1984)
139–155.

[8] J.P. Folland, A.G. Williams, The adaptations to strength training: morphological
and neurological contributions to increased strength, Sports Med. 37 (2007) 145.

[9] M. Gayda, A. Merzouk, D. Choquet, S. Ahmaidi, Assessment of skeletal muscle fa-
tigue in men with coronary artery disease using surface electromyography during
isometric contraction of quadriceps muscles, Arch. Phys. Med. Rhabil. 86 (2005)
210–215.

[10] M.S. Miller, P. VanBuren, M.M. LeWinter, J.M. Braddock, P.A. Ades,
D.W. Maughan, et al., Chronic heart failure decreases cross-bridge kinetics in single
skeletal muscle fibres from humans, J. Physiol. 588 (20) (2010) 4039–4053.

[11] F. Hill, A.W. Stewart, C.S. Verrier, An ageing-associated decline in force production
after repetitive contractions by rat skinned skeletal muscle fibres, Tissue Cell 29
(1997) 585–588.

[12] J.A. Faulkner, L.M. Larkin, D.R. Claflin, S.V. Brooks, Age-related changes in the
structure and function of skeletal muscles, Clin. Exp. Pharmacol. 34 (2007)
1091–1096.

[13] T.N.V. Ha, M.W. Fryer, Inhibitory effects of propranolol on excitation-contraction
coupling in isolated soleus muscles of the rat, Br. J. Pharmacol. 122 (1997)
463–468.

[14] J. Tallis, M.J. Duncan, R.S. James, What can isolated skeletal muscle experiments
tell us about the effects of caffeine on exercise performance? Br. J. Pharmacol. 172
(2015) 3703–3713.

[15] B. Levy, O. Desebbe, C. Montemont, S. Gibot, Increased aerobic glycolysis through
β2 stimulation is a common mechanism involved in lactate formation during shock
states, Shock 30 (4) (2008) 417–421.

[16] D.H. Beermann, Beta-adrenergic receptor agonist modulation of skeletal muscle
growth, J. Anim. Sci. 80 (1) (2015) E18–E23.

[17] E.P. Mottillo, P. Basasubramanian, Y.H. Lee, C. Weng, E.E. Kershaw,
J.G. Granneman, Coupling of lipolysis and de novo lipogenesis in brown, beige, and
white adipose tissues during chronic β3–adrenergic receptor activation, J. Lipid
Res. 55 (2014) 2276–2286.

[18] F. D´Allaire, P. Mauriége, P.M. Simard, L.J. Bukowiecki, Characterization of beta 1-
and beta 3 adrenoceptors in intact brown adipocytes of the rat, Br. J. Pharmacol.
114 (2) (1995) 275–282.

[19] M.N. Sillence, N.G. Moore, G.G. Pegg, D.B. Lindsey, Ligand binding properties
putative β3-adrenoceptors compared in brown adipose tissue and in skeletal muscle
membranes, Br. J. Pharmacol. 109 (1993) 1157–1163.

[20] L.C.C. Navegantes, N.M.Z. Resano, A.M. Baviera, R.H. Migliorini, I.C. Kettelhut,
CL316,243, a selective beta-adrenergic agonist, inhibits protein breakdown in rat
skeletal muscle, Eur. J. Physiol. 451 (2005) 617–624.

[21] P.D. Chamberlain, K.H. Jennings, F. Paul, J. Cordell, A. Berry, S.D. Holmes, et al.,
The tissue distribution of the human beta3-adrenoceptor studied using a mono-
clonal antibody: direct evidence of the beta 3-adrenoceptor in human adipose
tissue, atrium and skeletal muscle, Int. J. Obes. Relat. Metab. Disord. 10 (1999)
1057–1065.

[22] A. Méjean, J.L. Guilaume, A.D. Strosberg, Carazolol: a potent, selective beta 3-
adrenoceptor agonist, Eur. J. Pharm. 291 (1995) 359–366.

[23] N.G. Gregory, L.J. Wilkins, The effect of carazolol on the cardiovascular responses
to adrenaline in stress sensitive pigs, Vet. Res. Comm. 5 (1982) 277.

[24] J. Keul, P. Schmidt, A. Neiss, Treatment of arterial hypertension. Efficacy and tol-
erance of the beta receptor blocker carazolol in a field study, Muench. Med.
Wochenschr. 25 (1985) 664.

[25] V. Becker, H. Gonzalez-Serratos, R. Alvarez, M. Baermann, C. Irles, A. Ortega, Effect
of endurance exercise on the Ca2+ pumps from transverse tubule and sarcoplasmic
reticulum of rabbit skeletal muscle, J. Appl. Physiol. 97 (2004) 467–474.

[26] A. Ortega, V.M. Becker, R. Alvarez, J.R. Lepock, H. Gonzalez-Serratos, Interaction of
D-600 with the transmembrane domain of sarcoplasmic reticulum Ca2+−ATPase,
Am. J. Physiol. 279 (2000) 166–172.

[27] P.A. Lanzetta, L.J. Alvarez, P.S. Reinach, O.A. Candia, An improved assay for na-
nomole amounts of inorganic phosphate, Anal. Biochem. 100 (1979) 95–97.

[28] J.R. Lepock, A.M. Rodahl, C. Zhang, M.L. Heynen, B. Waters, K.H. Cheng, Thermal
denaturation of the Ca2+-ATPase of sarcoplasmic reticulum reveals two thermo-
dynamically independent domains, Biochemistry 29 (1990) 681–689.

[29] A. Ortega, J. Lepock, Use of thermal analysis to distinguish magnesium and calcium
stimulated ATPase activity in isolated transverse tubule membranes from skeletal
muscle, Biochim. Biophys. Acta 1233 (1995) 7–13.

[30] A. Solares-Pérez, R. Alvarez, R.H. Crosbie, J. Vega-Moreno, J. Medina-Monares,
et al., Altered calcium pump and secondary deficiency of gamma-sarcoglycan and
microspan in sarcoplasmic reticulum membranes isolated from delta-sarcoglycan
knochout mice, Cell Calcium 48 (2010) 28–36.

[31] J. Vega-Moreno, A. Tirado-Cortes, R. Alvarez, C. Irles, J. Mas-Oliva, A. Ortega,
Cholesterol depletion uncouples β-dystroglycans from discrete sarcolemmal do-
mains, reducing the mechanical activity of skeletal muscle, Cell. Physiol. Biochem.
29 (5–6) (2012) 905–918.

[32] P.D. Warris, D. Lister, Improvement of meat quality in pigs by beta-adrenergic
blockade, Meat Sci. 7 (1982) 183–187.

[33] A. van Waarde, T.J. Visser, P.H. Elsinga, B.M. de Jong, T.W. van der Mark, J. Kraan,
K. Ensing, et al., Imaging beta-adrenoceptors in the human brain with (5)-l’-[18F]
fluorocarazolol, J. Nucl. Med. 38 (6) (1997) 934–939.

[34] P.H. Elsinga, M.G. Vos, A. van Waarde, A.H. Braker, T.J. de Groot, R.L. Anthonio,
et al., (S,S)- and (S,R)-1’-[18F]fluorocarazolol, ligands for the visualization of pul-
monary beta-adrenergic receptors with PET., W, Nucl. Med. Biol. 23 (1996)
159–167.

[35] F. Kadir, J. Zuidema, A. Pijpers, R. Melendez, A. Vulto, J.H.M. Verheijden,
Pharmacokinetics of intravenously, intramuscularly and intra-adiposely adminis-
tered carazolol in pigs, J. Vet. Pharmacol. Ther. 13 (4) (1990) 350–355.

[36] A. Ortega, H. Gonzalez-Serratos, J.R. Lepock, Effect of the organic Ca2+ channel
blocker D-600 on sarcoplasmic reticulum Ca2+ uptake in skeletal muscle, Am. J.
Physiol. 272 (1997) C310–317.

[37] H. González-Serratos, A. Ortega, R. Valle Aguilera, R. Chang, From inward spread
activation, active elongation to the effect of organic channel blockers in muscle
excitation contraction coupling. Ed. Harou Sugi, Kluwwer Academic Plenum
Publishers, New York,NY. “Mysteries about sliding Filamentes Mechanism: fifty
years after its proposals”, Adv. Exp. Med. Biol. 565 (2005) 249–264 discussion 264-
5 (2006) 397-403.

[38] K.D. Wu, J. Lytton, Molecular cloning and quantification of sarcoplasmic reticulum
Ca2+- ATPase isoforms in rat muscles, Am. J. Physiol. 264 (1993) C333–C341.

[39] J. Lytton, M. Westlin, S.E. Burk, G.E. Shull, D.H. MacLennan, Functional compar-
isons between isoforms of the sarcoplasmic or endoplasmic reticulum family of
calcium pumps, J. Biol. Chem. 267 (20) (1992) 14483–14489.

[40] M.A. Movesian, Gl. Morris, J.H. Wang, J. Krall, Phospholamban-modulated Ca2+

transport in cardiac and slow twitch skeletal muscle sarcoplasmic reticulum, Second
Messengers Phosphoproteins 14 (3) (1992) 151–161.

[41] M. Asahi, Y. Sugita, K. Kuerzydlowski, S. De Leon, M. Tada, C. Toyoshima,
D. MacLennan, Sarcolipin regulates sarco(endo)plasmic reticulum Ca2+-ATPase
(SERCA) by binding to transmembrane helices alone or in association with phos-
pholamban, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 5040–5045.

[42] J. Colyer, J.H. Wang, Dependence of cardiac sarcoplasmic reticulum calcium pump
activity on the phosphorylation status of phospholamban, J. Biol. Chem. 266 (26)
(1991) 17486–17493.

[43] N.J. Lennon, S. Harmon, A. Mackey, K. Ohlendieck, Oligomerization of the sarco-
plasmic reticulum Ca2+-ATPase SERCA2 in cardiac muscle, Mol. Cell Biol. Res.
Commun. 3 (1999) 182–187.

[44] E. Damiani, R. Sacchetto, A. Margreth, Variation of phospholamban in slow-twitch
muscle sarcoplasmic reticulum between mammalian species and a link to the sub-
strate specificity of endogenous Ca2+-calmodulin-dependent protein kinase,
Biochim. Biophys. Acta 146 (2) (2000) 231–241.

[45] R.I. Close, Dynamic properties of mammalian skeletal muscles, Physiol. Rev. 52 (1)
(1972) 129–197.

[46] P. Vazquez, A. Tirado-Cortes, R. Alvarez, M. Ronjat, A. Amaya, A. Ortega,
Reversible oxidation of vicinal-thiols motif in sarcoplasmic reticulum calcium reg-
ulatory proteins is involved in muscle fatigue mechanism, Cell Calcium 60 (4)
(2016) 245–255.

[47] A.R. Tupling, The sarcoplasmic reticulum in muscle fatigue and disease: role of the
sarco(endo)plasmic reticulum Ca2+-ATPase, Can. J. Appl. Physiol. 29 (3) (2004)
308–329.

[48] R. Alvarez, P. Vazquez, A. Jimenez, A. Tirado, C. Irles, H. Gonzalez-Serratos,
A. Ortega, Regulation of fast skeletal muscle activity by SERCA1 vicinal-cysteines,
J. Muscle Res. Cell. Motil. 30 (1–2) (2009) 5–16.

[49] R.D. Matteis, J.R.S. Arch, M.L. Petroni, D. Ferrari, S. Cinti, M.J. Stock,
Immunohistochemical identification of the β3-adrenoceptor in intact human adi-
pocytes and ventricuar myocardium: effect of obesity and treatment with ephedrine
and caffeine, Int. J. Obes. 26 (2002) 1442–1450.

[50] D. Puzzo, R. Raiteri, C. Castaldo, R. Capasso, E. Pagano, M. Tedesco, M. Miniaci,
CL316,243, a β3-adrenergic receptor agonist, induces muscle hypertrophy and in-
creased strength, Sci. Rep. Ist. Super. Sanita 5 (2016) 37504.

I. Ramirez-Soto, et al. Cell Calcium 79 (2019) 20–26

26

http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0005
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0005
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0005
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0010
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0010
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0015
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0015
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0015
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0015
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0015
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0020
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0020
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0020
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0025
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0025
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0025
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0030
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0030
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0035
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0035
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0035
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0040
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0040
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0045
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0045
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0045
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0045
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0050
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0050
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0050
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0055
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0055
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0055
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0060
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0060
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0060
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0065
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0065
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0065
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0070
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0070
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0070
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0075
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0075
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0075
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0080
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0080
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0085
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0085
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0085
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0085
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0090
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0090
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0090
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0095
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0095
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0095
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0100
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0100
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0100
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0105
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0105
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0105
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0105
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0105
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0110
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0110
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0115
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0115
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0120
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0120
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0120
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0125
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0125
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0125
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0130
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0130
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0130
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0135
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0135
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0140
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0140
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0140
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0145
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0145
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0145
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0150
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0150
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0150
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0150
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0155
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0155
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0155
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0155
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0160
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0160
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0165
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0165
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0165
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0170
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0170
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0170
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0170
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0175
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0175
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0175
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0180
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0180
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0180
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0185
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0185
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0185
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0185
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0185
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0185
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0190
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0190
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0195
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0195
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0195
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0200
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0200
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0200
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0205
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0205
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0205
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0205
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0210
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0210
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0210
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0215
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0215
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0215
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0220
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0220
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0220
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0220
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0225
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0225
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0230
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0230
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0230
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0230
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0235
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0235
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0235
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0240
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0240
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0240
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0245
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0245
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0245
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0245
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0250
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0250
http://refhub.elsevier.com/S0143-4160(18)30157-X/sbref0250

	Intracellular effect of β3-adrenoceptor agonist Carazolol on skeletal muscle, a direct interaction with SERCA
	Introduction
	Materials and methods
	Animals
	Experiments in isolated sarcoplasmic reticulum
	Isolation of sarcoplasmic reticulum
	Isolation of SR from intact muscle exposed to extracellular Carazolol
	SERCA hydrolytic activity
	Thermal inactivation of ATPase activity

	Intact muscle experiments
	Muscle preparation
	Stimulation protocol

	Dot blot assay

	Results
	Carazolol on SERCA activity
	Effect of extracellular applied Carazolol in intact muscle on the isolated SR SERCA
	Carazolol on SERCA1 from isolated SR of EDL muscle
	Carazolol on SERCA2 from isolated SR of soleus muscle

	Effect of Carazolol on isolated muscle mechanical activity
	Effect of Carazolol concentration on EDL and soleus muscle mechanical activity
	Effect of Carazolol on muscle fatigue in EDL muscle
	Effect of Carazolol on muscle fatigue in soleus muscle

	β3 adrenoceptors in skeletal muscle

	Discussion
	Carazolol effect on SERCA in intact SM
	Carazolol effect on SERCA activity in isolated SR
	Direct effect of CZL on SERCA1 and SERCA2
	Effect of Carazolol on the mechanical activity of EDL and soleus muscles
	β3 adrenoceptors (β3-AR) in skeletal muscle

	Acknowledgments
	References




