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Abstract
Sarcolipin (SLN) is a small molecular weight sarcoplasmic reticulum (SR) membrane protein
expressed both in cardiac and skeletal muscle tissues. Recent studies using transgenic mouse models
have demonstrated that SLN is an important regulator of cardiac SR Ca2+ ATPase 2a (SERCA2a).
However, there is a paucity of information regarding the SLN protein expression in small versus
larger mammals and its regulation during development and cardiac pathophysiology. Therefore, the
major goal of this study was to generate a SLN specific antibody and perform detailed analyses of
SLN protein expression during muscle development and in the diseased myocardium. The important
findings of the present study are: (i) in small mammals, SLN expression is predominant in the atria
but low in the ventricle and in skeletal muscle tissues, whereas in large mammals, SLN is quite
abundant in skeletal muscle tissues than the atria (ii) SLN and SERCA2a are co-expressed in all
striated muscle tissues studied except ventricle and co-ordinately regulated during muscle
development and (iii) SLN protein levels are ∼3 fold upregulated in the atria of heart failure dogs
and ∼30% decreased in the atria of hearts prone to myocardial ischemia. In addition we found that
in the phospholamban null atria, SLN protein levels are upregulated.
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Introduction
Sarcolipin (SLN) is a small molecular weight protein (31 amino acids) originally identified to
co-purify with the skeletal muscle sarcoplasmic reticulum Ca2+ ATPase (SERCA) [1,2].
Subsequent studies at the mRNA level showed that SLN is expressed both in cardiac and
skeletal muscle tissues of all mammals [2-5]. Within the cardiac muscle, SLN mRNA
expression is more abundant in the atria compared to the ventricle [4,5]. The expression pattern
of SLN mRNA is different between small and larger mammals. In rodents, SLN mRNA is
abundant in the atria and expressed at low levels in the ventricle and slow skeletal muscles

Address correspondence to: Dr. Muthu Periasamy (E-mail: periasamy.1@osu.edu) or Dr. Gopal J Babu (E-mail: babu.10@osu.edu),
Department of Physiology and Cell Biology, 304 Hamilton Hall, 1645 Neil Ave, The Ohio State Medical Center, Columbus, OH 43210,
Tel: 614-292-2310; Fax: 614-292-4888.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2009 July 7.

Published in final edited form as:
J Mol Cell Cardiol. 2007 August ; 43(2): 215–222. doi:10.1016/j.yjmcc.2007.05.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



[4,5]. In contrast, in larger mammals including humans, SLN mRNA is more abundant in fast-
twitch skeletal muscle tissues compared to the heart [2].

The importance of SLN as a regulator of SERCA pump was studied using adenoviral gene
transfer [5] and transgenic mouse models [6-8]. Adenoviral mediated overexpression of N-
terminally flagged-SLN (NF-SLN) into ventricular myocytes resulted in decreased myocyte
contractility and Ca2+ handling [5]. Confocal imaging analyses of ventricular myocytes
overexpressing NF-SLN showed that, SLN co-localizes with phospholamban (PLB) and
SERCA2a in the SR membrane [5]. The functional significance of SLN in cardiac contractility
either in the presence or absence of PLB was studied by overexpressing NF-SLN in the wildtype
[6,7] as well as in the PLB knockout mouse hearts [8]. Overexpression of NF-SLN in the mouse
heart inhibits the SERCA pump activity by lowering its apparent Ca2+ affinity, resulting in
decreased Ca2+ transient amplitude and rates of muscle relaxation [6-8]. Additionally these
studies showed that the inhibitory function of SLN is independent of PLB and is relieved upon
isoproterenol treatment [6,8]. These studies suggest that SLN is an important regulator of
SERCA pump activity and can mediate β-adrenergic response independent of PLB.

SLN mRNA expression is shown to be developmentally regulated [4,5] and is altered by thyroid
hormones [9,10] and pathophysiological conditions [3,4,11-13]. Pressure-overloaded
hypertrophy induced by transverse aortic constriction in mice or by monocrotaline
administration in rats significantly decreased the expression of SLN, SERCA2a, and
phospholamban mRNAs in the atrium [13]. In human, decreased expression of SLN mRNA
has been reported in the atria of patients with atrial fibrillation [12]. Although SLN expression
is low in the ventricle, it was shown to be up-regulated ∼50-fold higher in the hypertrophied
ventricles of Nkx2-5 null mice [11]. However, most of these studies were carried out at the
mRNA level and results could not be confirmed at the protein level due to the lack of SLN a
specific antibody. In the present study, we generated an antibody highly specific to SLN and
studied its expression during development and in cardiac pathology.

Materials and Methods
All experiments were performed in accordance with the National Institute of Health guidelines
and approved by the Institutional Laboratory Animal Care and Use Committee at The Ohio
State University. Sprague-Dawley rats, B6 mice, SLN transgenic mice [6] and PLB knockout
mice [14] were used for this study. Developmental studies were done in timed pregnant
Sprague-Dawley rats purchased from Harlan/Taconic farms. Pacing induced heart failure
canine model [15] was described previously. The myocardial infarction model susceptible or
resistant to ventricular fibrillation was generated as described previously [16,17]. In brief, the
anterior myocardial infarction was produced by ligation of the left anterior descending artery
approximately one-third of the distance from its origin. A hydraulic occluder was also placed
around the left circumflex coronary artery so that ischemia can be induced at a site distant to
the previous injury. The susceptibility to ventricular fibrillation was tested by a two minute
coronary occlusion during the last minute of a submaximal exercise test. The susceptible dogs
had either ventricular fibrillation or ventricular tachycardia during this exercise plus ischemia
test while the resistant dogs do not have arrhythmias. In this particular study, the animals were
assigned to either a 10 week sedentary period or a 10 week exercise training (running on a
treadmill) groups after the classification. The susceptible dogs have poorer ventricular function
and an abnormal autonomic neural control as compared to the resistant animals.

Generation of SLN antibody
We utilized the 100% conserved C-terminal sequence of SLN to generate rabbit polyclonal
antibody. A peptide corresponding to the last 6 residues of luminal domain (-VRSYQY) of
SLN with an additional cysteine added to the C-terminus was conjugated to keyhole-limpet
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haemocyanin. Rabbits were immunized with these peptides and sera were collected. Sera from
one of the four rabbits immunized with the above antigen recognize SLN across species. This
SLN C-terminal peptide antibody (SLN-CTAb) was affinity purified and used for further
studies. Specificity of the antibody was tested by Western blot analysis using bacterially
expressed rat and human SLN. Generation and affinity purification of SLN antibody was
carried out in Chemicon International, Inc.

Protein preparations
The following muscles were sampled in (i) rodents- atria, ventricle, soleus, quadriceps,
diaphragm and tongue, (ii) rabbit- left and right atria, left and right ventricle, diaphragm,
extensor digitorum longus (EDL) and soleus and (iii) dog- left and right atria, left and right
ventricle, diaphragm, gastrocnemius muscle (a synergist of the soleus muscle in other species)
and EDL. For developmental studies, atria, ventricle, tongue and quadriceps from rat embryos
of different days of post coitum (dpc) and neonatal rats were used. Frozen tissues were
homogenized in 8 volumes of homogenizing buffer containing (in mM) 50, Tris. Cl, pH 7.5,
150 NaCl, 1 Na2P2O7, 1 benzamidine, 5 Na3VO4, 10 NaF, and 0.5% Nonidet P-40 [6]. To
express rat and human SLN in the bacteria, the coding sequence of rat or human SLN was
cloned into the bacterial expression vector pET 23d (Novagen Inc). Cell growth, protein
induction and protein extraction were followed precisely as described by the manufacturer's
instructions. Protein concentrations were determined by the Bradford method using bovine
serum albumin for the standard curve. The SR enriched microsomal fractions for rat atria and
ventricles were prepared as described earlier [18].

Western blot analysis
Protein samples were analyzed by sodium dodecyl sulfate- polyacrylamide gel electrophoresis
(SDS-PAGE) and loading was normalized for Western blot analysis. The homogenates were
electrophoretically separated on (8% for SERCA2a, SERCA1a and CSQ, 14% for PLB) SDS-
PAGE or 16% Tricine gel (for SLN) and transferred to nitrocellulose membrane. Membranes
were immunoprobed with primary antibodies [Anti-rabbit SLN, 1:3000 (present study); anti-
rabbit SERCA2a, 1:5000; anti-rabbit PLB, 1:3000; anti-rabbit calsequestrin (CSQ), 1:5000
[6]; anti-rabbit SERCA1a, 1:2000 (Custom made)] followed by HRP-conjugated secondary
antibodies. Signals were detected by Super Signal WestDura substrate (Pierce) and quantitated
by densitometry [6].

Statistics
Data shown are mean ± SEM. Statistical significance was estimated by a unpaired Student's
t test. A value of p<0.05 was considered statistically significant.

Results
Generation and characterization of a SLN specific polyclonal antibody

In a recent study, the cytosolic region (N-terminal sequence) of mouse SLN was used to
generate a SLN specific antibody [19]. This antibody reacts to mouse SLN but has a very low
affinity for rabbit and pig SLN. This is most likely due to sequence diversity at the N-terminus
of SLN between small and larger mammals and therefore the use of this antibody is restricted
to rodents. In addition, this antibody was shown to cross-react to PLB [19]. In the present study,
we took advantage of the highly conserved C-terminal amino acids (-VRSYQY) corresponding
to the luminal domain of SLN [20] to generate a polyclonal antibody in rabbits. Using this SLN
antibody (SLN-CTAb), we studied the SLN protein expression during muscle development
and in cardiac pathophysiology.
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The specificity of the SLN-CTAb was determined by Western blot analysis using bacterially
expressed mouse and human SLN proteins. Results shown in Fig.1A indicate that SLN-CTAb
recognized the bacterially expressed mouse and human SLN proteins with the predicted
molecular weight of 3.6 kDa. Control experiments performed using rabbit preimmune serum
and Western blot results were negative (Data not shown). Since SLN mRNA is abundant in
the atria compared to the ventricle [4,5], we also analyzed the SR enriched microsomal fractions
prepared from rat atria and ventricles. As seen in Fig. 1A, SLN-CTAb recognizes a 3.6 kDa
protein similar to that of bacterially expressed SLN protein and its level was several folds
higher in the atria compared to that of ventricle. Further, our results show that unlike PLB,
SLN did not form multimers. To further validate the antibody specificity, Western blot analysis
was performed using total protein extract prepared from SLN transgenic mice atria and
ventricles which express NF- SLN [6]. Results shown in Fig. 1B indicate that SLN antibody
recognizes both endogenous SLN and transgenically expressed NF-SLN. SLN-CTAb does not
cross-react with any other low molecular protein in particular PLB. SLN could not be detected
with total ventricular protein extract because of its very low level suggesting that microsomal
fractions should be used to detect SLN in the ventricle. These results together suggest that we
successfully generated a rabbit-polyclonal antibody specific for SLN which recognizes SLN
across species.

The expression pattern of SLN differs between small and larger mammals
To determine whether SLN protein expression follows its mRNA pattern [2-5], total protein
prepared from various muscle tissues of mouse, rat, rabbit and dog were analyzed by Western
blot analysis. Results shown in Fig. 2 point out that: 1) SLN protein is abundant in the atria
regardless of species and 2) mouse and rat atria have higher levels of SLN protein when
compared to atria from larger mammals. In rodents, SLN protein is also expressed at high levels
in the tongue and at moderate levels in slow-twitch soleus muscle and diaphragm (Fig.2A &
Table 1). In contrast, PLB expression was most abundant in the ventricle compared to the atria.
SERCA2a protein expression, on the other hand, was significantly higher in the rodent atria
(∼1.3 fold) compared to the ventricle (Fig.2A). In rodents, SERCA2a is also expressed at
moderate levels in soleus and at low levels in diaphragm and tongue. Interestingly, the
expression of SLN, SERCA2a and PLB proteins could not be detected in the fast-twitch
quadriceps muscles (Fig. 2A). SLN protein was also not detected in smooth and non-muscle
tissues (Data not shown).

The expression pattern of SERCA, PLB and SLN were quite different between the skeletal
muscle types in larger mammals (rabbit and dog). SLN protein levels were abundant both in
slow- and fast-twitch skeletal muscles and diaphragm compared to that of atria (Fig. 2B &
Table 1). Slow-twitch muscles (soleus and gastrocnemius) and diaphragm expressed high
levels of SERCA2a and very low levels of PLB. Unlike rodents, the fast twitch muscle (EDL)
expressed high levels of SERCA2a (Fig. 2B), whereas PLB was not detectable.

SLN expression is developmentally regulated in the rat atria and skeletal muscle tissues
We next determined whether SLN expression is developmentally regulated. Fig. 3 shows the
temporal pattern of SLN expression in the rat atria, ventricle, quadriceps and tongue during
embryonic and neonatal development. As shown in Fig.3A, the SLN protein was detected in
the atria at 17.5 dpc and its level increases through out development, whereas in the ventricle
its level was below detectable. On the other hand, the expression of PLB and SERCA2a proteins
were detectable both in the atria and ventricle at 17.5 dpc and their expression remained high
throughout development. At all developmental stages analyzed PLB levels were higher in the
ventricle compared to the atrium.
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We next chose to examine SLN expression in rat tongue muscle. At 17.5 dpc, SLN and
SERCA2a were expressed at high levels and remain high through out embryonic development
(Fig. 3B). After birth, SERCA2a protein level declined gradually but continued to be expressed
at a modest level in the adult. In contrast, SERCA1 expression which was detectable at 17.5
dpc increased after birth and became the predominant SERCA isoform in the adult tongue.
Despite SERCA2a expression in the tongue, PLB expression was undetectable at all
developmental stages studied.

The most striking finding was the pattern of SLN expression during fast-twitch skeletal muscle
development in rats. At 15 dpc, SLN protein level was detectable in the quadriceps muscles
and its level increased gradually during embryonic development along with SERCA2a.
However, after birth SLN expression started to decline and completely disappeared by 21 days
(Fig. 3B). The pattern of SERCA2a expression was also identical to that of SLN. These data
indicate that in rodents, the expression of SLN and SERCA2a are co-ordinately regulated
during fast-twitch skeletal muscle development, In contrast, SERCA1a that is expressed at low
levels in quadriceps during embryonic development increased after birth and became the major
SERCA isoform in the adult (Fig. 3B). Our studies failed to detect PLB protein expression in
quadriceps at all developmental stages studied.

SLN expression is altered during cardiac pathophysiology
To determine whether SLN protein level is altered during cardiac pathophysiology, we
analyzed SLN protein expression in the atrial tissues of (i) canine model of heart failure induced
by tachypacing [15] and (ii) ischemic injured dogs either susceptible or resistant to ventricular
fibrillation [17]. Results in Fig. 4A show that SLN protein levels were significantly increased
(∼3 fold higher) in the atria of HF dogs. On the other hand, SLN protein was significantly
downregulated in the atria of ischemic injured dogs either susceptible (73.25±3.7%) or resistant
(71.75 ±8.1 %) to ventricular fibrillation (Fig. 4B). Interestingly, exercise training which
improves the cardiac function in ischemic injury model [21-23] restored SLN expression to
the levels of control atria (Fig.4B). However, the expression of SERCA2a, PLB and
calsequestrin (CSQ) were not significantly altered in the HF or ischemic injured dog models
(Fig. 4).

SLN is upregulated in the plb-/- atria
To determine if loss of PLB alters the expression of SLN, we analyzed SLN protein levels in
the plb-/- atria and ventricle. Results shown in Fig. 5 indicate that SLN levels were significantly
increased in the plb-/- atria compared to that of wildtype controls (WT=100% vs. plb-/- = 152.4
±10.8). The SLN levels were not detectable in WT as well as in plb-/- ventricles with total
protein loading (data not shown). These results suggest that in the atria, loss of PLB could be
compensated by SLN.

Discussion
Our data clearly demonstrate that SLN exhibits both tissue and species-specific differences in
its expression pattern. Within the heart, SLN protein expression is abundant in atria and
confirmed the previous reports on the SLN mRNA expression pattern [4,5]. Our data
demonstrating differential expression of PLB in atria versus ventricle are also consistent with
the previous report [24]. A critical question that remains to be answered is how SLN compares
to PLB, whether they play complementary or distinct functional roles. The data showing the
upregulation of SLN in the PLB null atria suggest that loss of PLB function may be
compensated by SLN. The protein structure [25,26] and expression analyses [present study]
of SLN and PLB indicate that both are closely related proteins and the differential expression
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of these protein may play unique roles in the chamber specific regulation of Ca2+ transport
function.

There are also species-specific differences when it comes to SLN expression in various skeletal
muscle types. In rodents, the slow-twitch muscle expresses SLN, PLB and SERCA2a (slower
isoform),whereas the fast twitch muscle express primarily SERCA1a (the isoform shown to
transport Ca2+ with faster kinetics) and do not express either SLN or PLB that regulate SERCA
pump activity. Based on our findings, we propose that differences in the expression of Ca2+

handling proteins (SERCA 1a, 2a and its regulators PLB and SLN) and contractile proteins in
slow-twitch versus fast-twitch fibers [27-29] could contribute to the unique contractile
properties of these muscle types.

In larger mammals (rabbit and dog), SLN and SERCA2a are expressed at high levels both in
soleus and EDL muscles. Unlike rodents, in larger mammals the fast-twitch muscles are
composed of type I (slow) and type II (fast) fibers [29,30] and therefore we predict that the
expression of SERCA2a and SLN in the EDL muscle is due to the presence of slow-fiber types.
Similarly, SLN and SERCA2a proteins are found at high levels in tongue, a tissue which has
both slow- and fast -twitch skeletal muscle fibers [31]. Our results therefore suggest that the
expression of SLN and SERCA2a are restricted to slow-twitch skeletal muscle fibers; though
the ratio of SLN to SERCA2a may vary among different tissues. Based on these findings one
might speculate that SLN is the major regulator of SERCA2a in skeletal muscle tissues. In
skeletal muscle tissues, SERCA2a isoform is expressed primarily in slow-twitch fibers whereas
in the fast twitch muscle, SERCA1a is the predominant isoform and plays a major role in
maintaining SR Ca2+ stores needed for excitation-contraction coupling [reviewed in ref. 32].
Our findings suggest that SLN expression correlates well with SERCA2a but not with
SERCA1a. Although in vitro studies have shown that SLN can inhibit SERCA1a pump activity
when expressed together [33] the exact role of SLN in adult fast skeletal muscle needs to be
explored.

An important finding is that SLN expression closely follows SERCA2a during cardiac and
skeletal muscle development. We found that SERCA2a and SLN proteins are expressed at high
levels in developing fast-twitch skeletal muscle but are absent in the adult muscle. During
embryonic development, the fast-twitch muscle undergoes a sequence of transitions from slow-
to fast-twitch fibers. This has been demonstrated by the continuous elimination of slow myosin
from the fast-twitch fibers from birth to maturation [34-36]. Therefore, the expression of SLN
and SERCA2a during fast-twitch muscle development recapitulates the slow-fiber phenotype.
Similar pattern of co-expression of SERCA2a and SLN has been observed during tongue
muscle development. These results suggest that SLN is a major regulator of SERCA2a in
developing skeletal muscles.

The role of SLN in cardiac pathophysiology is less well understood. Recent studies showed
that SLN mRNA is down-regulated in atrial myocardium of patients with chronic atrial
fibrillation [12] and in the atria of pressure overloaded hypertrophy [13]. However, there are
no protein data available to date to validate the importance of SLN in cardiac pathology. Here,
for the first time we demonstrate that SLN protein levels are significantly upregulated in the
atria of pacing induced canine model of chronic heart failure. This canine model mimics many
aspects of chronic human heart failure [15] and exhibits decreased SR Ca2+ release
characteristic of failing myocardium [37]. Based on the transgenic overexpression of SLN
[6-8], we speculate that increased expression of SLN in the HF atria should inhibit SERCA
pump activity and decrease Ca2+ transport and result in slowing of atrial function. The findings
that SLN protein levels were significantly downregulated in the atria of ischemic hearts [16,
17] could be a compensatory mechanism to accelerate the SR Ca2+ uptake function during
myocardial infarction. Exercise training program that improved cardiac function [21-23] also
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restored SLN protein levels further supports the view that SLN levels are critical for
maintaining normal Ca2+ homeostasis.

In conclusion, we demonstrate that SLN has a distinct expression pattern compared to PLB.
The findings that SLN and SERCA2a are co-expressed in the atria and skeletal muscle tissues
along with functional studies reported from SLN transgenic mouse models [6-8] strongly
suggest that SLN is an important regulator of SERCA2a isoform. The findings that SLN
expression is modified in the atria during cardiac pathology further suggest that SLN levels
could critically determine SERCA pump activity and Ca2+ homeostasis in the diseased
myocardium.
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Figure 1.
(A) Western blot analysis of sarcolipin (SLN) and phospholamban (PLB) in the total
homogenate (Total), SR enriched microsomal fractions (SR) and post microsomal fractions
(PM) from rat atria and ventricle. Bacterial extract containing rat and human SLN were used
as control. 1 μg of each fraction were used. (B) Two different concentrations (1 and 2μg) of
total homogenates from atria (A) and ventricle (V) of non-transgenic (NTG) and SLN-
transgenic (TG) mice were resolved on a 16% tricine gel and immuno probed with SLN-CTAb.
NF-SLN= N-terminally Flagged SLN
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Figure 2.
Expression analysis of SLN, PLB and SERCA2a proteins in striated muscle tissues of rodents
(Panel A-mouse and rat) and larger mammals (Panel B- rabbit and dog). Total homogenates
from atria (A), ventricle (V), diaphragm (D), soleus (S), quadriceps (Q), gastrocnemius (G)
tongue (T) and EDL (E) from different species were resolved on polyacrylamide gel
electrophoresis and probed with SLN-CTAb, PLB and SERCA2a specific antibodies as
described in “methods” section. LA- left atria, RA-right atria, LV-left ventricle and RV-right
ventricle. Data are representative of two independent experiments.
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Figure 3.
Western blot analysis of SLN, SERCA2a, PLB and SERCA1a proteins during muscle
development. Two micrograms of total homogenates of atria, ventricular (Panel A), fast-twitch
quadriceps muscle and tongue (Panel B) from rat embryos of different days of postcoitum (dpc)
and from neonatal rats were separated on polyacrylamide gel electrophoresis and
immunoprobed with specific antibodies. Data are representative of two independent
experiments.
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Figure 4.
Quantitation of SLN in the atria of heart failure and ischemic injured dog models. (A)
Representative Western blots showing the expression of SLN, SERCA2a and PLB in the atria
of tachypacing induced heart failure dog model. SLN is upregulated in the heart failure (HF)
atria. SERCA2a and PLB levels are unchanged between control (Ctr) and HF groups. Bar
diagram showing the fold induction of SLN in HF atria. (B) Representative Western blots
showing the protein levels of SLN, SERCA2a, PLB and CSQ in ischemic injured but either
susceptible (S) or resistant (R) to ventricular fibrillation and exercise trained susceptible dogs
(S/ExT). SLN expression is significantly downregulated in the atria of susceptible (S) and
resistant groups but its level restored in the S/ExT groups to the levels of control atria (Ctr).
SERCA2a, PLB and CSQ levels are unchanged between the groups. Bar diagram showing the
percent expression of SLN in different groups. * indicates values significantly different from
control groups and ** indicates values not significantly different from control groups.
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Figure 5.
Increased SLN protein expression in plb-/- atria. Representative Western blots showing the
expression of SLN and SERCA2a in the atria of plb-/- mice. SLN protein levels are 52% more
in the plb-/- atria. SERCA2a levels are unchanged between WT and plb-/- atria. Bar diagram
showing the percent expression of SLN in WT and plb-/- atria. * indicates values significantly
different from WT atria.
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Table 1
Percent Expression of SLN and SERCA2a*

Species/Tissues Percent expression of SLN Percent expression of SERCA2a

RODENTS

Atria 100** 130

Ventricle 1 100**

Soleus 10 60

Quadriceps ND ND

Diaphragm 22 15

Tongue 50 20

RABBIT & DOG

Atria 10 95

Ventricle 1 100**

Soleus 70 35

EDL 100** 35

Diaphragm 70 35
*
Values presented in the table are calculated from two independent experiments.

**
Percent expression taken as 100% and compared with other tissues.

ND- Not detectable
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