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Abstract

Fast skeletal muscle Troponin T (TNNT3) is an important component of the skeletal muscle 

contractile machinery. The pre-mRNA encoding TNNT3 is alternatively spliced and changes in 

the pattern of TNNT3 splice form expression are associated with alterations in thin filament 

calcium sensitivity and force production during muscle contraction, thereby regulating muscle 

function. Interestingly, during aging, muscle force/cross sectional area is reduced, suggesting that 

loss of mass does not completely account for the impaired muscle function that develops during 

the aging process. Therefore, in the present study, we tested the hypothesis that age- and changes 

in muscle loading are associated with alterations in TNNT3 alternative splicing in the rat 

gastrocnemius muscle. We found that the relative abundance of several TNNT3 splice forms 

varied significantly with age among 2, 9, and 18-month old rats, and the pattern correlated with 

changes in body weight rather than muscle mass. Hindlimb immobilization for 7 days resulted in 

dramatic alterations in splice form relative abundance such that the pattern was similar to that 

observed in lighter animals. Remobilization for 7 days restored the splicing pattern toward that 

observed in the non-immobilized limb, even though muscle mass had not yet begun to recover. In 

conclusion, the results suggest that TNNT3 pre-mRNA alternative splicing is rapidly (i.e. within 

days) modulated in response to changes in the load placed on the muscle. Moreover, the results 

show that restoration of TNNT3 alternative splicing to control patterns is initiated prior to an 

increase in muscle mass.
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Introduction

Troponin T is a component of the troponin complex that controls actin-myosin cross-bridge 

formation and force production during muscle contraction (Farah et al. 1995; Reinach et al. 

1997; Perry 1998; Gordon et al. 2000). In skeletal muscle of insects (Marden et al. 1999; 

Marden et al. 2001; Nongthomba et al. 2007; Schilder et al. 2007; Marden et al. 2008; Singh 

et al. 2014) and mammals (Medford et al. 1984; Pan et al. 1992; Briggs et al. 1996; Ogut et 

al. 1999; Stefancsik et al. 2003; Gallon et al. 2006; Schilder et al. 2011; Schilder et al. 

2012), Troponin T (TNT) and fast Troponin T (TNNT3), respectively, are expressed as 

multiple isoforms, and the pattern of isoform expression is largely determined by alternative 

splicing of the Troponin T precursor mRNA (pre-mRNA) encoding the protein. 

Interestingly, in both insects (Marden et al. 2008) and rodents (Schilder et al. 2011), 

alternative splicing of the Troponin T pre-mRNA varies in a quantitatively precise fashion 

with variation in (or changes to) body weight. Thus, as body weight increases, there is a 

rapid (within 5 d) and highly predictable quantitative shift in the relative abundance of 

specific Troponin T splice forms (Schilder et al. 2011). There are at least 12 TNNT3 splice 

forms that can be divided into two categories based on whether they include mutually 

exclusive exon 16 (referred to here as TNNT3α splice forms) or 17 (referred to here as 

TNNT3β splice forms). In rats, three TNNT3α splice forms are present in the gastrocnemius 

muscle, and the relative abundance of all three is consistently increased in heavier compared 

to lighter animals. In contrast, of the nine TNNT3β splice forms identified in the 

gastrocnemius, the relative abundance of seven is consistently reduced as body weight 

increases.

Changes in the pattern of TNNT3 alternative splicing that manifest with increasing body 

weight are thought to be an important component of the increase in muscle force and power 

output needed to maintain mobility in heavier compared to lighter individuals (Schachat et 

al. 1987; Greaser et al. 1988; Pan et al. 1992; Reiser et al. 1992; Marden et al. 1999; Ogut et 

al. 1999; Marden et al. 2001; MacFarland et al. 2002; Chaudhuri et al. 2005; Gallon et al. 

2006). Muscle performance is regulated by TNNT3 in part through the differential effects of 

various splice forms on calcium sensitivity (Chaudhuri et al. 2005; Gallon et al. 2006). At 

the molecular level, the C-terminal region of TNNT3 interacts with sarcomere components 

such as tropomyosin, and troponin C that play important roles in Ca2+ sensitivity. Because 

the C-terminus of Tnnt3 differs between the α and β splice forms, they have distinctive 

effects on Ca2+ sensitivity during muscle contraction (Chaudhuri et al. 2005; Gallon et al. 

2006). For example, TNNT3α has higher affinity for tropomyosin and interacts more 

strongly with troponin C, when compared to TNNT3β (Pan et al. 1992; Wu et al. 1995; 

Chaudhuri et al. 2005). Consequently, in the presence of TNNT3α, the affinity of troponin C 

for Ca2+ is three-fold higher than in the presence of TNNT3β. Similarly, Gallon et al. 

showed that reconstitution of rat psoas muscle fibers with TNNT3α resulted in increased 

Ca2+ sensitivity, whereas reconstitution with TNNT3β led to a decrease in Ca2+ sensitivity 

(Gallon et al. 2006). Therefore, relevant to the present study, increased abundance of 

TNNT3α splice forms is associated with improved calcium sensitivity and force production 

during muscle contraction (Chaudhuri et al. 2005; Gallon et al. 2006).
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Although body weight is an important determinant of TNNT3 alternative splicing, recent 

studies suggest that other mechanisms also exist to modulate its splicing pattern. For 

example, in insect flight muscle, body weight-induced TNT alternative splicing can be 

attenuated by dietary manipulation (Marden et al. 2008). Similarly, in a genetic model of 

obesity, body weight-inappropriate TNNT3 pre-mRNA alternative splicing was observed in 

rats, and impaired alternative splicing may thus contribute to the deficit in body weight 

specific muscle performance often associated with obesity (Schilder et al. 2011). A decline 

in muscle performance is also observed in the elderly (Allman et al. 2004; Horner et al. 

2011; Goldspink 2012; Moore et al. 2014) or after periods of inactivity (Callahan et al. 

2014; Miller et al. 2014), e.g. during limb immobilization (Greenhaff 2006; de Boer et al. 

2007). In part, reduced force production under these conditions is a result of loss of muscle 

mass. However, in some cases, the decrease in force production is greater in magnitude than 

the loss of muscle mass, and relative force production (force/muscle mass) is 

disproportionally reduced (Mitchell et al. 2012; Miller et al. 2013). Whether or not changes 

in the relative abundance of TNNT3 splice forms play a role in such alterations is unknown. 

Therefore, in the present study we tested the hypothesis that age- and muscle unloading are 

associated with alterations in TNNT3 pre-mRNA alternative splicing in rat gastrocnemius 

muscle. In these studies, we assessed the relative abundance of TNNT3 splice forms in 

gastrocnemius muscle of 2-, 9-, and 18-month old rats. We also examined the effect of 

unilateral hindlimb immobilization for 7 d, and remobilization for a subsequent 7 d, on 

gastrocnemius muscle TNNT3 splice form abundance. Overall, the results demonstrate that 

increased load is associated with increased relative abundance of TNNT3α splice forms that 

have previously been shown to be associated with greater calcium sensitivity and force 

production (Chaudhuri et al. 2005; Gallon et al. 2006), and that this relationship is disrupted 

when the load on the muscle is reduced. Moreover, we find that 7 d of remobilization (i.e. 

reloading) restores the pattern of TNNT3 alternative splicing toward that observed in the 

control hindlimb independent of changes in muscle mass.

Materials and Methods

Animal Studies

The morphological data and muscle samples were obtained from a previous study (Kelleher 

et al. 2014) that is briefly described here. Male Sprague Dawley rats at 2-, 9-, and 18-months 

of age were obtained from Charles River laboratories and housed under conditions of 12 hr 

light/dark cycle with ad libitum access to food and water. Unilateral hindlimb 

immobilization was carried out by application of a fiberglass cast to one hindlimb as 

previously described. All immobilized rats were casted for 7 days. One group of 9-month 

old rats was subjected to a 7-day immobilization period followed by a 7-day remobilization 

period after cast removal. Younger (i.e. 2-month old) rats were not used in remobilization 

studies because their body weight would increase significantly during the 2-week 

experimental period, making interpretation of any changes in TNNT3 alternative splicing 

complicated. The gastrocnemius muscle was harvested from anesthetized rats, weighed, 

frozen between aluminum blocks pre-cooled in liquid nitrogen, and stored at −80°C prior to 

analysis. In all experiments, the muscle from the contralateral non-immobilized hindlimb 
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was analyzed as the control. All animal protocols were reviewed and approved by the 

Institutional Animal Care and Use Committee of the Penn State College of Medicine.

Quantification of TNNT3 splice forms

The methods used for RNA isolation, reverse transcription, and PCR analysis as well as the 

sequence of the primers used to quantify TNNT3 splice forms has been previously published 

(Schilder et al. 2011). Briefly, the frozen gastrocnemius muscle was pulverized under liquid 

nitrogen and total RNA was isolated using Trizol reagent as per the manufacturer’s protocol 

(Invitrogen). cDNA was prepared using a High Capacity cDNA Reverse Transcription kit 

(Applied Biosystems), and PCR was carried out using GoTaq DNA polymerase (Promega) 

with a fluorescein-labeled forward primer and two reverse primers as previously described 

(Schilder et al. 2011). The fluorescein-labeled PCR amplicons were analyzed by capillary 

electrophoresis (3730XL DNA Analyzer, Applied Biosystems) and the fragment size of the 

PCR amplicons was determined using the 1200 LIZ internal size standard (Applied 

Biosystems). The peak height value for each PCR amplicon was obtained by analysis using 

Peak Scanner software (Applied Biosystems). This method (Schilder et al. 2011) was 

previously used to identify PCR amplicons corresponding to all 12 TNNT3 splice forms in 

rat gastrocnemius muscle based on fragment size (Supplementary Figure S1). The relative 

abundance of each TNNT3 splice form was calculated as the ratio of its detected peak height 

to the total of all peak heights.

Statistical Analysis

Statistical analyses were performed using Prism 6 (GraphPad Software, Inc.) and JMP Pro 

10 (SAS Institute Inc.). The effects of age on TNNT3 splice form relative abundance were 

evaluated using one-way ANOVA over the three age groups. Multiple comparison error rates 

were controlled with Tukey’s post-hoc test. The effect of immobilization and interaction 

with age were determined using a two-way nested random effects model (two-way nested 

ANOVA) to analyze TNNT3 splice form relative abundance in the immobilized limb relative 

to the contralateral non-immobilized limb. The nested random effects model analyzes the 

relative abundance of the TNNT3 splice forms by nesting the limb (immobilized or non-

immobilized) within the animal to control for between animal heterogeneity by considering 

each animal as an experimental unit. Principal component analysis was applied to reduce the 

12-dimensional data sets and the first two principal components were included in the 

analyses. Comparisons between immobilized and non-immobilized muscles or remobilized 

and non-immobilized muscles from the same animal were performed using paired Student’s 

t-test. Statistical significance was set at p<0.05. Data are represented as mean ± SEM.

Results

Effect of age

The age of the animals used in this study was chosen based on results of a previous one from 

our laboratory (Kimball et al. 2004). Thus, 2-month old rats were selected as representative 

of young growing animals, 9-month old rats as representative of mature adults, and 18-

month old rats were selected because age-related loss of muscle mass begins to manifest at 

approximately this age. In agreement with the earlier study, the relative mass (i.e. muscle 
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mass/body mass ratio) of the gastrocnemius was not different in 2- and 9-month old rats, but 

was 14% (p<0.05) lower in 18-month compared to 9-month old rats (Table 1).

Significant differences were observed in the relative abundance of 10 out of 12 TNNT3 
splice forms among the three age groups (Table 2). As illustrated in Fig. 1A, the total 

relative abundance of TNNT3α splice forms in the gastrocnemius muscle exhibited a 

continuous increase in expression from 2- to 18-months of age whereas the total relative 

abundance of TNNT3β splice forms exhibited the opposite pattern of change, i.e. there was a 

decline in total relative abundance with increasing age (Fig. 1B). Principal component 

analysis revealed that the first two principal components (PC1 and PC2) accounted for 97% 

(PC1 and PC2 captured 74.5% and 22.5%, respectively) of the variation in the dataset and 

PC1 was significantly influenced by age (Table 2).

Effect of immobilization

A subset of 2, 9, and 18-month old rats was subjected to 7 days of unilateral hindlimb 

immobilization (Kelleher et al. 2014). As shown in Table 3, TNNT3 splice form relative 

abundance in the gastrocnemius muscle was altered in response to both age and 

immobilization. The total relative abundance of TNNT3α splice forms (Fig. 2A) was 

significantly decreased and the total relative abundance of TNNT3β splice forms (Fig. 2B) 

was significantly increased in the immobilized limb of 2-, 9- and 18-month old rats when 

compared to the control non-immobilized limb of the same animal. Similar to results 

observed in control rats that had not been immobilized (Table 2), PC1 and PC2 accounted 

for 97% (88.6% and 8.4%, respectively) of the variation in the dataset. PC1 captured most of 

the variation in the entire dataset and was significantly affected by both age and 

immobilization (Table 3). Two-way nested ANOVA indicated a significant interaction effect 

for age and immobilization (Table 3). The decrease in total relative abundance of TNNT3α 

splice forms in response to immobilization in 9- and 18-month old rats (64% and 57% 

decrease respectively) was greater than in 2-month old rats (35% decrease, p<0.05). 

Similarly, the immobilization-induced change in total relative abundance of TNNT3β splice 

forms was greater in 18-month old rats (163% increase) than in 2- or 9-month old rats (14% 

or 29% increase respectively, p<0.05).

Effects of immobilization followed by remobilization

To assess the effect of remobilization on TNNT3 pre-mRNA alternative splicing, a separate 

group of 9-month old rats was subjected to unilateral hindlimb immobilization for 7 d after 

which the cast was removed and the animals were allowed to recover for 7 d (Kelleher et al. 

2014). This ‘Remobilization’ group was compared to the ‘Immobilization’ group that 

included 9-month old rats casted for 7d. Similar to results presented in Fig. 2, 

immobilization resulted in decreased total relative abundance of TNNT3α splice forms (Fig. 

3A) and increased total relative abundance of TNNT3β splice forms (Fig. 3B). 

Remobilization was associated with an increase in TNNT3α (Fig. 3A) and a decrease in 

TNNT3β (Fig. 3B) splice form total relative abundance, when compared to the immobilized 

hindlimb. However, the response to remobilization varied among specific splice forms, with 

some exhibiting complete restoration to the relative abundance observed in the control non-

immobilized hindlimb (e.g. TNNT3α3 (Fig. 3C) and TNNT3β8 (Fig. 3D)), some exhibiting 
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partial restoration (e.g. TNNT3α1 (Fig. 3E)), and others exhibiting no change when 

compared to the immobilized hindlimb (e.g. TNNT3β5 (Fig. 3F)).

Discussion

We recently demonstrated that alternative splicing of the TNNT3 pre-mRNA in rat 

gastrocnemius muscle varies with changes in body weight associated with normal growth in 

a precise and quantitative fashion (Schilder et al. 2011). However, the heaviest rats examined 

in the previous study weighed less than 350 g, and thus the body weight of the youngest rats 

used in the present study was similar to that of the oldest rats used in the previous study. The 

present study extends the earlier one and shows that total relative abundance of TNNT3α 

splice forms significantly increases and total relative abundance of TNNT3β splice forms 

decreases in older, heavier rats. Indeed, in younger, lighter rats, TNNT3β splice forms 

accounted for >80% of TNNT3, whereas in older, heavier rats, TNNT3β splice form relative 

abundance was reduced to <40% of TNNT3. Moreover, the adjustments to gastrocnemius 

muscle TNNT3 pre-mRNA alternative splicing correlated with muscle loading despite a 

significant decrease in relative gastrocnemius mass with age (i.e. at 18-months of age) 

observed in these animals (Kelleher et al. 2014). Thus, the mechanism that controls 

modulation of TNNT3 pre-mRNA alternative splicing that occurs in response to variation in 

muscle loading appears to operate across a much wider range of body weights than reported 

previously (Schilder et al. 2011), that is, from rats weighing less than 100 g to more than 600 

g. We propose that these adjustments to TNNT3 pre-mRNA alternative splicing represent the 

output of a compensatory, load-sensitive mechanism that is activated in the muscle in an 

attempt to (at least partially) maintain function in the face of reduced muscle mass.

There is some precedent for such a mechanism. For example, the multifunctional protein 

titin (TTN) in cardiac muscle is thought to act as a sarcomere-based stretch sensor (Granzier 

et al. 2007) and it is also alternatively spliced in response to mechanical stress (e.g. due to 

cardiac disease, Miller et al. 2004; Granzier et al. 2007), affecting cardiac muscle stiffness. 

Moreover, Akt/mTOR activity is thought to regulate titin alternative splicing in response to 

hormonal (e.g. insulin) signaling in cardiac muscle (Linke et al. 2010). Interestingly, Akt 

activity is also affected by mechanical stimulation of skeletal muscle cells (Hornberger et al. 

2005; Atherton et al. 2009) and our group recently demonstrated a role for Akt signaling in 

stretch-induced changes in troponin T alternative splicing in C2C12 culture (Schilder et al. 

2012). Consistent with a possible role for Akt in regulation of TNNT3 alternative splicing 

are the findings in our previous study {Kelleher, 2015 #5186} that the relative 

phosphorylation of Akt on Ser473 is higher in 2-month old than in 9 or 18-month old rats, 

and that phosphorylation of the kinase is lower in the immobilized compared to the 

contralateral non-immobilized hindlimb of 2-month old rats. In that study we also found that 

Akt phosphorylation was elevated in the immobilized leg 7 d after removal of the cast 

compared to the contralateral control limb. However, it is unlikely that Akt is the sole 

mediator of altered TNNT3 alternative splicing because no difference in phosphorylation of 

the kinase was observed in response to immobilization in 9 or 18-month old rats, although in 

the present study TNNT3 alternative splicing was altered independent of age.
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While a role for Akt remains highly speculative and does not exclude involvement of 

systemically released factors (e.g. cytokines, hormones), current information is consistent 

with a muscle (cell) based sensor-effector system that is sensitive to quantitative variation in 

load and can modulate alternative splicing of troponin T and likely other sarcomere proteins. 

Consistent with this idea is the finding in our previous study (Schilder et al. 2011) that 

artificial increases in body weight by means of externally attached loads have the same 

effect on TNNT3 alternative splicing as an equal change in actual body weight, and the 

observation that TNNT3 protein isoform expression is altered in the soleus muscle in 

response to unloading caused by hindlimb suspension (Stevens et al. 2002; Yu et al. 2007). 

Indeed, in the present study, the TNNT3 pre-mRNA alternative splicing pattern in the 

immobilized hindlimb muscle was similar to that observed in much younger, lighter rats, 

with an overall decrease in total relative abundance of TNNT3α splice forms and increased 

total relative abundance of TNNT3β splice forms compared to non-immobilized hindlimbs. 

For example, the relative abundance of the TNNT3α3 splice form in the gastrocnemius from 

the immobilized hindlimb of 18-month old rats was the same as that in the non-immobilized 

hindlimb of 2-month old rats. While we did not test this specifically, the difference in 

TNNT3 alternative splicing between the immobilized and non-immobilized hindlimbs likely 

contributes to a decrease in contractility and force production in the atrophied muscles, 

given the known effects of TNNT3α and β splice forms on muscle calcium sensitivity 

(Gallon et al. 2006). In contrast, after a 7 day recovery period, the pattern of TNNT3 pre-

mRNA alternative splicing was partially restored to that observed in the non-immobilized 

hindlimb. Interestingly, although the recovery of TNNT3 pre-mRNA alternative splicing 

patterns started within 7 days of remobilization, gastrocnemius muscle mass had not yet 

begun to recover (Kelleher et al. 2014). Indeed, muscle mass continued to decline during the 

recovery period in these animals. Therefore, the remobilization-induced changes in TNNT3 
pre-mRNA alternative splicing may be an important component in restoration of muscle 

contractility and performance prior to restoration of mass, and controlled by intracellular 

pathways independent of those that control muscle mass.

In the present study, TNNT3α abundance increased, whereas TNNT3β abundance decreased 

in older compared to younger rats. In contrast, in a recent study (Coble et al. 2015), we 

reported that the relative abundance of TNNT3α decreased in older individuals whereas 

TNNT3β abundance was increased. We believe that the most likely explanation for the 

difference is that in the previous study there was no difference in body weight in the older 

compared to the younger subjects whereas in the present study the body weight of the older 

rats was significantly greater compared to the younger ones. Because TNNT3 alternative 

splicing is directly modulated in response to changes in body weight-induced changes in 

muscle loading, potential age-related changes may have been masked in the present study by 

the higher body weight of the older compared to the younger animals. It is also possible that 

the changes in relative abundance of the different splice forms observed in the previous 

study might manifest in rats older than the ones used in the present study. This possibility 

could be explored in future studies.

Age and inactivity-related changes in pre-mRNA alternative splicing have been reported for 

other genes. For example, aging impairs mechanical strain-induced alternative splicing of 

the insulin-like growth factor I pre-mRNA (Goldspink 2006; Goldspink 2012). In muscles of 
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older compared to younger animals, the expression of an insulin-like growth factor I splice 

variant referred to as mechano growth factor (MGF) is diminished. Moreover, muscle 

atrophy due to inactivity in animals subjected to hindlimb suspension is associated with 

changes in alternative splicing of the peroxisome proliferator-activated receptor Gamma 

Coactivator 1-α (PGC-1α) pre-mRNA, an important regulator of expression of genes 

involved in energy production in skeletal muscle (Stevenson et al. 2003). Whether or not 

such alterations occur through mechanisms similar to or distinct from the ones involved in 

controlling TNNT3 pre-mRNA alternative splicing is currently unknown. Delineation of the 

mechanism(s) involved in TNNT3 alternative splicing, and the signaling pathways that 

regulate the process, may provide insight into the control of alternative splicing of pre-

mRNAs encoding other proteins. However, delineation of such mechanisms involved are 

likely to be difficult due to the large number of proteins that mediate and control the splicing 

process {Hoskins, 2012 #5187} coupled with a current lack of knowledge concerning the 

signaling pathways that regulate TNNT3 alternative splicing.

In summary, the present study provides further evidence for the existence of a mechanism(s) 

that converts quantitative information regarding muscle loading into appropriate adjustments 

to muscle sarcomere gene regulation and also suggests that mechanisms controlling 

sarcomere composition may respond more quickly than those controlling overall muscle 

mass adjustments to re-loading after a period of disuse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of age on TNNT3 alternative splicing patterns
The relative abundance of the 12 TNNT3 splice forms in gastrocnemius muscle of 2-, 9-, 

and 18-month old rats was assessed by a combination of PCR analysis and capillary 

electrophoresis as described under “Methods”. The total relative abundance of (A) TNNT3α 

and (B) TNNT3β splice forms is shown. Statistical significance (p<0.05) was determined by 

one-way ANOVA and Tukey’s post-hoc test. n=6–7 per group. * compared to 2-month old 

rats; # compared to 9-month old rats.
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Figure 2. Effect of unilateral hindlimb immobilization on TNNT3 alternative splicing patterns
The total relative abundance of (A) TNNT3α and (B) TNNT3β splice forms in the 

gastrocnemius muscle in the immobilized (black bars) and contralateral non-immobilized 

(grey bars) hindlimbs of 2-, 9-, and 18-month old rats is shown. Statistical significance 

(p<0.05) was determined by paired Student’s t-test. n=6–7 per group. * compared to the 

contralateral non-immobilized limb for that particular age group.
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Figure 3. Effect of unilateral hindlimb immobilization and remobilization on TNNT3 alternative 
splicing patterns
The effect of 7d of remobilization following 7 d of immobilization on the total relative 

abundance of (A) TNNT3α and (B) TNNT3β splice form abundance was assessed as 

described under “Methods”. The relative abundance of (C) TNNT3α3, (D) TNT3β8, (E) 

TNNT3α1, and (F) TNT3β5 are also shown. Grey bars, non-immobilized hindlimb; black 

bars, immobilized hindlimb; open bars, remobilized hindlimb. Statistical significance 

(p<0.05) was determined by Student’s t-test. n=5–6 per group. * compared to the 
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contralateral non-immobilized limb, paired test; # compared to the immobilized limb of the 

‘Immobilization’ group, unpaired test.
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