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Abstract

Troponin I (TnI) is a key regulator of cardiac contraction and relaxation with TnI Ser-23/24 

phosphorylation serving as a myofilament mechanism to modulate cardiac function. Basal cardiac 
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TnI Ser-23/24 phosphorylation is high such that both increased and decreased TnI phosphorylation 

may modulate cardiac function. While the effects of increasing TnI Ser-23/24 phosphorylation 

on heart function are well established, the effects of decreasing TnI Ser-23/24 phosphorylation 

are not clear. To understand the in vivo role of decreased TnI Ser-23/24 phosphorylation, 

mice expressing TnI with Ser-23/24 mutated to alanine (TnI S23/24A) that lack the ability to 

be phosphorylated at these residues were subjected to echocardiography and pressure-volume 

hemodynamic measurements in the absence or presence of physiological (pacing increasing heart 

rate or adrenergic stimulation) or pathological (transverse aortic constriction (TAC)) stress. In 

the absence of pathological stress, the lack of TnI Ser-23/24 phosphorylation impaired systolic 

and diastolic function. TnI S23/24A mice also had an impaired systolic and diastolic response 

upon stimulation increased heart rate and an impaired adrenergic response upon dobutamine 

infusion. Following pathological cardiac stress induced by TAC, TnI S23/24A mice had a 

greater increase in ventricular mass, worse diastolic function, and impaired systolic and diastolic 

function upon increasing heart rate. These findings demonstrate that mice lacking the ability to 

phosphorylate TnI at Ser-23/24 have impaired in vivo systolic and diastolic cardiac function, a 

blunted cardiac reserve and a worse response to pathological stress supporting decreased TnI 

Ser23/24 phosphorylation is a modulator of these processes in vivo.
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1. Introduction

The ability of the heart to increase cardiac output is essential to match the increased demand 

in both short-term physiological stress and to long-term cardiac health [1, 2]. Cardiac output 

increases when stroke volume and/or heart rate is increased. This ability to increase cardiac 

output is the heart’s cardiac reserve and is highly influenced by sympathetic tone, the 

Frank-Starling relationship between sarcomere length and force, and the Bowditch effect 

of increased force upon increased heart rate [3]. All three of these governing parameters 
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strongly influence stroke volume and/or heart rate such that these parameters are critical to 

consider as part of the heart’s reserve to increase in vivo cardiac function.

At the level of the myocardium, cardiac stroke volume is dependent upon myocyte 

contraction and relaxation. Contraction and relaxation of the myocyte are regulated through 

calcium and myofilament dependent mechanisms that control myosin binding to actin, 

subsequent cross-bridge cycling, sarcomeric shortening, and force production. Contraction is 

initiated upon increased intracellular calcium binding to troponin C that induces alterations 

of the myofilament regulatory protein interactions to result in an active myofilament 

conformation promoting the binding of myosin to actin and force production. Critical 

to this active myofilament conformation are the movement of tropomyosin, the release 

of the troponin inhibitory subunit (TnI) from actin to expose the myosin binding sites 

on actin and the subsequent binding of TnI to troponin C. Similarly, myocyte relaxation 

results from active myofilament processes. Upon the release of calcium from troponin C, 

altered interactions within the myofilament induce an inhibitory myofilament conformation 

that blocks myosin binding to actin [2, 4]. This inhibitory myofilament conformation 

includes the return of tropomyosin to its inhibitory conformation, the release of TnI 

from troponin C and subsequent inhibitory binding of TnI to actin. Myocyte contraction 

and relaxation can therefore be modulated either by altering intracellular calcium or by 

altering any of the regulatory myofilament proteins that modulate myosin binding to actin 

and force production resulting from calcium binding to troponin C (myofilament calcium 

sensitivity) [5]. Generally, increasing myofilament calcium sensitivity increases activation 

of these myofilament processes at the same calcium concentration to result in increased 

force generation but impairs myocyte relaxation. In contrast, decreasing calcium sensitivity 

decreases force generation and enhances myocyte relaxation.

The phosphorylation of TnI is a key mechanism to modulate calcium sensitivity and 

regulate in vivo heart function in both health and disease [6–8]. Biochemical, molecular, 

and in vivo studies have demonstrated increasing TnI Ser-23 and Ser-24 (Ser-23/24) 

phosphorylation is a critical myofilament regulatory mechanism that decreases myofilament 

calcium sensitive force production and accelerates myofilament deactivation to result in 

accelerated in vivo myocardial relaxation and enhanced diastolic function [9–20]. In the 

resting heart, approximately 40% of cardiac TnI is basally phosphorylated at Ser-23/24 

[21–24]. As a result of this high basal phosphorylation, TnI can also undergo decreased 

phosphorylation which occurs in end stage heart failure [22, 23, 25]. While the effects of 

increasing TnI Ser-23/24 phosphorylation are well established, the effects of decreasing TnI 

Ser-23/24 phosphorylation are based upon a limited number of contradictory reports and its 

effects are less clear. Studies directly inhibiting cardiac TnI Ser-23/24 phosphorylation in 

the heart by transgenic expression of the phosphorylation null TnI S23/24A demonstrated 

that the loss of Ser-23/24 phosphorylation increased [34] or did not alter [35] myofilament 

calcium sensitivity and did not alter in vivo cardiac function [35, 36]. Similarly, decreasing 

TnI Ser-23/24 phosphorylation from the basal state by gene transfer of TnI S23/24A did 

not alter myocyte calcium sensitivity or relaxation parameters [17]. With the clear effect 

of increased TnI Ser-23/24 phosphorylation to decrease calcium sensitivity and accelerate 

active relaxation, why the loss of TnI Ser-23/24 phosphorylation did not alter cardiac 

function is unclear.
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Altered muscle calcium sensitivity has been supported to affect in vivo systolic and 

diastolic heart function, however the lack of altered in vivo function upon expression of 

the phosphorylation null TnI S23/24A contradicts this dogma. The myofilament mechanisms 

that regulate in vivo myocardial function involve multiple regulatory protein conformational 

changes such that calcium sensitivity may not always predict in vivo function [37]. To 

further investigate the loss of TnI Ser-23/24 phosphorylation on in vivo cardiac function we 

designed specific experiments to evaluate the basal in vivo cardiac function as well as major 

factors that modulate in vivo heart function, including physiological (rate and sympathetic) 

and pathological (trans aortic constriction) stress, in mice lacking the ability of cardiac TnI 

Ser-23/24 to undergo phosphorylation.

2. Methods

2.1 Animals.

All procedures performed in this study were approved by The Ohio State University’s 

Institutional Animal Care and Use Committee in accordance with NIH guidelines. Mice 

were housed at The Ohio State University in a temperature-controlled animal facility with 

a 12-hr light/dark cycle and free access to food and water. All studies were conducted 

on adult male mice (3 – 6 months old) of FVBN background. Mice transgenic for the 

over-expression of TnI serine 23 and serine 24 mutated to alanine on a TnI null background 

(TnI S23/24A) were previously generated [34]. The TnI S23/24A mouse model is transgenic 

for overexpression of TnI S23/24A and homozygous for knock-out of the wild type cardiac 

TnI gene as was previously demonstrated to result in cardiac specific expression of only the 

phosphorylation null TnI S23/24A in the heart [34]. Non-transgenic littermate mice negative 

for TnI S23/24A but containing knock-out of one wild type cardiac TnI gene (WT / TnI 

KO) were not different in body weight, heart weight, echocardiography cardiac structure 

(left ventricular anterior wall thickness at systole, left ventricular anterior wall thickness at 

diastole or left ventricular mass) or echocardiography cardiac function (diameter at systole, 

diameter at diastole, or ejection fraction) from that of wild type (FVBN WT) mice purchased 

from Jackson Laboratories (Suppl. Table 1). Since we observed no difference between 

non-transgenic littermates and purchased wild type FVBN mice, we used purchased FVBN 

wild type mice as WT control mice for all experiments.

2.2 Protein electrophoresis and western blot.

Excised mouse ventricular tissue was solubilized in denaturing buffer (8 M urea, 2 M 

thiourea, 3% SDS, 75 mM DTT, 0.03% bromophenol blue and 50 mM Tris-HCl, ph 6.8), 

heated for five minutes at 80°C and clarified by centrifugation at 21,000 g for five minutes. 

TnI isoform expression was determined by Western blot similar to that previously described 

[38]. Briefly, proteins were separated on 12% (29:1) Laemmli gel and transferred to PVDF. 

Following blocking with 1% BSA in TBS, membranes were incubated with a mouse 

anti-TnI antibody (Fitzgerald; clone C5) that recognizes cardiac, slow skeletal and fast 

skeletal TnI isoforms. Following washes, membranes were incubated with a Dylight labeled 

fluorescent secondary antibody (Jackson ImmunoResearch Laboratories) and visualized on 

an Azure 600 imaging system (Azure Biosystems). Cardiac and slow skeletal TnI (ssTnI) 

bands in resulting images were quantified using Image Quant TL 7.0 (GE Healthcare) 
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and the percent ssTnI determined as the (ssTnI / (cTnI + ssTnI)) x 100. Myosin isoform 

expression was determined by SDS-PAGE similar to that previously described [39, 40]. 

Briefly, proteins were separated on 6% (37.5:1) gel cross-linked with DATD cooled to 4°C 

and run until the dye front ran off the bottom. The resultant gel was stained with Coomassie 

Blue. The alpha and beta myosin heavy chain (MHC) bands were quantified using Image 

Quant TL 7.0 (GE Healthcare) and the percent beta MHC determined as the (beta MHC / 

(alpha MHC + beta MHC)) x 100.

2.3 Resting Heart Rate.

Resting heart rate was determined in conscious, unanesthetized mice using the ECGenie 

system (Mouse Specifics, Inc). Briefly, mice were placed on the lead plate electrode and a 

continuous ECG reading was collected for 10-12 minutes. Excluding the first 5 minutes, a 

5-10 second selection of the recordings demonstrating clear peaks and minimal noise was 

analyzed offline with the LabChart8 (ADInstruments) ECG analysis module.

2.4 Echocardiography.

Echocardiography was performed using a Vevo 3100 Visual Sonics (VisualSonics) system. 

Mice were lightly anesthetized with 1.5% isoflurane and the ventricular chamber dimensions 

were determined through M-mode using the parasternal short axis view as previously 

described [41].

2.5 Hemodynamic measurements.

Cardiac pressure / volume measurements were assessed via a closed chest approach using a 

1.4 French Millar pressure catheter (ADInstruments) advanced into the left ventricle through 

the right carotid artery as previously described [42]. Briefly, mice were anaesthetized with 

ketamine (100 mg/kg) and xylazine (20 mg/kg) and placed in the supine position on a 

heating pad. Following a midline neck incision, the underlying muscles were pulled away 

to expose the carotid artery. Using a 4-0 suture the artery was tied and the pressure 

volume catheter was advanced through the artery into the left ventricle of the heart. 

After 5-10 minutes of stabilization, values were determined upon stimulating the heart at 

increasing frequency (6-9Hz) by electrodes placed into the intercostal space across the 

heart. Stimulation was then stopped and mice were then injected with 10mg/kg dobutamine 

intraperitoneal. Measurements of cardiac function in response to beta-adrenergic stimulation 

were taken at the maximum heart rate. Measurements and analysis were performed on 

LabChart7 (ADInstruments).

2.6 Transverse aortic Constriction.

Transverse aortic constriction (TAC) was performed as previously described [43]. Animals 

were anesthetized with 1% isoflurane, placed in a right lateral position and the manubrium 

excised from the upper thorax aperture to the sternal angle. The lobes of the thymus gland 

were separated between the interlobar incisures to allow direct visualization of the transverse 

aorta (without entering the pleural space). A silk thread was then inserted underneath the 

transverse aorta between the right innominate artery and the left carotid artery, a 27.5 gauge 

needle placed over the artery and a double knot made with a 2-3 mm diameter loop. The 
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needle was immediately removed after ligation, leaving the aortic constriction in place and 

the chest closed. Pain management was provided with ibuprofen treatment (30 mg/kg in the 

drinking water) started the day prior to surgery and buprenorphine treatment (0.1 mg/kg) 

started at the time of surgery.

2.7 Histology.

Following hemodynamic measurements and while still under anesthesia, hearts were 

extracted, weighed and divided with half of the ventricle embedded in Optimal Cutting 

Temperature (OCT) medium (Tissue-Tek) and half processed for SDS-PAGE as described 

above. Following exsanguination, the tibia was exposed and measured [41]. Ventricle 

cryosections of 8 μm were cut on a cryostat (Bright) and stained with hematoxylin 

and eosin [44], rabbit anti-mouse fibronectin (1:40, Abcam, catalogue number ab23750) 

and detected by subsequent incubation with Alexa 555 goat anti-rabbit IgG (1:200, Life 

Technologies, catalogue number A21429) [45] or Alexa 488 goat anti-mouse IgG (1:200, 

Life Technologies, catalogue number A11029) as a marker of degenerating myocytes 

that contain intracellular serum proteins [45]. Stained sections were imaged on a Nikon 

Eclipse 800 microscope under a 10x objective using a Nikon DS-Ri2 Digital camera driven 

by Nikon Br Elements software. Fibronectin quantification was performed using Adobe 

Photoshop CS6, at a tolerance of 70 and is reported as the percentage of cross-sectional area 

[45].

2.8 Statistics.

All data is presented as mean +/-standard error of the mean. The comparison of 2 groups 

was determined by unpaired t test. The comparison of two groups over multiple heart 

rates was determined by two-way ANOVA with Sidak’s multiple comparisons test. The 

comparison of one group over multiple heart rates was determined by one-way ANOVA with 

Tukey’s multiple comparisons test. Statistical significance was defined as P<0.05. Statistics 

were performed in Prism 9.

3. Results

To investigate the role of decreased TnI Ser-23/24 phosphorylation on basal in vivo heart 

function, we employed TnI phosphorylation null transgenic mice expressing 100% of the 

cardiac TnI containing residues Ser-23 and Ser-24 mutated to alanine (TnI S23/24A) that 

lacks the ability to be phosphorylated at these residues [34]. We performed Western blot 

to quantify cardiac and slow skeletal TnI expression in the heart. Similar to the original 

report of this mouse line [34], Western blot demonstrated knock-out of the cardiac TnI 

gene and transgenic expression of the phosphorylation-null cardiac TnI S23/24A and did 

not alter expression levels of slow skeletal TnI in the heart (Suppl. Fig. 1) [34]. Excised 

whole heart weight was not different between TnI S23/24A and WT mice (Heart weight 

normalized to tibia length: WT = 0.00675 ± 0.000174 g mm−1, TnI S23/24A = 0.00690 

± 0.000103 g mm−1; p>0.05) (Fig. 1A). Likewise, there was no difference in conscious 

resting heart rate between TnI S23/24A and WT mice (Resting heart rate: WT = 729 + 

24.6 BPM, TnI S23/24A = 746 ± 14.3 BPM; p>0.05) (Fig. 1B). Sequential ProQ Diamond 

phospho protein specific and Sypro Ruby stained gels of total left ventricular proteins 

Salhi et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



demonstrated no difference in cardiac TnI expression or total protein, myosin binding 

protein C, troponin T, tropomyosin, or myosin regulatory light chain phosphorylation of TnI 

S23/24A compared to WT mouse hearts (Suppl. Fig. 2 and Suppl. Table 2) indicating the 

expression of TnI S23/24A did not cause compensatory changes in cardiac muscle proteins. 

M-mode echocardiography measurements demonstrated no difference in cardiac structure or 

calculated cardiac performance in TnI S23/24A compared to WT mice (Fig. 1C–F; Table 

1). Hemodynamic measurements from mice paced to 480 beats per minute demonstrated 

TnI S23/24A mice had impaired systolic (decreased dP/dtmax) and impaired diastolic (less 

negative dP/dtmin, longer Tau and decreased maximal diastolic volume) function compared 

to WT mice (Fig. 2, Table 2). Interestingly, the impaired systolic function in the TnI 

S23/24A mice occurred without altered end systolic pressure, diastolic pressure, stroke 

volume or cardiac output (Table 2). Together these data demonstrate the loss of cardiac TnI 

Ser-23/24 phosphorylation in the heart results in impaired systolic and diastolic function at 

basal conditions in vivo.

The ability of the heart to increase its cardiac output upon increased demand is cardiac 

reserve. A robust cardiac reserve is critical to normal heart function and is impaired in 

disease [46–48]. To further investigate the effect of decreased TnI Ser-23/24 phosphorylation 

on key parameters that influence cardiac function, we measured cardiac function in TnI 

S23/24A mice upon increasing heart rate or beta-adrenergic stimulation. Upon pacing 

induced increase in heart rate from 360 to 540 beats per minute, TnI S23/24A mice 

demonstrated the inability to increase systolic function (decreased dP/dtmax and dP/dtmax/

EDV), diastolic function (less negative dP/dtmin, longer tau, and increased end diastolic 

pressure) and cardiac output to the same degree as WT mice (Fig. 3A–F). Pacing was 

stopped and the beta adrenergic agonist dobutamine was injected once the mice stabilized 

at their anesthetized heart rate. Following beta-adrenergic stimulation, TnI S23/24A mice 

demonstrated the inability to increase heart rate to the same degree as WT mice (Table 2). 

Furthermore, TnI S23/24A mice demonstrated the inability to increase diastolic function 

(longer Tau) compared to WT mice (Fig. 3G). This stimulation response impairment 

occurred in the presence of a decrease in minimal systolic volume (Table 2). Following 

dobutamine, dP/dtmax trended to decrease and dP/dtmin trended to be less negative in 

TnI S23/24A compared to WT mice, however neither reached the level of statistical 

significance (Fig. 3H–I). Together these data demonstrate the lack of cardiac TnI Ser-23/24 

phosphorylation results in an impaired ability to increase heart function upon increased 

demand (increasing heart rate and dobutamine stimulation) indicative of an impaired cardiac 

reserve.

Diastolic dysfunction contributes to the disease state in both heart failure with preserved 

and reduced ejection fraction [47, 49, 50]. Furthermore, the level of TnI Ser-23/24 

phosphorylation is decreased in end stage heart failure compared to the non-diseased heart 

[22, 23, 25]. To investigate the effect of ablating TnI Ser-23/24 phosphorylation during 

pathological stress, we subjected TnI S23/24A mice to transaortic constriction (TAC). 

Following TAC, serial echocardiography was conducted at 0, 2, 6, 8, 10 and 12 weeks. 

At 12 weeks post-TAC mice were subjected to terminal hemodynamic measurements, the 

hearts excised, weighed, and ventricles separated for SDS-PAGE and histological analysis. 

Necropsy at 12 weeks post-TAC demonstrated TnI S23/24A TAC mice had increased 
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heart weight compared to WT TAC mice (heart weight normalized to tibia length: WT 

TAC = 0.00757 ± 0.000883 g mm-1, TnI S23/24A TAC = 0.0114 ± 0.00117 g mm-1; 

p<0.05) while both mice had similar a body weight (WT TAC = 25.5 ± 1.52 mg, TnI 

S23/24A TAC = 27.5 ± 1.21 mg; p>0.05) (Fig. 4A–B). Hematoxylin and eosin staining of 

ventricular sections demonstrated no difference in gross histology between TnI S23/24A 

TAC and WT TAC mouse hearts (Fig. 4C). To further investigate myocyte death and fibrosis, 

ventricular sections were stained for IgG and fibronectin. IgG is excluded from healthy 

cardiac myocytes and its entry into the myocyte identifies ongoing myocyte degeneration. 

Fibronectin is an extracellular matrix protein normally present between myocytes that is 

increased as a major component of pathological interstitial or replacement fibrosis. Staining 

for IgG demonstrated no intracellular IgG present in any of the stained sections from either 

TnI S23/24A TAC or WT TAC mouse ventricles (data not shown). Likewise, staining for 

fibronectin demonstrated no difference in the percent of ventricular fibronectin between TnI 

S23/24A TAC and WT TAC mouse hearts (% Fibronectin: WT TAC = 32.1 ± 2.75%, TnI 

S23/24A TAC = 28.8 ± 2.87%: p>0.05) (Fig. 4D). Disease related hypertrophic stimulus 

can increase beta myosin heavy chain expression that can alter cardiac function as a result 

of its different force generating characteristics [51, 52]. SDS-PAGE analysis of ventricular 

homogenates demonstrated no difference in beta myosin heavy chain expression between 

TnI S23/24A TAC and WT TAC mice (% beta myosin heavy chain: WT TAC = 13.5 ± 

3.68%, TnI S23/24A TAC = 9.10 ± 2.00%: p>0.05) (Fig. 4E). Serial echocardiography 

conducted at 0, 2, 6, 8, 10 and 12 weeks post-TAC demonstrated both TnI S23/24A TAC and 

WT TAC mice exhibited increased left ventricular mass, increased anterior wall thickness 

during diastole, and decreased ejection fraction over the 12 weeks following TAC indicating 

the development of cardiac disease (Fig. 5). While there was no statistically significant 

difference in echocardiography measurements between TnI S23/24A TAC and WT TAC 

mice at the 12 week time point (Table 1), over the 12 week period TnI S23/24A TAC 

mice demonstrated worse TAC mediated hypertrophic remodeling and cardiac impairment 

(further increased left ventricular mass, anterior wall thickness during systole and diastole, 

and ejection fraction) compared to WT TAC mice (Fig. 5). Hemodynamic measurements 

demonstrated that TnI S23/24A TAC mice had a more severe impairment in the maximal 

diastolic volume compared to WT TAC mice (Fig. 6A, Table 2). Following TAC, TnI 

S23/24A TAC mice also trended to have worse dP/dtmax, dP/dtmin, end diastolic pressure, 

stroke volume, and cardiac output, however this did not reach the level of significance 

(Fig. 6B, Table 2). Upon pacing induced increase in the heart rate from 360 to 540 beats 

per minute, TnI S23/24A TAC mice demonstrated worse systolic function (decreased dP/

dtmax), diastolic function (less negative dP/dtmin, decreased maximal diastolic volume) and 

decreased cardiac output compared to WT TAC mice (Fig. 6C–F). Together these data 

demonstrate that while both TnI S23/24A and WT mice developed cardiac dysfunction in 

response to TAC, the inability to phosphorylate cardiac TnI Ser-23/24 resulted in further 

increased ventricular mass and worsened cardiac function in response to TAC pathological 

stress, indicative of worse cardiac disease development.
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4. Discussion

4.1 Key Findings.

Increasing the phosphorylation of TnI at Ser-23/24 results in decreased calcium sensitivity 

of the cardiac muscle, accelerated cardiac muscle relaxation, and accelerated in vivo 
diastolic function [9–20], however the loss of TnI Ser-23/24 phosphorylation was reported 

to not affect in vivo heart function [36]. To thoroughly investigate the role of decreased 

TnI Ser-23/24 phosphorylation on in vivo cardiac function we employed phosphorylation 

null mice transgenic for the cardiac specific expression of TnI containing residues Ser-23/24 

mutated to alanine (TnI S23/24A) that lack the ability to be phosphorylated at these sites 

and therefore results in no cardiac TnI Ser-23/24 phosphorylation in vivo [34]. Measuring in 
vivo function in TnI S23/24A transgenic mice subjected to physiological (increasing heart 

rate or adrenergic stimulation) or pathological (TAC) stress we demonstrate that the loss of 

cardiac TnI Ser-23/24 phosphorylation: 1) impairs in vivo systolic and diastolic function; 2) 

impairs the ability to increase systolic and diastolic function upon increasing heart rate and 

adrenergic stimulation; 3) further increases ventricular weight, impairs diastolic function, 

and blunts the ability to increase function upon increased demand following TAC mediated 

cardiac stress. Together these data support decreased cardiac TnI Ser-23/24 phosphorylation 

as a mechanism that regulates in vivo cardiac function, key modulators of cardiac reserve, 

and the pathological development of cardiac disease.

4.2 The lack of cardiac TnI Ser-23/24 phosphorylation impairs in vivo systolic and 
diastolic function.

Troponin I is a myofilament regulatory protein essential to translating the calcium activation 

signal into an activated myofilament structure that allows myosin’s interaction with actin. 

Troponin I is therefore a critical protein in the regulation of cardiac contraction and 

relaxation [53].

Increasing the phosphorylation of TnI at Ser-23/24 is a key physiological and pathological 

modulator of this myofilament regulation and in vivo heart function [2, 7, 53]. TnI 

Ser-23/24 phosphorylation accelerates myocardial relaxation by decreasing calcium binding 

to troponin C and weakening the TnI-troponin C interaction [11] that results in decreased 

calcium sensitivity [7, 9, 11, 15]. This allows for a faster deactivation of the thin 

filament and an accelerated cross-bridge detachment rate [11] that speeds active myocardial 

relaxation without affecting the elasticity of the ventricle or passive filling. In the non-

diseased heart, approximately 40% of TnI is basally phosphorylated at Ser-23/24 [21–23] 

providing the potential for both increased and decreased TnI Ser-23/24 phosphorylation 

as mechanisms to modulate in vivo heart function. The phosphorylation of cardiac TnI at 

Ser-23/24 is increased as part of the heart’s mechanism to modulate function in response 

to physiological stress [7, 20]. Multiple studies have defined the biochemical, muscle, 

cellular, and in vivo effects of increased TnI Ser23/24 phosphorylation. Increasing the 

phosphorylation of TnI at Ser-23/24 decreases calcium dependent myofilament ATPase 

activity, decreases myocyte calcium sensitive force development (calcium sensitivity), 

accelerates myofibril relaxation, accelerates myocyte re-lengthening, and accelerates in vivo 
myocardial relaxation [9–20].
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The phosphorylation of TnI at Ser-23/24 is decreased in heart failure supporting a role for 

the decrease of TnI Ser-23/24 phosphorylation to regulate cardiac function [22, 23, 25]. 

While studies have investigated the effect of expressing slow skeletal TnI (that lacks the 32 

amino terminal amino acids containing Ser-23/24) in the heart [26–28], slow skeletal TnI 

also contains a number of other amino acids that are different from cardic TnI and that 

have been demonstrated to modify contractile function [29] [30–33] such that these studies 

were not able to distinguish between the effects of Ser-23/24 phosphorylation loss and 

other amino acid modifications. While there have been studies that investigated the effects 

of inhibiting TnI Ser-23/24 phosphorylation in combination with inhibited phosphorylation 

at other TnI phosphorylation sites, many of these studies focused on understanding the 

functional effects that result from kinase signaling mediated phosphorylation when TnI 

Ser-23/24 cannot be phosphorylated and did not directly compare the loss of TnI Ser-23/24 

to the basally phosphorylated state. Only a few studies have directly investigated the effect 

of decreasing only TnI Ser-23/24 phosphorylation without modifying other phosphorylated 

residues. Pi et al. generated TnI S23/24A phosphorylation null mice and investigated the 

inability of TnI Ser-23/24 to be phosphorylated on cardiac function following various kinase 

stimulation [34]. While Pi et al. did not directly compare the basal state of TnI S23/24A 

and WT mice, their data shows increased calcium sensitivity of skinned myofibrils from TnI 

S23/24A compared to myofibrils from WT mice [34]. Contrary to this finding, Stelzer et al. 
reported no difference in calcium sensitivity between skinned ventricular myocardium from 

TnI S23/24A and WT mice [35]. Yasuda et al. employed gene transfer into cardiac myocytes 

to investigate the role of TnI Ser-23/24 in adrenergic signaling. Following TnI S23/24A 

gene transfer into rat myocytes, Yasuda et al. observed no difference in calcium sensitivity, 

but a trend to slower myocyte re-lengthening (relaxation) in intact myocytes that was not 

significantly different from WT TnI gene transfer [17]. It is important to consider that gene 

transfer in this study only accounted for approximately 50% TnI S23/24A expression, which 

needs to be considered in these findings. Two studies have reported in vivo effects following 

the loss of TnI Ser-23/24 phosphorylation compared to the basal TnI phosphorylation state. 

Stelzer et al. reported in vivo echocardiography parameters were not different between TnI 

S23/24A and WT mice [35]. Subsequently, Gresham and Stelzer investigated the role of TnI 

and myosin binding protein C in the adrenergic response and reported there was no in vivo 
functional difference between TnI S23/24A and WT mice at basal conditions or in response 

to dobutamine as measured by echocardiography and left ventricular hemodynamic function 

[36]. Based upon these studies, the role of decreased TnI Ser-23/24 phosphorylation on 

cardiac muscle calcium sensitivity is unclear and the loss of TnI Ser-23/24 phosphorylation 

does not affect in vivo cardiac function.

To directly investigate the role of decreasing TnI Ser-23/24 phosphorylation as a mechanism 

to modulate heart function, we designed specific experiments to directly compare cardiac 

function in TnI S23/24A mice that lack that ability to be phosphorylated at TnI Ser-23/24 

and WT mice. Similar to the report by Stelzer et al. [35], we observed no functional 

difference between TnI S23/24A and WT mouse function by echocardiography (Fig.1C–

F, Table 1). We do however demonstrate TnI S23/24A mice have impaired in vivo 
hemodynamic systolic and diastolic function (Fig. 2, Table 2). This functional impairment 

occurred in the absence of morphological changes (Figs. 1, Table 1). These results 
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demonstrate that the loss of basal TnI Ser-23/24 phosphorylation is detrimental to in vivo 
systolic and diastolic cardiac function.

Current understanding predicts altered calcium sensitivity to result in opposite effects 

on systolic and diastolic function. Based upon the lusitropic effect of decreased calcium 

sensitivity resulting from increased TnI Ser-23/24 phosphorylation, we predicted decreasing 

TnI Ser23/24 phosphorylation from the basal state would increase calcium sensitivity to 

impair active relaxation without affecting passive filling but would enhance contraction. 

In agreement with this understanding, we observe that TnI S23/24A mice have impaired 

diastolic function, however, contrary to this current understanding, TnI S23/24A mice 

have impaired systolic in vivo cardiac function (Fig. 2, Table 2). The in vivo effects of 

TnI S23/24A on systolic function can result from a direct effect of calcium sensitivity 

on muscle force or an indirect effect of impaired diastolic function. The direct ability of 

calcium to activate the myofilament involves changes in multiple myofilament regulatory 

protein interactions that are not completely understood. While muscle calcium sensitivity is 

measured at a steady-state calcium equilibrium, intracellular calcium in vivo is constantly 

changing such that activating calcium is never at equilibrium. As such, muscle calcium 

sensitivity measurements do not necessarily account for the kinetic changes involved in 

the myofilament regulation of cardiac function in vivo. Post-translational modification of 

any myofilament regulatory protein can alter protein-protein interactions to differentially 

affect steady-state and kinetic thin filament activation [54, 55]. The in vivo effects of 

decreased TnI Ser-23/24 phosphorylation therefore may not be simply described by its effect 

on steady-state calcium sensitivity. Further complicating the mechanistic understanding of 

TnI Ser-23/24 phosphorylation on in vivo systolic function, systolic function is indirectly 

dependent on preload that is determined by ventricular filling [1, 46, 56]. In vivo, depressed 

diastolic function can impair ventricular filling such that cardiac contraction is depressed by 

the Frank-Starling mechanism resulting in impaired systolic function. Thus, TnI S23/24A 

mediated impairment of diastolic function and decreased maximal diastolic volume (Table 

2) may also indirectly impair systolic function. Whether the expression of TnI S23/24A 

directly or indirectly alters systolic function, our data supports the loss of TnI Ser-23/24 

phosphorylation is detrimental to in vivo systolic function. The details of how decreased TnI 

Ser-23/24 phosphorylation impairs both systolic and diastolic cardiac function necessitate 

further detailed investigation.

4.3 The loss of cardiac TnI Ser-23/24 phosphorylation impairs in vivo cardiac systolic and 
diastolic reserve.

The ability of the heart to increase cardiac output in response to elevated demand is 

the heart’s cardiac reserve. At the organ level, the ability to increase cardiac output is 

highly influenced by sympathetic tone, the Frank-Starling relationship between sarcomere 

length and force, and the Bowditch effect of increased force upon increased heart rate 

[3]. Although these factors are interdependent, each of these factors has its own distinct 

mechanism to modify systolic and diastolic function in response to physiological stress and 

elevated demand. The phosphorylation of TnI Ser23-24 is altered with all 3 of these factors 

suggesting its role in cardiac reserve [7, 12, 16, 18, 20, 57–60].
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To further explore the effects of decreased TnI Ser-23/24 phosphorylation on in vivo heart 

function, we investigated the effects of TnI S23/24A on the mechanisms that modulate 

cardiac reserve by increasing heart rate and adrenergic stimulation. We found TnI S23/24A 

mice demonstrated worse systolic and diastolic function upon increasing heart rate (Fig. 

3A–E). This worse systolic and diastolic function in TnI S23/24A mice upon increasing 

heart rate is consistent with the TnI S23/24A mediated impairment of relaxation (Fig. 2C–D) 

resulting in slowed ventricular filling, and decreased maximal diastolic volume (Fig. 2E). 

The effect is exacerbated by the increasingly shorter ventricular filling time when heart 

rate is increased. This finding is the first to demonstrate TnI Ser-23/24 phosphorylation is 

necessary for a normal in vivo response to increasing heart rate in vivo.

While TnI S23/24A mice were able to increase in vivo function in response to physiological 

stress by dobutamine (adrenergic signaling), this response was blunted in TnI S23/24A mice 

compared to WT mice (Fig. 3G–I, Table 2). While TnI S23/24A mice did increase their 

heart rate upon dobutamine, TnI S23/24A mice were not able to increase their heart rate to 

the same degree as that of WT mice (Table 2). Since key determinants of in vivo function 

are dependent upon heart rate, the blunted TnI S23/24A diastolic function following 

dobutamine (Fig. 3G) may have resulted from this impaired ability to increase heart rate 

upon dobutamine. Whether TnI S23/24A mice are not able to fully increase function 

following dobutamine because of impaired function or because of an inability to increase 

heart rate, both explanations demonstrate an impaired response to adrenergic stimulation 

when TnI Ser-23/24 are not able to be phosphorylated. As TnI S23/24A mice were still able 

to increase function in response to adrenergic stimulation, other additional mechanisms must 

also be involved in the adrenergic response such as those involving myosin binding protein 

C, titin, and / or myosin regulatory light chain [61–63]. This blunted adrenergic in vivo 
function for TnI S23/24A mice is similar to that reported in mice transgenic for the loss of 

myosin binding protein C phosphorylation [36, 61, 64, 65] and supports that TnI and myosin 

binding protein C function jointly upon adrenergic stimulation as previously suggested by 

muscle mechanic experiments [66]. Together these findings support an essential role of TnI 

Ser-23/24 phosphorylation for in vivo heart rate and adrenergic mediated cardiac function 

responses.

4.4 The loss of cardiac TnI Ser-23/24 phosphorylation further increases ventricular 
weight, impairs diastolic function, and blunts the ability to increase function following 
TAC mediated cardiac stress.

Myocardial relaxation is impaired in both systolic and diastolic heart failure with 

detrimental functional effects [47, 49, 50]. The phosphorylation of TnI at Ser-23/24 is 

increased following myocardial infarction [67] and is decreased in end state heart failure 

[22, 23, 25] suggesting a role for TnI Ser-23/24 phosphorylation in cardiac pathology. 

While increased TnI Ser-23/24 phosphorylation has been demonstrated to have beneficial 

effects in a hypertrophic cardiomyopathy model [19], the functional effects of decreased 

TnI Ser-23/24 phosphorylation during pathological cardiac stress and its role in disease 

development are unknown.

Salhi et al. Page 12

J Mol Cell Cardiol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To investigate decreased TnI Ser-23/24 phosphorylation during chronic pathological stress, 

we subjected TnI S23/24A mice to TAC as a model of pressure overload-induced 

cardiomyopathy. TnI Ser-23/24A mice subjected to 12 weeks of TAC exhibited a larger 

left ventricular mass (Fig. 5A), decreased maximal diastolic volume (Fig. 6A), inability to 

increase systolic and diastolic function to a similar magnitude as WT mice upon increasing 

heart rate (Fig. 6C–F) and a larger increase in heart weight compared to WT mice subjected 

to TAC (Fig. 4A). This decreased maximal diastolic volume and greater increase in left 

ventricular mass and heart weight likely results from the inability of TnI S23/24A mice 

to decrease calcium sensitivity by TnI Ser-23/24 phosphorylation in response to TAC 

mediated stress. The TnI Ser-23/24 mediated increase in calcium sensitivity during TAC 

further slows myocardial relaxation to further decrease maximal diastolic volume, which is 

consistent with hypertrophic remodeling associated with increased calcium sensitivity [49, 

68]. Heart weight was not increased in TnI S23/24A mice in the absence of TAC (Fig. 

1A) suggesting the increased calcium sensitivity resulting from the loss of TnI S23/24A 

alone is not sufficient to induce increased heart weight, possibly due to compensation 

by post-translational modifications not detected in our global assessment of myofilament 

phosphorylation (Suppl. Fig. 2 and Suppl. Table 2). Upon the added stress of TAC, TnI 

Ser-23/24 mediated increase in calcium sensitivity may reach a threshold level that is 

no longer able to be compensated for and is sufficient to induce cardiac hypertrophic 

remodeling of TnI S23/24A TAC compared to WT TAC mice. Together these findings 

demonstrate that losing the ability to phosphorylate TnI Ser-23/24 is further detrimental 

during chronic pathological cardiac stress and suggests a role for altered TnI Ser-23/24 

phosphorylation in cardiac pathology.

4.5 Study considerations.

Our finding of depressed in vivo systolic and diastolic function in TnI S23/24A mice 

at the basal state (Fig. 2) contradicts the findings from Gresham and Stelzer [36]. One 

possible explanation for this discrepancy is the difference in experimental design addressing 

different questions between our two studies, Gresham and Stelzer compared 4 groups of 

mice while we directly compared 2 groups of mice. Furthermore, our studies measured 

different hemodynamic parameters. Finally, Gresham and Stelzer [36] conducted their 

hemodynamic measurements in mice anesthetized with isoflurane under ventilation, while 

our hemodynamic measurements were conducted under ketamine and xylazine anesthesia, 

at paced heart rates and in spontaneously breathing mice. It is possible that we observed 

impaired hemodynamics in the TnI S23/24A mouse while Gresham and Stelzer did not, due 

to a combination of these differing factors.

Although we demonstrate impaired in vivo basal cardiac function and worse diastolic 

function following TAC upon the loss of TnI Ser-23/24 phosphorylation in the TnI S23/24A 

mouse, additional points must be considered when applying these findings to understand 

the effect of decreased TnI Ser-23/24 phosphorylation. The TnI S23/24A mouse utilizes 

the phosphorylation null mutation of serine to alanine to ablate Ser-23/24 phosphorylation. 

Pseudo-phosphorylation aspartic acid mutations have been demonstrated to structurally 

and functionally mimic phosphate [18, 69–71] and the phosphorylation null TnI S23/24A 

alanine mutations do not differ from TnI containing serine at residues 23/24 in myofilament 
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calcium sensitivity or troponin calcium dissociation [14, 69, 72]. We cannot, however, rule 

out possible effects of the alanine amino acid substitution itself and must consider this in 

the interpretation of our functional outcomes. Additionally, the TnI S23/24A mouse results 

in the constitutive loss of TnI Ser-23/24 phosphorylation while decreased TnI Ser-23/24 

phosphorylation is transient. Expression of the phosphorylation null cardiac TnI S23/24A 

is driven by the alpha myosin heavy chain promoter and therefore becomes the sole TnI 

expressed by 2 weeks after birth when cardiac TnI is also knocked out [34, 73, 74]. 

This mouse model therefore generates a constitutive loss of TnI Ser-23/24 phosphorylation 

in the heart from this time. The mouse heart is developed by this time, however the 

constitutive loss of Ser-23/24 phosphorylation may induce compensatory changes. While 

we did not observe compensatory alteration of total cardiac protein, myosin binding protein 

C phosphorylation, troponin T, tropomyosin, or regulatory light chain phosphorylation 

(Suppl. Fig. 2 and Suppl. Table 2), we cannot rule out all possible compensatory muscle 

alterations that may affect cardiac function. Future experiments testing the transient effects 

of decreasing TnI Ser-23/24 phosphorylation by employing an inducible model of TnI 

S23/24A expression at different time points will be significant to investigate the effects of 

transiently decreasing TnI Ser-23/24 phosphorylation.

Our evaluation of cardiac function did not include Doppler or speckle tracking 

echocardiography to measure blood flow or cardiac strain, such measurements may 

detect further functional differences between these mice. While we used dP/dt max/EDV 

to normalize for preload, we did not perform occlusion to directly evaluate pre-

load dependence in the hemodynamic measurements. The conductance signal for our 

hemodynamics measurements were calibrated using known volumes of blood. This method 

can produce inaccurate values because the cylinders of blood do not exactly replicate the 

electric field distribution of the mouse heart and there can be variability between disease 

states [75]. This could explain why the left ventricular volumes from hemodynamics 

are a bit larger than those calculated by echocardiography. We concluded that TAC 

induced hypertrophic remodeling based on excised heart weight and left ventricular 

wall measurements from echocardiography, but we did not assess cardiomyocyte size. 

Additionally, performing a more severe aortic constriction or evaluating the mice for longer 

than 12 weeks post-TAC could result in a greater difference in cardiac structure or function 

between WT TAC and S23/24A TAC groups.

4.6 Summary

Our current findings demonstrate the loss of cardiac TnI Ser-23/24 phosphorylation results 

in impaired basal cardiac function, impaired response to increasing heart rate and adrenergic 

stimulation, and worse hypertrophy and diastolic dysfunction following pathological stress. 

These findings support that cardiac TnI Ser-23/24 phosphorylation is necessary for the 

adult heart to maintain basal in vivo cardiac function and to increase cardiac function 

upon physiological stress. Furthermore, the development of greater hypertrophic remodeling 

and decreased maximal diastolic volume in the absence of TnI Ser-23/24 phosphorylation 

following TAC supports a role for TnI Ser-23/24 phosphorylation in the progression of 

pathology, such as heart failure, when TnI Ser23/24 phosphorylation is decreased. Together 
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these findings support the role of decreased TnI Ser-23/24 phosphorylation as a mechanism 

to regulate in vivo cardiac function.
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Highlights

1. The loss of cardiac TnI Ser-23/24 phosphorylation impairs in vivo systolic 

and diastolic function.

2. The loss of cardiac TnI Ser-23/24 phosphorylation impairs the ability to 

increase systolic and diastolic function upon increasing heart rate and 

adrenergic stimulation.

3. The loss of cardiac TnI Ser-23/24 further increases ventricular mass, impairs 

diastolic function and blunts the ability to increase function upon increased 

demand following TAC mediated cardiac stress.
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Figure 1. Cardiac structure and calculated performance of WT and TnI S23/24A mice.
(A) Excised heart weight normalized to tibia length of WT (black circle) and TnI S23/24A 

(grey triangle) mice. n = 20 mice for WT and n = 21 mice for TnI S23/24A. (B) Conscious 

Heart Rate of WT and TnI S23/24A mice. Echocardiography measurements of WT and 

TnI S23/24A mice for (C) left ventricular mass, (D) ejection fraction, (E) left ventricular 

diameter at systole and (F) left ventricular diameter at diastole. n = 12 mice for WT and n = 

13 mice for TnI S23/24A. ns, P>0.05; *P<0.05, WT versus TnI S23/24A mice by unpaired t 

test. Error bars are standard error of the mean.
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Figure 2. Cardiac hemodynamic function of WT and TnI S23/24A mice.
In vivo left ventricular pressure-volume hemodynamic measurements of WT (black circle) 

and TnI S23/24A (grey triangle) mice for (A) dP/dtmax, (B) dP/dtmax/EDV, (C) dP/dtmin, (D) 

Tau and (E) maximal diastolic volume. n = 12 mice for WT and n = 8 mice for TnI S23/24A. 

*P<0.05, WT versus TnI S23/24A mice by unpaired t test. Error bars are standard error of 

the mean.
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Figure 3. Cardiac reserve of WT and TnI S23/24A mice.
In vivo left ventricular pressure-volume hemodynamic measurements of WT (black circle) 

and TnI S23/24A (grey triangle) mice: Upon increasing heart rate from 360 to 540 beats per 

minute for (A) dP/dtmax, (B) dP/dtmax/EDV, (C) dP/dtmin, (D) Tau, (E) end diastolic pressure 

and (F) cardiac output. n = 12 mice at each heart rate for WT and n = 6–10 mice at each 

heart rate for TnI S23/24A. *P<0.05, WT versus TnI S23/24A mice by two-way analysis of 

variance. Following dobutamine stimulation for (G) Tau, (H) dP/dtmax and (I) dP/dtmin. n = 

6 mice for WT and n = 9 mice for TnI S23/24A. *P<0.05, WT versus TnI S23/24A mice by 

unpaired t test. Error bars are standard error of the mean.
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Figure 4. Morphology of WT and TnI S23/24A mice following TAC.
Excised heart cardiac morphology of WT TAC (black circle) and S23/24A TAC (grey 

triangle) mice at 12 weeks after TAC for (A) heart weight and (B) body weight. n = 6 mice 

for WT TAC and n = 9 mice for S23/24A TAC. (C) Representative hematoxylin and eosin 

stained ventricle sections (Bar = 100 um). (D) Representative fibronectin stained ventricle 

sections (Bar = 100 um) and fibronectin quantification. n = 6 mice for WT TAC and n = 8 

mice for S23/24A TAC. (E) Coomassie stained gel of mouse ventricle homogenate and beta 

myosin heavy chain quantification. αMHC, alpha myosin heavy chain; βMHC, beta myosin 
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heavy chain; Mkr, Molecular Weight Marker; Day 1, 1 day old mouse heart expressing both 

αMHC and βMHC. n = 5 hearts for WT TAC and n = 5 hearts for S23/24A TAC. ns, 

P>0.05; *P<0.05, WT TAC versus S23/24A TAC by unpaired t test. Error bars are standard 

error of the mean.
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Figure 5. Cardiac structure and derived function of WT and TnI S23/24A mice following TAC.
Echocardiography measurement of WT TAC (black circle) and S23/24A TAC (grey triangle) 

mice before and at 2, 6, 8, 10 and 12 weeks after TAC for (A) left ventricular mass, (B) left 

ventricular anterior wall thickness at systole, (C) left ventricular anterior wall thickness at 

diastole and (D) ejection fraction. n = 6-12 mice per week for WT TAC and n = 9-13 mice 

per week S23/24A TAC. $P<0.05, WT TAC versus time; @P<0.05, S23/24A TAC versus 

time by one-way analysis of variance. *P<0.05, WT TAC versus S23/24A TAC by two-way 

analysis of variance. Error bars are standard error of the mean.
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Figure 6. Cardiac hemodynamic function and reserve of WT and TnI S23/24A mice following 
TAC.
In vivo left ventricular pressure-volume hemodynamic measurements of WT TAC (black 

circle) and S23/24A TAC (grey triangle) mice at 12 weeks after TAC for (A) maximal 

diastolic volume and (B) cardiac output. n = 6 mice for WT TAC and n = 6 mice for 

S23/24A TAC. *P<0.05, WT TAC versus S23/24A TAC by unpaired t test. Hemodynamic 

measurements upon increasing heart rate from 360 to 540 beats per minute for (C) dP/dtmax, 

(D) dP/dtmin, (E) maximal diastolic volume and (F) cardiac output. n = 5-6 mice at each 

heart rate for WT TAC and n = 3-7 mice at each heart rate for TnI S23/24A TAC. *P<0.05, 
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WT TAC versus S23/24A by two-way analysis of variance. Error bars are standard error of 

the mean.
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Table 1.

Cardiac Echocardiography.

ECHOCARDIOGRAPHY

Parameter Units WT S23/24A t test WT-TAC S23/24A-TAC t test

Number 12 13 6 9

HR BPM 361 ± 18.0 345 ± 12.7 0.464 398 ± 25.4 380 ± 15.6 0.520

EF % 65.5 ± 1.46 62.1 ± 1.43 0.112 52.5 ± 2.17 46.9 ± 4.92 0.394

LVESD mm 2.39 ± 0.0767 2.46 ± 0.0766 0.523 2.72 ± 0.0866 2.83 ± 0.194 0.681

LVEDD mm 3.69 ± 0.0885 3.66 ± 0.0783 0.762 3.71 ± 0.149 3.68 ± 0.153 0.882

LV Mass mg 108 ± 5.90 113 ± 5.88 0.607 144 ± 20.7 187 ± 12.2 0.078

LVAW;s mm 1.47 ± 0.0441 1.48 ± 0.0478 0.901 1.45 ± 0.0888 1.74 ± 0.146 0.159

LVAW;d mm 0.946 ± 0.0324 1.01 ± 0.0411 0.262 1.10 ± 0.0772 1.41 ± 0.122 0.076

WT, wild-type mice; S23/24A, TnI S23/24A mice; WT-TAC, WT mice plus TAC; S23/24A-TAC, TnI S23/24A mice plus TAC, HR, heart rate; EF, 
ejection fraction; LVESD, left ventricular end systolic diameter; LVEDD, left ventricular end diastolic diameter; LV Mass, left ventricular mass; 
LVAW;s, left ventricular anterior wall thickness at end systole; LVAW;d, left ventricular anterior wall thickness at end diastole; BPM, beats per 
minute; %, percent; mm, millimeter; mg, milligram. Values are mean +/−standard error of the mean.

*
P<0.05, WT versus TnI S23/24A mice by unpaired t test.
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