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Abstract
Mutations in cardiac troponin T (TnT) are a cause of familial hypertrophic cardiomyopathy (FHC).
Transgenic mice expressing a missense mutation (R92Q) or a splice site donor mutation (Trunc) in
the cardiac TnT gene have mutation-specific phenotypes but mice of both models have smaller hearts
compared to wild type and exhibit hemodynamic dysfunction. Because growth-related signaling
pathways in the hearts of mice expressing TnT mutations are not known, we evaluated the impact of
increased Akt or glycogen synthase kinase-3β (GSK-3β) activity in both mutant TnT mice; molecules
that increase heart size via physiologic pathways and block pathologic growth, respectively.
Expression of activated Akt dramatically augments heart size in both R92Q and Trunc mice; however,
this increase in heart size is not beneficial, since Akt also increases fibrosis in both TnT mutants and
causes some pathologic gene expression shifts in the R92Q mice. Activated GSK-3β results in further
decreases in left ventricular size in both R92Q and Trunc hearts, but this decrease is associated with
significant mutation-specific phenotypes. Among many pathologic consequences, activating
GSK-3β in R92Q hearts decreases phosphorylation of troponin I and results in early mortality. In
contrast, increased GSK-3β activity in Trunc hearts does not significantly impact cardiac phenotypes.
These findings demonstrate that increased Akt and its downstream target, GSK-3β can impact both
cardiac size and phenotype in a mutation-specific manner. Moreover, increased activity of these
molecules implicated in beneficial cardiac phenotypes exacerbates the progression of disease in the
R92Q TnT mutant.
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1. Introduction
Familial hypertrophic cardiomyopathy (FHC) is an autosomal dominant disease resulting from
mutations in genes encoding cardiac myofilament proteins [1]. Cardiac troponin T (TnT)
accounts for approximately 7% to 15% of FHC cases [1,2]. While FHC patients with mutations
in cardiac TnT are typically characterized by relatively mild or no hypertrophy and a high
incidence of sudden death, patients can present with diverse clinical symptoms [3].
Recapitulating human disease causing mutations, transgenic mice with 7 different TnT
mutations (R92Q, R92W, Δ160E, R287C, trunc, I79N and delta 16) do not exhibit hypertrophy
and in fact, have similar or smaller hearts compared to wild type [4–9].

We selected two of these models in which to explore growth related signaling pathways [4,
5]. One transgenic mouse model expresses a truncated cardiac TnT protein with a carboxy-
terminal truncation (called Trunc) mimicking the product of a splice donor-site mutation [4].
The hearts from these mice are smaller than wild-type mice and exhibit severe diastolic and
milder systolic dysfunction, myocellular disarray, no fibrosis, and no induction of hypertrophic
markers [4]. The second transgenic mouse line expressing a missense allele (R92Q) is similar
to the Trunc mice with smaller left ventricles in males but not females [5]. They do, however,
differ in that the R92Q hearts have fibrosis and induction of hypertrophic markers including
atrial natriuretic factor (ANF) and β-myosin heavy chain (βMyHC) [5]. The R92Q hearts are
hypercontractile with severe diastolic dysfunction [5] and they exhibit enhanced Ca2+

sensitivity [10].

Among the many myocellular-signaling pathways, the Akt/GSK-3β pathway is a crucial
regulator of cardiac hypertrophy (For review, see Dorn and Force [11]). Among other things,
activated Akt phosphorylates and inactivates its downstream target, glycogen synthase
kinase-3β (GSK-3β), thereby promoting hypertrophic growth [12]. Increased activation of each
molecule in a cardiac-specific manner results in opposite effects on cardiac size with Akt
inducing massive cardiac enlargement while GSK-3β attenuates pathologic cardiac growth
[13,14]. The cardiac growth associated with activated Akt has been hypothesized to be
beneficial, at least in the short term, and GSK-3β has been suggested as a potential therapeutic
(for a review, see Shiojima and Walsh [15]).

While it is known that mutant sarcomeric proteins lead to FHC and specific signaling pathways
determine cardiac size, it is not clear what signaling pathways are altered or how changes in
the activity of signaling pathways modify the progression of the FHC. The questions we set
out to ask are the following: 1. Will increasing heart size in these mutant TnT mice by Akt
signaling prevent some of the defects cause by the mutant TnTs? 2. Will activation of
GSK-3β further decrease heart size in the TnT mutants?

In this report, we used several transgenic mouse models to show that myristolated Akt (myrAkt)
stimulates heart growth in both the R92Q and Trunc mice, and constitutive active GSK-3β
(caGSK-3β) reduces cardiac size. However, this increase in cardiac size in the TnT mutants
expressing myrAkt, was accompanied by induction of at least one hypertrophic marker gene
and fibrosis. Furthermore, caGSK-3β worsened the cardiac phenotype and caused early
mortality in R92Q mice with little impact on Trunc mice. These signaling molecules show
mutation-specific phenotypes and the disease progression in the TnT mutants is not improved.

2. Materials and Methods
An expanded Materials and Methods section can be found in the online Supplemental Methods.
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2.1. Transgenic Mice
The transgenic mice expressing a missense allele (R92Q) or a truncated cTnT protein missing
the last coding exon (Trunc) were described previously [4,5]. Transgenic mice expressing a
cardiac-specific, myristolated form of Akt (myrAkt) or a cardiac-specific, constitutively active
form of GSK-3β (caGSK-3β) were detailed previously [13,14]. It is important to note that
expression levels of Akt or GSK-3β and both mutant TnT proteins were equivalent indicating
that the unique phenotypes were not due to differential expression of the transgenes (data not
shown). All research involving the use of mice was performed in strict accordance to approved
protocols by the institutional animal use and care committee (IACUC) at the University of
Colorado.

2.2. Western Blot Analysis
Left ventricular tissue was prepared and homogenized in standard lysis buffer as previously
described [16]. Total protein (50μg) was separated by SDS gel electrophoresis, transferred to
poyvinylidene difuoride membranes, and detected by antibodies to anti-GSK-3β (Santa Cruz
Biotechnology, anti-phospho-GSK-3β (Santa Cruz Biotechnology), anti-Akt (Cell Signaling),
and anti-phospho-Akt (Cell Signaling). Subsequent densitometric analysis was performed and
the relative intensities were measured and calculated.

2.3. Histological Analysis
For histological analysis, hearts were rapidly excised, rinsed in cold PBS and weighed. The
whole heart was fixed in 10% phosphate-buffered formalin for 24 hours at 4°C and then placed
into 70% ethanol until processed. Samples were processed, embedded in paraffin, sectioned,
and stained with either H&E or Masson’s trichrome stain by Premier Histology (Boulder,
Colorado). Sections were then analyzed by light microscopy. Fibrosis was evaluated by blinded
observers and scored as a percentage of fibrosis in each microscopic area from at least 6–8
fields per free wall of the left ventricle.

2.4. RT-PCR Analysis
Expression of hypertrophic marker genes in transgenic mice were measured by RT-PCR (see
online Supplemental Methods).

2.5. Echocardiography
Contractile function was evaluated by echocardiography. All measurements and readings were
performed by a single operator (see online Supplemental Methods).

2.6. Phosphorylation of myofilament proteins
Phosphorylation levels of myofilament proteins and the phosphyorylation profile of cardiac
TnI were performed as previously described (see supplemental methods) [17, 18].

2.7. Data and Statistical Analysis
Comparison of survival rates was performed by Kaplan-Meier analysis. Results are presented
as mean ± SE. Statistical analysis of group differences was performed by one-way ANOVA.
If significance was achieved (P < 0.05), Tukey’s post hoc comparison was performed.

3. Results
3.1. Active GSK-3β attenuates Akt-mediated cardiac growth

Previous investigations have demonstrated that Akt phosphorylates GSK-3β, rendering the
kinase inactive and allowing for pro-hypertrophic signaling [12]. To determine whether
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alterations in phosphorylation of either Akt or GSK-3β were associated with the smaller hearts
of the R92Q and Trunc mice, we evaluated the phosphorylation levels of both signaling
molecules in the left ventricles of the R92Q and Trunc hearts. Since we have previously
demonstrated that sex plays a major role in cardiac disease [19], we evaluated the cardiac
phenotype of both males and females. We determined that phosphorylation of GSK-3β was
significantly reduced in Trunc males and showed a trend in reduction in females; however, the
reduction was not statistically significant (Fig. 1). No changes in Akt phosphorylation were
detected (data not shown). This suggests that GSK-3β may be involved in the small heart
phenotypes of the Trunc mice.

Given that there have been some incidences of a disconnection of a direct downsream effect
on GSK by Akt, we directly tested this by crossing well-characterized genetically manipulated
transgenic mouse models expressing either increased Akt or GSK-3β activity in a cardiac-
specific manner. We found that the Akt/GSK-3β double transgenic mice exhibit a marked
reduction in Akt-mediated left ventricular size (Fig. 1, supplemental data). Because these data
indicate that Akt is operating through GSK-3β with respect to hypertrophy, we chose to
investigate the impact of the Akt/GSK-3β signaling pathway on the cardiac phenotype of mice
expressing different TnT mutations.

3.2. Cardiac phenotype of TnT mutant mice expressing increased Akt activity
To assess whether increased Akt or GSK-3β activity would alter heart size and the progression
of disease in TnT-mutant mice, transgenic mice expressing either myrAkt or caGSK-3β were
crossbred into both TnT mutant transgenic mouse lines and studied at 12–14 weeks-of-age. As
previously published, R92Q and Trunc mice of both sexes have smaller ventricle sizes and left
ventricular weight-to-body weight (LV/BW) ratios compared to nontransgenic (NTG) mice
(Figure 2 and supplemental Table 1) [4,5]. Increased Akt activity (in the absence of TnT
mutations) results in significantly larger LVs than NTG and shows no signs of pathology up
to 10 months of age, as previously reported [14]. In double transgenic mice expressing either
of the TnT mutations and myrAkt, LV size was enlarged in comparison to the parental TnT
mutant, independent of sex (Figure 2A–C). It is important to note that even with augmented
LV size in both double transgenics, LV size is significantly smaller in the doubly transgenic
mice than in the Akt transgenic mice.

Histological analysis indicates that the Akt transgenic hearts do not have significantly elevated
levels of interstitial fibrosis (Figure 2D and 2E). However, there is increased interstitial fibrosis
in the R92Q/Akt and Trunc/Akt mice compared to their respective parental lines (Figure 2D
and 2E). It is well established that FHC is characterized by changes in gene expression of the
hypertrophic-associated genes and therefore, relative mRNA levels of ANF, BNP, βMyHC,
and SERCA were measured in this study. As previously determined, ANF and βMyHC mRNA
levels were elevated in R92Q mice compared with age-matched NTG mice (Figure 3A and
3B). Trunc mice did not demonstrate significant changes in gene expression of the
hypertrophic-associated genes (Figure 3A and 3B). In the Akt hearts, ANF and BNP mRNA
levels are dramatically reduced in both sexes compared to NTG hearts (Figure 3A and 3B). In
the doubly transgenic males and females of both genotypes, both ANF and BNP expression
are also reduced compared to the parental lines. However, β-MyHC gene expression is
dramatically elevated in both R92Q/Akt males and females compared to the R92Q transgenic
mice (Figure 3A and 3B). It is important to note that there was no reduced survival in either
Akt double transgenic mouse lines up to 8 months-of-age. Collectively, these data suggest that
increased Akt activity significantly alters the cardiac phenoytpe of each TnT mutant and that
despite larger heart sizes, this increase was not associated with an entirely beneficial profile.
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3.3. Cardiac phenotype of TnT mutant mice expressing constitutively active GSK-3β
Examination of the offspring between the R92Q and GSK-3β mice revealed that LV mass and
LV/BW ratios in the R92Q/GSK-3β males and females are significantly reduced compared to
the R92Q parental lines (Figure 4 and supplemental Table 2). These doubly transgenic mice
also have enlarged atria (Figure 4A). Trunc/GSK-3β males, but not females, have statistically
smaller LV/BW ratios compared to the Trunc parental line. However, the impact of GSK3β is
greater on the R92Q mutations since both R92Q/GSK-3β males and females have even smaller
left ventricular sizes than the Trunc/GSK-3β mice.

Previous investigations determined that R92Q hearts have significant levels of interstitial
fibrosis, whereas, the Trunc hearts display no fibrosis [4,5]. R92Q mice have an 8- and 10-fold
increase in fibrosis compared to NTG males and females, respectively, as measured by
trichrome staining (Figure 4D and 4E). Mice expressing caGSK-3β have no fibrosis (Figure
4D and 4E). Both doubly transgenic mouse lines have similar levels of fibrosis compared to
their respective parental lines (Figure 4D and 4E). Evaluation of hypertrophic-associated genes
indicated that R92Q/GSK-3β males and females have 5- and 3.5-fold increased ANF gene
expression, respectively, while SERCA mRNA levels are reduced by approximately 50% in
both sexes (Figure 5A and 5B). Interestingly, ANF and BNP expression is significantly
elevated in both sexes of the Trunc/GSK-3β mice compared to the Trunc parental line (Figure
5A and 5B). Consistent with changes in the mRNA levels, protein levels of β-MyHC are
increased in the R92Q and R92Q/GSK-3β hearts (Figure 5C). It is important to note that β-
MyHC is elevated in the R92Q hearts and no additional expression was observed in the R92Q/
GSK hearts. Overall, these data show that caGSK-3β more profoundly impacts the cardiac
phenotype of the R92Q mice compared to the Trunc mice.

3.4. Increased mortality, reduced fractional shortening, and decreased cTnI phosphorylation
in R92Q mice expressing active GSK-3β

Both male and female R92Q/GSK-3β doubly transgenic animals have significantly increased
mortality, with 50% survival at 9 and 11 weeks for males and females, respectively (Figure
6A). There is only ~20% survival at 18 weeks. Sex has no effect on survival. No differences
in survival were observed in any of the littermates or offspring from Trunc/GSK-3β or TnT/
Akt crosses. None of the R92Q/GSK-3β animals exhibit physical signs of congestive heart
failure such as massive intraperitoneal edema, increased lung or liver weights (data not shown),
respiratory distress, or loss of activity.

To investigate whether caGSK-3β caused mutation-specific alterations in contractile function,
echocardiography was performed on the TnT/GSK-3β males and females. Evaluation of
cardiac dimensions demonstrated that percent fractional shortening is significantly reduced in
both R92Q/GSK-3β females and males, indicating impairment of contractility (Figure 6B and
6C, respectively). It may be that the observed reduction in fractional shortening is
underestimated as some mice died prior to echocardiography.

Previous studies demonstrated that the R92Q hearts have a greater increase in Ca2+ sensitivity
compared to Trunc hearts [10]. Because Ca2+ sensitive contractility is modulated by
phosphorylation of contractile proteins [20], we compared the phosphorylation levels of
myofilament proteins in the left ventricles of male TnT/GSK-3β transgenic animals. Figure 7
shows the phosphorylation levels of myofilament proteins by Pro Q Diamond staining. These
data indicate that there is a significant reduction in cTnI phosphorylation in the R92Q/
GSK-3β LVs. To verify these results, we used a one-dimensional non-equilibrium isoelectric
focusing method [18]. These results similarly demonstrate that the R92Q/GSK-3β mice have
a greater proportion of unphosphorylated species and fewer phospho-species, indicative of
decreased phosphorylation of cTnI (Figure 7D and 7E). To determine whether phosphorylation

Luckey et al. Page 5

J Mol Cell Cardiol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of serines 23 and 24 of cTnI was specifically reduced in the R92Q/GSK hearts, cTnI was probed
with an anti-cTnI phospho-Ser 23/24 antibody and re-probed with a total cTnI antibody. Fig.
2 in the supplemental data demonstrate that phosphorylation levels are similar in all genotypes.
Overall, these results suggest that expression of GSK-3β detrimentally influences functional,
molecular, and biochemical changes in the R92Q hearts that lead to early mortality.

4. Discussion
It is well recognized that the Akt-GSK-3β signaling pathway regulates cardiac size (reviewed
in [21]). In the current study, we generated mice that co-express either increased GSK-3β or
Akt activity and the R92Q or Trunc cTnT mutation. This allowed us to directly evaluate how
these signaling molecules impact the cardiomyopathy in mice harboring cardiac TnT mutant
proteins. We found that in both TnT mutants, Akt stimulated cardiac growth while GSK-3β
reduced heart size. More importantly, we found the cardiac phenotype resulting from these
signaling molecules to be dependent on the specific TnT mutation.

This is the first study to evaluate the impact of signaling molecules in conjunction with a TnT
mutation. Earlier studies in these TnT mutant mice demonstrated that pharmacological
administration of hypertrophic stimuli differentially affected the hypertrophic signaling and
the occurrence of sudden death was sex modified [22]. They concluded that based on the
primary TnT mutation, a worsened phenotype could result from superimposition of certain
pathological stimuli. More specifically, they found that the Trunc mice had attenuated
responses to many of the stimuli. With respect to the current studies, we initially hypothesized
that GSK-3β would decrease LV size while Akt would augment left ventricular growth.
However, we did not expect that increasing heart size through Akt in the TnT mice would be
associated with an exacerbated cardiac phenotype.

Another interesting aspect of this study is that increased GSK-3β activity dramatically and
more profoundly impacted the R92Q mice compared to the Trunc mice. In contrast, GSK-3β
did not greatly alter the cardiomyopathy of the Trunc mice suggesting that heart size in TnT
mutants alone is not a good prognostic indicator of cardiac disease progression. The increased
susceptibility of the R92Q mice to this signaling pathway was also observed in the TnT mutants
expressing myrAkt. β-MyHC gene expression was remarkably elevated in only the R92Q/Akt
mice. Mouse hearts normally express exclusively α-MyHC and the switch from the fast α-to
the slower β-isoform is a hallmark of pathologic cardiac hypertrophy [23]. There was no
increased mortality in either Akt double transgenic mice (up to 8 months-of-age), and the
functional impact of increased Akt activity in the TnT mutant hearts was not assessed.

In considering the distinct mutation-specific cardiac phenotypes, we must carefully consider
the structural and functional differences resulting from the primary cardiac TnT mutation in
the sarcomere. The R92Q missense mutation is a located at the tropomyosin (TM)/troponin
interface [24]. It is likely that replacement of the strongly charged, polar residue (arginine)
with a non-charged (neutral) amino acid (glutamine) may interfere with the association between
tropomyosin and the troponin complex. The Trunc mutation is a deletion of a significant portion
of the 3′ TnI-Troponin C-TM binding site [25]. At baseline, these two TnT-mutant models both
demonstrate reduced ventricular mass, however, the cardiac phenotypes remain distinct with
regard to systolic function, fibrosis, and gene expression [4,5]. Subsequent studies have shown
that R92Q fibers had greater sensitivity to Ca2+ at different sarcomere lengths and increased
ATPase activity compared to fibers containing the Trunc mutation [10]. It was also reported
that the R92Q mutation led to increased ATP utilization rates, higher than those of the NTG
hearts, and impaired the ability of the heart to increase contractile performance [26]. Similar
studies were not conducted on the Trunc mice. It may be that these differences play an important
role in the different cardiac phenotypes observed in this study.
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An interesting finding of this study is the observation that a mutation in one thin filament
protein affects specific posttranslational modifications on another thin filament protein.
Specifically, cardiac TnI phosphorylation is reduced in the R92Q/GSK-3β hearts and no
changes in phosphorylation of cTnI were observed in the Trunc/GSK-3β mice, or other
littermate genotypes.

Phosphorylation of thin filament proteins is an important short- and long-term regulatory event
that directly impacts normal and diseased cardiac function [20,27,28]. Studies have
demonstrated that at least five sites within cTnI can be phosphorylated, including Ser23, Ser24,
Ser43, Ser45, and Thr144 [29–31]. Phosphorylation at these sites can influence myofilament
force development, Ca2+ sensitivity, and contractility. A number of kinases, including protein
kinase A and protein kinase C, phosphorylate TnI [20]. Type 2A phoshatase (PP2A) can
dephosphorylate cardiac TnI and studies have demonstrated that p38 mitogen-activated protein
kinase and p21-activated-kinase-1 regulate PP2A activity at the myofilament [32,33]. Our
preliminary studies suggest that GSK-3β does not associate tightly with myofilaments (data
not shown) and it is unclear what the mechanism is that reduces cTnI phosphorylation in the
hearts of the R92Q/GSK-3β mice. This question is relevant because there are conflicting and
opposing data in the literature regarding cTnI phosphorylation levels and the impact of cTnI
phosphorylation on cardiac function. Several investigations have determined that
phosphorylation of cTnI contributes to cardiac dysfunction and heart failure [18,34,35]. On
the other hand, several groups have also reported a reduction in cTnI phosphorylation in human
and experimental heart failure [36–39]. We are attempting to determine what phosphorylation
sites on cTnI were dephosphorylated, what the functional impact is of reduced cTnI
phosphorylation, and how cTnI is dephosphorylated.

Lastly, a major unanswered question pertains to the increased mortality of the R92Q/
GSK-3β mice. It is most likely that the animals die of sudden cardiac death as there were no
signs of overt heart failure prior to death, nor found immediately after death (i.e. no changes
in lung weight, no pleural edema, etc). It is hypothesized that sudden cardiac death results from
a cardiac arrhythmia, which is most likely caused by an electrically unstable heart manifested
by a confluence of structural and functional changes in the heart [40]. Future studies aimed at
the elucidation of the mechanism of the decreased mortality of the R92Q/GSK-3β mice will
help further our understanding of the signaling defects manifested in these animals.

Because we have observed decreased cTnI phosphorylation levels in the R92Q/GSK-3β hearts,
we might expect that these hearts have increased Ca2+ responsiveness. This would result in
greater myofilament activation in response to normal intracellular Ca2+ concentrations.
Although increased sensitization is thought to ultimately elevate cardiac output by enhancing
cardiac contractility [41], this would be detrimental for the diastolic phase of the cardiac cycle
by slowing the relaxation rate. Moreover, humans with the cardiac TnT F110I mutation have
an extremely poor clinical diagnosis [42]. Mice expressing this mutation have increased
Ca2+ sensitivity and higher energy cost which investigators believe may be responsible for the
severe phenotype [8]. It is important to remember that the R92Q mice already have severe
diastolic dysfunction, enhanced contractility, increased ratio of ATPase per force, and the
R92Q/GSK-3β hearts have decreased SERCA levels and no differences in phosporylation of
phospholambam (data not shown). Based on the previous investigations and the data in the
current study, we hypothesize that concomitant expression of active GSK-3β and the R92Q
mutation further increases Ca2+ sensitivity and energy cost, and coupled with Ca2+

dysregulation, a potentially lethal arrhythmic event could occur. Investigations are underway
to test this hypothesis.

This is the first study to analyze the role of increased Akt or GSK-3β activity in mice with TnT
mutations. These results are interesting and provide us with a better understanding into the
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pathophysiological differences between the R92Q and the Trunc mutations. First, our results
show that growth-related signaling pathways such as Akt and GSK-3β can influence cardiac
size of mice with TnT mutations and that both of these molecules in the setting of cTnT FHC
were generally associated with poor phenotypes. Second, the observed changes in cardiac
disease are mutation-specific. Most striking was the combination of either increased
GSK-3β or Akt activity with the R92Q mutation. Third, sex was not a major modifying factor
in cardiac disease in these models. Lastly, as we continue to gain an understanding of the cardiac
disease mediated by these different TnT mutations, our ability to treat patients with TnT
mutations will follow.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Decreased phosphorylation of gycogen synthase kinase-3β (GSK-3β) in Trunc males at 12
weeks of age. Western blot analysis was performed as described in the Material and Methods.
Quantitation of phospho-GSK-3β to total GSK-3β levels in (A) females (open bar), and (B)
males (solid bars). Values are means ± SE of 4–6 individual hearts. NP < 0.05 vs. NTG.
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Fig. 2.
Elevated Akt activity increases LVW/BW in TnT mutant mice at 12 weeks of age. (A)
Macroscopic histological sections and LVW/BW ratios revealed augmented ventricular size
associated with increased activity of Akt in the hearts of TnT mutant (B) females and (C) males.
The bar graph shows means ± SE of 5–14 individual hearts. (D) Microscopic histological
analysis of male transgenic hearts indicates increased fibrosis in trichrome-stained sections of
R92Q, R92Q/Akt, and Trunc/Akt hearts. (E) Quantification of fibrosis from trichrome-stained
sections for females (open bars) and males (solid bars). Values are means ± SE of 4–6 individual
hearts. (N Significantly different (P < 0.05) from NTG, R significantly different from
R92Q, T significantly different from Trunc, A significantly different from Akt, E significantly
different from R92Q/Akt).
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Fig. 3.
Expression of hypertrophic-associated genes is altered by increased Akt activity in 12-week-
old TnT mutant mice. Quantitative analysis of hypertrophic-associated genes; atrial natriuretic
peptide (ANF), β-myosin heavy chain (β-MyHC), sarcoplasmic recticulum Ca2+-ATPase
(SERCA), and brain natriuretic peptide (BNP) from the left ventricle of female (A) and male
(B) transgenic littermates. Expression of each respective gene was normalized to 18S and
expressed as fold change versus NTG. The bar graph shows means ± SE of 5–7 individual
hearts (N Significantly different (P < 0.05) from NTG; R significantly different from
R92Q; T significantly different from Trunc, A significantly different from Akt, and E
significantly different from R92Q/Akt).
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Fig. 4.
Active GSK-3β reduces LVW/BW but does not increase fibrosis in TnT mutant mice at 12–
14 weeks of age. (A) Macroscopic histological sections and LVW/BW ratios revealed a
reduction in ventricular size associated with expression of active GSK-3β in the hearts of TnT
mutant (B) females and (C) males. The bar graph shows means ± SE of 10–21 individual hearts.
(D) Microscopic histological analysis of male transgenic hearts indicates increased fibrosis in
trichrome-stained sections R92Q/GSK mice. (E) Quantification of fibrosis from trichrome-
stained sections for females (open bars) and males (solid bars). Values are means ± SE of 4–
6 individual hearts. (N Significantly different (P < 0.05) from NTG; R significantly different
from R92Q; T significantly different from Trunc, G significantly different from GSK-3β,
and E significantly different from R92Q/GSK).
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Fig. 5.
Expression of hypertrophic-associated genes is altered by expression of active GSK-3β in 12-
to14-week-old TnT mutant mice. Quantitative analysis of hypertrophic-associated genes; atrial
natriuretic peptide (ANF), β-myosin heavy chain (βMyHC), sarcoplasmic recticulum Ca2+-
ATPase (SERCA), and brain natriuretic peptide (BNP) from the left ventricle of female (A)
and male (B) transgenic littermates. Expression of each respective gene was normalized to 18S
and expressed as fold change versus NTG. The bar graph shows means ± SE of 5–6 individual
hearts. (E) Representative myosin heavy chain separation gel demonstrating increased βMyHC
protein in R92Q and R92Q/GSK-3β hearts. (N Significantly different (P < 0.05) from
NTG; R significantly different from R92Q; T significantly different from Trunc, G significantly
different from GSK-3β, and E significantly different from R92Q/GSK).
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Fig. 6.
Active GSK-3β reduces the lifespan and contractile function in R92Q mice. (A) Kaplan-Meier
survival curves for NTG, GSK, R92Q, Trunc (all four genotypes included in solid line), and
R92Q/GSK males (long dash) and females (short dash) as a function of age. Doubly transgenic
males and females have significantly increased mortality compared to other littermates (P <
0.001). (B) Active GSK-3β reduces percent fractional shortening in 12- to 14-week-old R92Q
mice. Percent fractional shortening measurements in females and males (C). The bar graph
shows means ± SE of 6–11 individual hearts (N Significantly different (P < 0.05) from
NTG; R significantly different from R92Q; T significantly different from Trunc, G significantly
different from GSK-3β, and E significantly different from R92Q/GSK).
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Fig. 7.
Active GSK-3β reduces troponin I (TnI) phosphorylation in R92Q mice. (A) Representative
Pro Q Diamond stained myofilament proteins (MyBPC – myosin binding protein C; TnT –
troponin T; tropomyosin; TnI – troponin I; LC2 – myosin light chain). (B) Coomassie blue
staining of the representative gel in A. (C) Pro Q Diamond staining was normalized to CBB
staining and average relative phosphorylation level of cTnI was quantitated (n = 6). (D) A
representative immunoblot of the separation of cTnI phospho-species in left ventricular
homogenates from 10–12 week old mice, probed with pan cTnI antibody. (E) Quantification
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of the levels of the unphosphorylated to phsophorylated of cTnI. (N Significantly different
(P < 0.05) from NTG; R significantly different from R92Q; T significantly different from
Trunc, G significantly different from GSK-3β, and E significantly different from R92Q/GSK).
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