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Abstract
BACKGROUND—Diastolic dysfunction is a poorly understood but clinically pervasive
syndrome that is characterized by increased diastolic stiffness. Titin is the main determinant of
cellular passive stiffness. However, the physiological role that titin’s tandem Ig segment plays in
stiffness generation and whether shortening this segment is sufficient to cause diastolic
dysfunction needs to be established.

METHODS AND RESULTS—We generated a mouse model in which nine immunoglobulin
(Ig)-like domains (Ig3-11) were deleted from the proximal tandem Ig segment of titin’s spring
region (IG KO). Exon microarray analysis revealed no adaptations in titin splicing, while novel
phospho-specific antibodies did not detect changes in titin phosphorylation. Passive myocyte
stiffness was increased in the IG KO and immunoelectron microscopy revealed increased
extension of the remaining titin spring segments as the sole likely underlying mechanism.
Diastolic stiffness was increased at the tissue and organ levels, with no consistent changes in ECM
composition or ECM-based passive stiffness, supporting a titin-based mechanism for in-vivo
diastolic dysfunction. Additionally, IG KO mice have a reduced exercise tolerance, a phenotype
often associated with diastolic dysfunction.

CONCLUSIONS—Increased titin-based passive stiffness is sufficient to cause diastolic
dysfunction with exercise intolerance.
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INTRODUCTION
Although much research has been focused on LV systolic function, understanding normal
and pathologic diastolic function is of great clinical significance as well1–4. It has been
hypothesized that the giant myofilament titin plays an important role in diastolic
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function1, 3, 5, 6. Titin spans from Z-disk to M-band of the sarcomere and has an extensible I-
band region that functions as a molecular spring that largely defines cardiomyocyte passive
stiffness7. Alteration in titin isoform expression is a mechanism that changes the
extensibility of titin’s I-band and modulates titin’s passive stiffness in health8–10 and
disease11, 12. The extensible I-band region of titin is comprised of the N2B and PEVK
segments along with proximal and distal tandem Ig segments composed of serially-linked
immunoglobulin(Ig)-like domains13. Mouse models absent of either the N2B or PEVK
segments have previously been created and show increased passive stiffness14, 15. However,
even though the extension of the tandem Ig segment dominates titin’s elasticity at
physiological sarcomere lengths (SL)8, 16, its in-vivo physiologic roles have not been
addressed. Hence, we made a genetic model that has a shortened tandem Ig segment and
evaluated how this alters diastolic function of the heart. Unlike the N2B and PEVK
segments, the tandem Ig segment that was removed has no known phosphorylation sites in
cardiac muscle17–20. Thus, shortening of the tandem Ig segment is expected to give rise to a
pure model of mechanical stiffness increase that will make it possible to test the effect of an
increase in titin-based stiffness on diastolic function.

The mouse model is deficient in titin exons 30-38, which deletes 9 of titin’s 15 Ig domains
(Ig 3-11) from the proximal I-band segment (Fig. 1A), a model that is referred to as the IG
KO. The IG KO model can be viewed as a ‘mechanical analog’ of the increased titin-based
stiffness that is known to occur in HFpEF patients21 and thus might be beneficial in
elucidating disease mechanisms in HFpEF. We studied passive stiffness over a wide range
of increasing physiologic complexity, including the cardiomyocyte, muscle, and the ex-vivo
and in-vivo LV chamber, and we assessed additional adaptations in titin, other sarcomeric
proteins, and the extracellular matrix. Because of their association with HFpEF, we also
evaluated whether stiffer titin altered cardiac hypertrophy by evaluating trophicity and
hypertrophic signaling1, 22, and whether stiffer titin reduced exercise tolerance using
treadmill and volunteer running wheel exercise23.

MATERIALS AND METHODS
An expanded Methods section is available in the online supplement.

GENERATION OF MICE EXPRESSING SHORTER TITIN IG SEGMENT
A targeting construct was assembled to replace titin exons 30-38 (encoding Ig3-11) with a
floxed neomyocin expression cassette, which was subsequently removed (Fig. S1A). Mice
were bred on a C57BL/6 background for 8 generations and only males were studied. Animal
experiments were approved by the University of Arizona Institutional Animal Care and Use
Committee and followed the U.S National Institutes of Health “Using Animals in Intramural
Research” guidelines for animal use.

PROTEIN EXPRESSION, PHOSPHORYLATION AND GENE EXPRESSION
Titin and sarcomeric protein expression analysis was performed using standard SDS-PAGE
methods24, 25. Phosphorylation was studied using ProQ diamond staining and phosphor-
specific antibodies14–17, 19, 26. Quantitative Real Time-PCR (qPCR) was used to study gene
expression27, 28.

IMMUNOELECTRON MICROSCOPY AND HISTOLOGY
Immunoelectron microscopy was used to measure titin segment extension. Picrosirius red
(PSR) staining was used to measure the collagen volume fraction in LV cross-sections29.
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CARDIAC MECHANICS
Using previously published techniques, we measured passive stress-SL relationships in
skinned LV cardiomyocytes30 and muscle strips31. LV diastolic wall stress volume and wall
stress-SL relationships were determined via an isolated heart method16.

IN-VIVO CHARACTERIZATION
In-vivo pressure-volume measurements were obtained using an admittance-based system in
anesthetized mice14. Exercise tolerance was evaluated using both treadmill and voluntary
running wheel tests.

STATISTICS
Mann-Whitney (Wilcoxon rank sum) was used to assess differences between genotypes.
Results are shown as mean ± SEM, with p<0.05 taken as significant.

RESULTS
Generation of a mouse model with a shortened proximal tandem Ig segment (IG KO)

Exons 30-38 were constitutively deleted from the mouse titin gene and replaced with a
neomycin resistance cassette that was subsequently removed (Fig. S1A). These exons code
for 9 immunoglobulin-like domains (Ig 3-11) that are part of the proximal tandem Ig
segment (Fig. 1A). Homozygous IG KO mice are fertile and survive to old age. Our custom
titin exon microarray9 further validated that a loss of expression of exons 30-38 occurred
without adaptive changes in splicing elsewhere in titin (Fig. 1C). We studied whether
shortening of the proximal Ig segment affects titin protein expression and posttranslational
modifications on titin. The deleted 9 immunoglobulin-like domains comprise 783 amino
acids, representing an 88kDa polypeptide. Using a 1% agarose gel electrophoresis system,
the mutant titin is resolved as a slightly higher mobility band compared to wildtype (WT)
titin (Fig. 1D). Changes in isoform splicing and phosphorylation can also modulate passive
stiffness and we evaluated whether such compensatory changes occurred in the IG KO mice.
Quantification of titin isoform expression (N2BA:N2B ratio), titin cleavage product (T2),
and the total titin (TT) to myosin heavy chain (MHC) ratio indicates no changes in titin
expression in the IG KO mice at the studied ages (3–12 months) (Fig. 1D, bottom panel
show results from 3 mo old mice). PKA back-phosphorylation assays19 and Western blots
using antibodies to the PKC phosphorylation sites in the PEVK region (Fig. 1E)26, along
with ProQ Diamond staining reveal no change in posttranslational modifications of titin
(Fig. S1B,C). Similarly, quantification of myosin isoform ratios along with thin and thick
filament protein expression (cMyBP-C, Desmin, Actin, TnT, Tm, TnI, MLC2v) and
phosphorylation reveal no changes (Fig. S1B,C). In summary, we made an IG KO mouse
that expresses a shortened proximal tandem Ig segment with only 6 of the 15 proximal Ig
domains in WT titin, without changes elsewhere in the titin molecule or in other any of the
other sarcomeric proteins analyzed.

Cellular stiffness—To investigate the effect of shortening the proximal tandem Ig
segment on passive stiffness, we performed experiments on LV skinned cardiac myocytes.
Stretch-hold-release protocols on passive skinned cardiomyocytes (Fig. 2A, inset shows
representative results) revealed that peak and steady state stress are increased in the IG KO
by 60% and 65%, respectively (Fig. 2B,C). Passive stress measured during the stretch was
converted to stiffness (slope of stress-SL relationship); stiffness was increased in the IG KO
at all SLs (Fig. 2D). The increase was 26±21% at 2.0 μm and 95±22% at 2.3 μm (average
increases in the SL range of 2.0–2.3 μm is 63%). We also performed a dynamic stiffness
analysis using small amplitude sinusoidal length oscillations to determine the elastic and
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viscous moduli at multiple SL (see Supplemental Methods for details). The elastic moduli
were several-fold larger than the viscous moduli in both genotypes (Fig. 2E,F). In the IG KO
cells, the elastic moduli were higher than in WT cells and the mean value across the
frequency range that we probed was increased ~85% at each of the 4 SLs that were studied
(Fig. 2E). In contrast, the viscous moduli were increased 50% at short SLs but >85% at SLs
longer than 2.2 μm (Fig. 2F). These myocyte data indicate that shortening the proximal
tandem Ig segment of titin greatly increases cellular passive stiffness mainly due to increases
in elastic stiffness.

Immunoelectron microscopy—To examine the effect of reducing the length of the
proximal tandem Ig segment on the extensibility of the remaining I-band segments, we
performed immunoelectron microscopy. The antibodies that were used to demarcate the
ends of the spring segments are shown in Fig. 3A along with a schematic of titin’s I-band
region. Examples of labeled sarcomeres are in Fig. 3B, and scattergrams of mid Z-disk to
epitope distances are shown as a function of SL in Fig. 3C,D. A large decrease in the end-to-
end length of the proximal tandem Ig segment length in the IG KO across the measured
sarcomere length range is readily apparent. At a SL of 2.3 μm, extension of the proximal
tandem Ig segment was reduced by ~60% in the IG KO; the remaining I-band segments
extended to a higher degree. Extension of the PEVK and N2B segments increased, with the
largest increase in the N2B segment (Fig.3F). At a SL of 2.3 μm, which is near the upper
limit of the physiologic SL range16, the proximal tandem Ig extends ~25 nm less than in the
WT and the N2B segment accommodates ~75% of the ‘missing extension’ and the PEVK
~25% (Fig. 3E,F). The difference between the N2B and PEVK extension is consistent with
their different contour lengths (~200nm and 70nm, respectively) and persistence length
(~0.65 and ~1.0 nm, respectively) that results in a longer end-to-end length for a given force
level in the N2B segment than in the PEVK segment (see also discussion). The extension of
the distal tandem Ig segment increased minimally in the IG KO, in line with the relatively
high stiffness of this segment32. Thus, the deletion of titin Ig domains reduces the extension
in the proximal Ig segment and increases the extension of the N2B and PEVK segments.

Integrative physiology and diastolic dysfunction—Myocardial passive stiffness is
determined by titin and the extracellular matrix (ECM)7. To study if the extracellular
stiffness adapts in response to the increased cellular passive stiffness of the IG KO, we
studied skinned myocardial muscle. We determined titin-based and ECM-based stiffness
following myofilament extraction7. Titin-based stiffness of skinned myocardium, calculated
from the extraction sensitive stress, was significantly increased in the IG KO tissues at SLs
of 2.05 μm and greater (data not shown), similar to the increase measured in cells. The
ECM-based stress was not significantly different in the IG KO (Fig. 4A). Importantly,
ECM-based stiffness, calculated from the extraction insensitive stress-SL relation, was not
different in the IG KO compared to the WT (Fig. 4B). qPCR revealed a significant decrease
in the expressions of collagen Iα1 and IIIα1 at 3 mo, which normalized at 12 mo (Fig. S2A–
C). Expressions of matrix metalloproteinases (MMP), tissue inhibitors of metalloproteinases
(TIMP, and LOX were unchanged (except for a decrease in TIMP2 at 3 mo), suggestive of
similar rates of ECM turnover and crosslinking (Fig. S2D–H). PSR staining of hearts
suggested no differences in the collagen-volume fraction (Fig. 4C, Fig. S2I). Thus, the ECM
is unlikely to change the stiffness in IG KO cardiac muscle compared to WT, and only titin-
based stiffness is increased.

To examine if the increased titin-stiffness manifests itself in the intact left ventricle, we
utilized an ex-vivo isolated heart system to determine the diastolic stress-SL relationship of
the LV14–16. The baseline function of the WT and IG KO hearts was similar–including their
developed wall stress and relaxation parameters (Table S1). The diastolic stress-volume
relationship (DSVR) calculated using a spherical LV model showed an increase in the IG
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KO (Fig. S3C–D). To exclude possible differences in SL, we determined the diastolic SL of
circumferentially aligned mid-myocardial fibers of hearts chemically fixed at known
volumes16. The obtained SL-volume relationship (Fig. S3E) was used to convert the
diastolic stress-volume relations into diastolic stress-SL relations (Fig. 4D) and a significant
78% increase in stiffness derived from the diastolic stress-SL relationship was revealed (Fig.
4E). Finally, we also performed an in-vivo pressure (P)-volume (V) analysis with IVC
occlusion to determine diastolic stiffness (see Methods for details and Table S1 for baseline
functional measurements). The end-diastolic wall stress volume relationship (EDSVR) was
significantly increased by 36% in the IG KO (Fig. 4F, Table S1). Thus IG KO mice have
increased diastolic stiffness from the cell to the in-vivo LV chamber levels.

Exercise intolerance is considered a global manifestation of diastolic dysfunction.
Accordingly we investigated exercise tolerance in 3 mo old WT and IG KO mice. Running
mice on a treadmill at progressively higher speeds (see Methods for details) revealed a
~24% reduced exercise tolerance in IG KO mice (Fig. 5A). Similarly, using a voluntary
running wheel exercise test, we found IG KO mice had a 33% decrease in distance obtained
compared to WT (Fig. 5B).

Cardiac trophicity—Diastolic dysfunction has been linked to changes in LV trophicity1.
Therefore, we determined the left ventricular weight (LVW, mg) and the LVW: Tibia length
(TL, mm) ratio in neonatal (5 day), young adult mice (3 mo), and middle-aged mice (12 mo)
(Table S2). At 5 days we found smaller LVW:TL in the IG KO, no difference at 3 mo of
age, but a significantly larger LVW:TL value in IG KO mice at 12 mo (Fig. 6A). These
results indicate that the IG KO mice have alterations in trophicity from WT and exhibit age-
dependent cardiac hypertrophy.

We next studied expression of cardiac failure and hypertrophic markers in 3 mo and 12 mo
old IG KO and WT mice. While gene products for ANP, BNP, MAPKAPK2, skeletal actin,
αMHC, and βMHC are expected to increase in failure or hypertrophy14, we found no change
in most markers with significant decreases in skeletal actin at 3 mo, and ANP at 3 mo (Fig.
S4). Considering that several of titin’s binding proteins have been linked to hypertrophy
signaling14, 33, we measured expression of titin-binding proteins. Proteins that bind to the
M-line and Z-disk regions of titin showed no changes between WT and IG KO hearts (Fig.
S5A). FHL1, FHL2, and CARP expressions, proteins that interact with titin’s extensible I-
band region, had severalfold increased expression levels in the IG KO at both 3 and 12mo,
but only FHL1 continuously increased with age (Fig. 6B–C). Because FHL2 was recently
implicated in suppression of hypertrophy, we also investigated the calcineurin/NFAT
pathway, which might be a downstream target28; however, we found no clear correlation
between these markers and the hypertrophy observed (Fig. S5B–F)

Age-Related Diastolic Dysfunction—Since diastolic dysfunction is observed
disproportionately in elderly patients, we also evaluated exercise tolerance in 12 mo old WT
and IG KO mice using voluntary wheel running. IG KO mice showed a 48% decrease in
running distance (Fig. 5C), much larger than in the young mice (above) suggesting that
increasing age exacerbates exercise intolerance. Echocardiography in these mice revealed a
significant increase in LA diameter in IG KO mice that was consistent with post-mortem
increases in LA mass, as well as a trend (p=0.14) to shorter E-wave deceleration time (Fig.
7A–C, Table S3). PV studies revealed normal systolic function, but significant increases in
EDPVR and EDSVR in KO mice consistent with a stiffer LV chamber (Fig. 7E,F, Table
S3).
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DISCUSSION
Diastolic dysfunction occurs in approximately 50% of heart failure cases and is
characterized by increased stiffening of the LV despite seemingly normal systolic function.
This study focused on a novel titin model that has a shortened proximal tandem Ig segment
obtained by deleting domains Ig 3-11 (IG KO). Studies from myocytes to the LV chamber
levels showed that the primary phenotype of the model is increased diastolic stiffness. Titin
exon expression analysis and protein studies did not detect compensatory changes in isoform
expression or phosphorylation of titin. Immunoelectron microscopy revealed that the titin
spring segments that remain in the IG KO extend to a higher degree than in WT mice,
providing an explanation for the stiffness increase in the IG KO. IG KO mice exhibited age-
dependent LV hypertrophy and importantly, IG KO mice exhibited exercise intolerance and
diastolic dysfunction that were exacerbated with age; phenotypes that are associated with
diastolic dysfunction in patients.

Passive stiffness of cardiac myocytes
The IG KO model was made to study the role of titin-based stiffness in diastolic function
and to establish whether an increase in titin-based stiffness per se is sufficient to cause
diastolic dysfunction. We targeted the tandem Ig segment for deletion because it dominates
the extensibility of titin in the physiological SL range8. This is different from the two
existing spring segment deletion models: the N2B KO in which the N2B segment has been
deleted15 and the PEVK KO in which the full PEVK segment of the N2B cardiac titin
isoform has been deleted14 –both segments dominate titin’s extensibility toward the upper
limit of the physiological SL range and beyond8. The earlier models also eliminate known
phosphorylation sites that also alter passive stiffness17–19. PKA19, PKG18, ERK234 and
CamKII35 phosphorylation sites are deleted in the N2B KO and PKCα and CamKII35 sites
are deleted in the PEVK KO17 but no known phosphorylation sites have been detected in
these Ig segments in cardiac tissue17, 20. Additionally, changes in titin isoform expression
take place in the N2B KO and PEVK KO models with increased expression of the compliant
N2BA isoform in the N2B KO15 (this compensates for the stiffness increase caused by the
N2B segment deletion) and an opposite expression change occurs in the PEVK KO14 (this
exacerbates the passive stiffness increase that is due to the PEVK deletion). In contrast, titin
isoform expression is not altered in the IG KO (Fig. 1D). While it is unclear what underlies
these differences between the models, it seems unlikely that the titin-based stiffness increase
drives changes in isoform expression– given that all models have increased stiffness a
change in titin expression in the IG KO would also be expected. It is fortuitous that changes
in phosphorylation and isoform splicing are absent in the IG KO, making it possible to
attribute the phenotypes directly to the shortened titin.

Passive stiffness of skinned cardiac myocytes at physiological sarcomere lengths (~1.9–2.3
μm) is known to be primarily titin-based7 and the increased passive stiffness in the IG KO
(Fig. 2D) is therefore likely due to titin. The only difference in titin that was found via
immunoelectron microscopy in the IG KO (in addition to the absence of Ig3-11) is the
higher extension of the distal tandem Ig, N2B and PEVK spring segments (Fig. 3E,F).
Whether this increased extension explains the measured stiffness increase can be assessed
from a wormlike chain (WLC) entropic spring model of titin36, in which force increases
non-linearly with the molecule’s fractional extension (end-to-end length divided by the
contour length) and is inversely proportional to persistence length (a measurement of the
bending rigidity of the molecule). Using a serially-linked WLC model with tandem Ig, the
N2B and the PEVK segments each represented by a distinct WLC with contour length and
persistence length as determined from single molecule experiments37, the force-SL relation
can be calculated for WT and IG KO molecules. Calculations show that the shortened
tandem Ig segment and the increased strain of the remaining spring segments in the IG KO
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results in higher forces in the IG KO molecule than in the WT molecule (Fig. S6), and the
degree of increase is similar to that measured. Thus, the passive stiffness increase of IG KO
myocytes can be explained by increased extension of titin’s spring segments.

Although the main difference in the passive myocyte properties of IG KO mice is their
elastic stiffness, the viscous moduli were also found to be increased (Fig. 2F). Various
sources could underlie this increase (e.g., weak crossbridge interaction, friction between thin
and thick filaments) but none naturally explain why viscosity is increased only at long SLs.
Instead, the SL dependence suggests that Ig domain unfolding may play a role. Ig domains
form beta-barrel structures that resist unfolding under physiological conditions which
minimizes energy loss during repeated loading cycles38. Of the proximal and distal
segments that are expressed in the N2B isoform, the proximal Ig domains have a lower
stability (lower unfolding force and higher unfolding rate)39–42 and we therefore removed
these to minimize Ig domain unfolding events. However, the increased passive forces in the
IG KO will increase the likelihood of unfolding (unfolding rates are force dependent43),
especially at long SLs where the force increase is the highest. Thus, increased viscosity at
long SLs in the IG KO may be due to increased Ig domain unfolding.

Ventricular diastolic dysfunction—Ex-vivo isolated heart experiments and in-vivo
pressure-volume analysis revealed steeper diastolic wall stress – volume relations in 3 mo
old IG KO and higher stiffness values derived from these relationships. We expected that the
IG KO mouse would also exhibit increased end diastolic pressures but only found a trend
towards an increase (Table S2), which is a limitation of this study. (It is possible that the
need for anesthesia during in vivo characterization influenced end diastolic pressures.) We
also found a significant reduction in mRNA expression levels of collagen Iα1 and IIIα1 at 3
mo (Fig. S2A–C) reflects an attempt to compensate for increased titin-based passive
stiffness in IG KO. However, these mRNA changes appear not to cause functional effects as
there were no differences found in the ECM-based passive stiffness or collagen-volume
fraction between IG KO and WT mice (Fig. 4A–C). With the exception of a decrease in
TIMP2 expression at 3mo, this is supported by the absence of expression differences in
MMPs, TIMPs, and LOX (Fig. S2D–H). The summation of these results suggests that the
ECM contributes little to the increased diastolic wall stiffness of IG KO mice; instead the
increase is likely to reflect increased myocyte stiffness. The magnitude of the stiffness
increase was less in the in vivo study (37%) than in the cell and muscle study (~85%) and
various factors might be involved in this difference (e.g., anesthesia effects). An interesting
possibility to consider is the reduced sarcomere strain amplitude in the IG KO that was
found in the ex vivo isolated heart experiments (Fig. S3E). While we utilized a single SL-
LV volume relationship to derive diastolic stress-SL relations in both genotypes (Fig. 4D),
separate fits would result in steeper stress-SL relationships in the IG KO (relative to WT).
Thus the single SL-LV volume relationship could reduce the stiffness difference between
WT and KO hearts and this might explain why the in vivo stiffness difference is only 37%.
In summary, elevated diastolic stiffness is consistently found at all levels in the IG KO, with
increased titin stiffness as the likely mechanistic basis.

Ventricular hypertrophy is also associated with diastolic dysfunction and HFpEF4, 21, 22, 44.
After birth IG KO mice begin with atrophic LV weights but as they age LVW increases
more than in WT resulting in significantly increased LVW and LVW:TL ratio at 1 year (Fig.
6A and Table S2). A recent hypothesis suggests that, in response to increased N2B strain,
four-and-half LIM protein 1 (FHL1) expression and binding to the N2B segment increases,
causing increased anchoring and signaling of members of the MAPK hypertrophy
pathway33. The hypothesis is in agreement with results in the PEVK KO, which has
increased N2B strain and is hypertrophied14 and with the N2B KO where the strain sensing
mechanism is absent and the LV is atrophied15. We observed an increase in FHL1
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expression that intensified with age (Fig. 6B,C). CARP and FHL2 are also upregulated in
the IG KO (Fig. 6B,C). CARP is upregulated in a wide range of diseases and
conditions45–47, including in the N2B KO that has atrophy15, and is thus unlikely to be a
primary factor in the cardiac hypertrophy phenotype of the IG KO. FHL2 is of interest
because it has recently been shown to suppress the calcineurin and NFAT hypertrophy
pathway28. This pathway does not appear to be altered in the IG KO as expression of
calcineurin and NFAT along with downstream RCAN signaling proteins revealed no
consistent change in the IG KO (Fig. S5B–F). Given that FHL1 is thought to induce
hypertrophy33 and the IG KO model shows increased N2B strain (Fig. 2F), it is tempting to
speculate that titin signaling is involved in the hypertrophy, but the mechanism requires
additional study and it remains to be explained why FHL1 is upregulated at young age when
the LV is atrophied or normal. Investigation of fetal genes commonly associated with failure
and hypertrophy revealed no increases (Fig. S4), which might be explained by the fact that
these mice are not exhibiting a “failure” phenotype.

Exercise intolerance is a hallmark feature of HFpEF4, 21, 44. Although sedentary IG KO
mice appear normal, reduced involuntary treadmill running tolerance and voluntary running
wheel activity (Fig. 5A,B) both indicate that their exercise tolerance is compromised. The
exercise tolerance and diastolic phenotype of 12 mo animals undergoing exercise testing is
even more compelling. Compared to 3 mo old mice, 12 mo old IG KO mice showed a
greater reduction (48% vs 33%) in voluntary wheel running (Fig. 5B and C). Various factors
may reduce exercise capacity A decrease in systolic reserve is unlikely to have contributed
to the decreased exercise tolerance as the IG KO mice appear to have normal systolic
function (Supplemental Table S1). It is likely that increased titin-based myocardial stiffness
is a contributing factor, as it will limit the ability to enhance ventricular filling by limiting
cardiac reserve6, 44, 48. Additional evidence supporting a diastolic stiffness phenotype is
revealed in the IG KO mice as evidenced by LA dilation and hypertrophy (Fig. 7A,B)22.
Echocardiography and in vivo pressure volume analysis indicate increased diastolic stiffness
(Fig. 7E,F) and provide further support that LV dysfunction is present in IG KO mice. Our
study suggests that diastolic dysfunction and exercise intolerance are present in IG KO mice,
which is similar to conditions observed in HFpEF patients23, 49

In summary, our work on the IG KO shows that shortening the tandem Ig segment leads to a
primary diastolic dysfunction phenotype with increased LV stiffness, age-dependent
hypertrophy and exercise intolerance. The characteristics of the IG KO overlap with those of
HFpEF patients in which increased titin-based stiffness has also been reported and diastolic
stiffness is increased21, and thus may elucidate titin’s role in diastolic dysfunction. Although
the cause of increased titin-based stiffness is distinct from HFpEF patients (hypo-
phosphorylation of titin21) the functional effects that ensue might be similar with increased
strain of titin’s spring elements increasing diastolic stiffness and triggering hypertrophy.
Thus our novel mouse model with a titin based primary diastolic phenotype might be of
great use for elucidating mechanisms that contribute to HFpEF.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CLINICAL IMPACT

To study the role of increased titin-based passive stiffness in diastolic dysfunction we
studied a new mouse model in which titin’s elastic I-band has been shortened, as a
mechanical analog of increased titin based stiffness in HFpEF (Heart Failure with
preserved Ejection Fraction) patients. The model displays increased diastolic stiffness,
hypertrophy, and exercise intolerance- all common pathologic findings in HFpEF
patients. We propose that titin is a possible therapeutic target for ameliorating diastolic
stiffening in HFpEF.
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Figure 1.
Basic characterization of the IG KO mouse model. A) Location of Ig 3-11 (deleted in the IG
KO) in the spring region of titin (Ig domains are indicated by the rectangular red structures).
B) PCR products showing differential gene expression from WT, heterozygous and
homozygous IG KO mice. C) Titin exon microarray analysis shows titin exon expression
changes only in the 9 deleted exons. D) Titin protein analysis (1% agarose gel). Top: the
shortened titin (IG KO) has a higher mobility when compared to the WT titin bands and a
doublet can be seen in the HET mice. Bottom: Quantitative analysis shows that titin isoform
expression is unchanged (n=6). E) Titin phosphorylation is unchanged in the IG KO. Top:
PKA back-phosphorylation and phospho-specific pS26 and pS170 antibodies to PKC
Western blotting examples. Bottom: quantification showing unchanged phosphorylation
levels in the IG KO (n=4). CB: coomassie blue; AR: autoradiography; PonS: Ponceau S;
box denotes 25th and 75th percentile and whiskers display min and max. See Supplemental
Figure S7 for dot plots.
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Figure 2.
Cardiomyocyte mechanical properties in relaxing solution. A) Passive tension is higher in
the IG KO cell (n=5 for WT and IG KO). Inset: Representative stretch-hold-release
experiment. From these experiments, both peak stress (B) and steady state stress (C) is
increased in the IG KO cells. D) Passive stiffness measured during the ramp stretch is also
increased in the IG KO mouse at SLs>2.0 μm. Dynamic stiffness analysis using small
amplitude sinusoidal length oscillations to determine elastic (E) and viscous (F) moduli of
the myocytes. Elastic stiffness is increased at all SLs>2.0μm but viscous properties are
increased only at SLs≥2.2 μm (n=6). Box denotes 25th and 75th percentile and whiskers
display min and max, * p<0.05; **p<0.01. See Supplemental Figure S8 for dot plots.
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Figure 3.
Titin I-band segment extension. A) Antibodies were used to demarcate the tandem Ig, N2B
and PEVK segments of titin and B) labeled skinned fibers from 6 WT and IG KO cardiac
sarcomeres were studied using immunoelectron microscopy. Z-disk to epitope distances
were calculated for WT (C) and KO (D) sarcomeres across a range of SLs. Black lines
indicate the lengths of N2B and Proximal Ig segments. E) Segment extension estimated via
monoexponential fits indicate that the proximal Ig segment is shortened by nearly 30nm at
2.3 μm and that the extension of the remaining I-band segments is increased with N2B
segment extension dominating (F).
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Figure 4.
Integrative Physiology and Diastolic Dysfunction at 3 mo. A) ECM based stress-sarcomere
length relationships are unchanged in the IG KO (n=8, WT open diamonds; n=10 IG KO
gray diamonds). ECM based stiffness (B), as well as collagen volume fraction by PSR
staining (n=6) (C) is not changed. Ex-vivo isolated heart data provides wall stress-sarcomere
length relationships (D) that show increased stiffness in the IG KO at physiologic sarcomere
lengths (2.0–2.3 μm) (E) (n=12). In-vivo end diastolic stress volume relationships (EDSVR)
exhibits a 37% increase in stiffness (F) (n=10). Horizontal lines denote mean±SEM, *
p<0.05.
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Figure 5.
At 3 mo, maximal running speed on a treadmill test revealed the IG KO had a 25% reduced
exercise tolerance (A), while volunteer running showed that the IG KO ran a 33% shorter
distance each night (B) (n=6). A further reduction in exercise intolerance was found at 12mo
(n=6). Horizontal lines denote mean±SEM, * p<0.05.
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Figure 6.
Cardiac Trophicity. LVW:Tibia Length (TL) ratio is increased in older mice (A, n=6 for 5d
day, n=28 for 3 mo; n=8 for 12 mo). Representative Western blots from 3mo mice (B).
Expression of titin binding proteins FHL1, FHL2, and CARP were normalized to the 3mo
WT (C). (n=4 for 5 day, n=8 for 3, 12 mo) Box denotes 25th and 75th percentile and
whiskers display min and max, * p<0.05; ** p<0.01; ***p<0.001. See Supplemental figure
S9 for dot plots.
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Figure 7.
Age-Related Enhancement of Diastolic Dysfunction in 12 mo old mice. Left atrial
enlargement is noted in the IG KO in vivo (A) and mass is increased upon sacrifice (B).
Diastolic stiffness, measured via mitral deceleration time is increased(C). Representative PV
loop from 12mo WT (D). EDPVR (E) and EDSVR (F) are increased in the IG KO.
Horizontal lines denote mean±SEM, n=6 * p<0.05; ** p<0.01.
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